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ABSTRACT 

Mineral resources extracted during the lifetime of a mine drive major sectors of the economy 

and contribute to the development of society. As part of the mine lifecycle, mining companies 

are generally required to rehabilitate their disturbed site. Inadequately managed mined land can 

cause significant degradation and adversely affect local ecosystems, the economy, and society. 

Environmental issues such as desertification, rising saline water table, erosion, and the 

complete removal of flora and fauna can occur. Restoration of degraded mined land is a global 

challenge. Restoration using native seeds is a viable solution, however, current attempts to use 

native seeds are ineffective at the scales required.  

In the Pilbara floristic region of Western Australia poor seed handling practices and very low 

seedling establishment are common limitations to large-scale seed-use. Seed enhancement 

treatments such as seed coatings aim to improve establishment, but the seed coating process is 

hampered by irregular shapes and surface features of covering fruit or floral structures of many 

local native species. The efficiency of precision direct seeding technology is also adversely 

affected by the surface features of those seeds (or their dispersal units) which inhibit their 

ability to flow. Whilst it is possible to remove these surface features under laboratory settings 

it is difficult to do so at the commercial scales required.  

The patented seed ablation process, commonly referred to as Flash Flaming and delivered using 

the Seed Flamer, has shown promise for effectively removing surface features found on the 

dominant grass genus Triodia from the Pilbara region. However, the true commercial 

applicability of Flash Flaming to large-scale seed processing of a wide range of problematic 

species has not been assessed.  

The work presented in this thesis first focussed on using the Seed Flamer to extend the 

application of this technology to 22 native Pilbara species within the family of Amaranthaceae, 

Asteraceae, Chenopodiaceae and Poaceae. Flash Flaming was shown to successfully treat seeds 

(or dispersal units) of all species. Optimal Flash Flaming settings for the tested species were 

deduced through statistical methods. It was found that among the variables evaluated, flame 

time, the type of flame and the application of a flame softening method can be optimised to 

achieve significant results on volume reduction, improvement in flowability and maintenance 

of the germination potential of the batch. The improvement in flowability was confirmed 

through a measured reduction in the Angle of Repose, a lab-based flowability test. Field-based 

flowability was also evaluated using a commercially available seeder typically used in the 

industry. Improvement in flowability of the tested species was significant when compared to 
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un-flamed comparison samples. The second stage of this thesis focussed on the development 

optimisation of the design and manufacture of the Seed Flamer. The engineering design process, 

Quality Function Deployment (QFD), was used to translate client requirements to engineering 

characteristics. This engineering design process aimed to improve the first Seed Flamer in 

terms of functionality, robustness, flexibility, automation, and safety. The finished product 

embodying the QFD attributes has shifted the Seed Flamer up the Technology Readiness 

Levels and demonstrated a viable commercial proposition.  
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 GENERAL INTRODUCTION  

The mineral resource industry is essential to the prosperity of modern society and it acts as a 

driver for regional and national economic growth (Mavrommatis & Menegaki, 2017). 

Worldwide, the mining and metals industries employ more than 20 million people (ICMM, 

2012). Whilst active, mining operations cause abrupt and extensive changes in land use in order 

to capitalise on the mineral resources (Sonter et al. 2014, Bridge 2004). However, these 

changes in land use (Moran et al. 2013) often lead to various negative environmental and social 

impacts such as land degradation, the loss of top soil and biodiversity (Simmons et al. 2008, 

Townsend et al. 2009, Mavrommatis & Menegaki, 2017), along with impacts to air, water 

quality including groundwater pollution (Mavrommatis & Menegaki, 2017). To manage these 

impacts, mine site rehabilitation and conservation activities, as well as environmental 

management, should be integrated into the life cycle of a mining project (Heikkinen et al. 2008; 

Doley and Audet, 2013, Sonter et al. 2014; Mavrommatis & Menegaki, 2017). These activities 

and management actions target the return of native ecological communities to disturbed land 

in order to generate a site that is comparable to the initial undisturbed state and mitigate the 

negative effects of these extractive activities.  

Inadequate legislative mining frameworks and suitable financial instruments to enforce 

adequate land repair, for example, through the use of reclamation bonds (Damigos, 2011), are 

lacking in the mining industry. There are legacy issues facing the industry also. For example, 

there are more than 50,000 recorded abandoned mines in Australia (Under et al, 2012) and 

more than 20,000 in Europe (e.g. 17,000 in Slovakia and 6,000 in Hungary; Mavrommatis & 

Menegaki, 2017). Although there is currently no global inventory for abandoned mines, 

countries such as Australia, Canada and USA are developing their own (Unger et al. 2015). 

The rehabilitation of abandoned mines is hampered by the lack of clear responsibilities, the 

absence of criteria and standards, high cost of rehabilitation projects (UNEP and COCHILCO, 

2001) and lack of funds for the monitoring of mine rehabilitation projects once the economic 

phase of the mine has ceased (Mhlongo & Amponsah-Dacosta, 2016). In South Africa for 

example, the estimated cost to deliver a rehabilitation program for some operations is 

approximately 1.8 billion US dollars (Mhlongo & Amponsah-Dacosta, 2016).  

The increase in demand for mine site rehabilitation in Australia is triggered by the 

intensification in land clearance due to mining. Mining in Australia began in 1841 with the first 

metalliferous mining near Adelaide, South Australia (McKay et al. 2000). Australia is now one 
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of the world’s leading nations for mineral extraction and has many of the world’s largest 

mineral and ore deposits (Hajkowicz et al. 2011, DFAT 2008). In terms of iron ore, the Big 3 

– Rio Tinto, BHP Western Australia Iron Ore and Vale, contributed to 31.4% of the global iron 

ore supply in 1990 and to 65.8% at the early stages of China’s industry boom in 2003 (Hurst, 

2015). Most mining activities take place in the Pilbara region and arid regions of Western 

Australia and Queensland. As a result of this significant mining growth, particularly in Western 

Australia, with numerous mines waiting for approval, effective management strategies are 

mandatory for new and operating mines in order to achieve successful rehabilitation of mine 

sites post operation (Unger et al. 2012).  

Mine site rehabilitation is never a ‘one-step’ process but rather consists of a number of tasks. 

The increasing scale and extent of environmental damages necessitates an urgent need to 

improve research implementation and regulatory arrangements (Lamb et al. 2015). Due to the 

growing disturbance levels, applied research, long term goals and strategies are needed to 

reinstate vegetation and ecosystems that are comparable to pre-disturbance levels in an efficient 

and cost-effective manner (Doley & Audet, 2013). In general, the tasks involved in 

rehabilitation once mining ceases operations are (Bell, 2001): 

(1) Modification of the disturbed landform and localised topography,  

(2) Respreading of recovered and/or stockpiled topsoil (when available),  

(3) Improvement in the soil physical and chemical properties of the growing environment, 

(4) Targeted establishment of plants via direct seeding (often broadcasting) or tubestock plantings,  

(5) Application of fertiliser to aid establishment, and  

(6) Protection and management of the reinstated community.  

These tasks focus on the re-establishment of native plants which have historically proven 

difficult to process and establish at the scales required which have often resulted in reduced re-

establishment of viable ecosystems (Carrick and Krüger, 2007; Grant and Koch, 2007; 

Erickson et al. 2016a; Miller et al. 2017). 

Challenges to using seeds in large-scale restoration 

In the Pilbara region of Western Australia, using native seeds efficiently and successfully is 

fundamental to the large-scale rehabilitation and the re-establishment of a self-sustaining 

ecosystem (Erickson et al. 2019). However, the success rates of seeds progressing to the 

seedling stage is between 1% and 30% (Commander et al. 2013; Golos 2013), and is most 

commonly reported to be less than 10% (Merritt and Dixon, 2011). With this, there is growing 
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concern, yet a concerted effort, to improve Pilbara rehabilitation outcomes and the ability to 

successfully restore the ecosystem to pre-disturbance conditions (EPA 2014, Shackelford et al. 

2018). 

Understandably efforts are progressively being carried out in the region to improve on this poor 

rehabilitation performance. One reason for low mine site rehabilitation performance is the 

predominance of native seed dormancy inhibiting seed germination when the environmental 

conditions are suitable for seedling establishment (Erickson et al. 2016; Kildisheva, 2019). 

Over the past 10 years, research has: 1) identified the key native plant species that will be used 

in large-scale rehabilitation efforts; 2) developed methods to overcome specific limitations to 

seed recruitment; 3) optimised seed collection and cleaning procedures, and 4) in recent times 

focussed on seed distribution rates and the precision delivery of these seeds (Masarei et al. 

2019; Erickson et al. 2019). This recent shift has seen a renewed drive to focus efforts on 

advancing seed-based research with engineering research and development at scale, Figure 1.1 

(Erickson et al. 2019). 

 

 

Figure 1.1 Conceptual model of mine-site rehabilitation process with the integration of eco-engineering solutions (modified 

from Erickson et al. 2019). Current research is targeting topsoil management, growth media characterisation (not shown here), 

refinement of seed enhancement technologies, and large-scale machinery conceptual design and development.  
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In recent years, precision direct seeding techniques have become the primary focus to improve 

seed distribution (Masarei et al. 2019) particularly in grassy woodlands where the focus is to 

re-instate target species across large degraded areas (Cuneo et al. 2018). Precision direct 

seeding involves the mechanical delivery of native seeds directly into the soil profile (Cuneo 

et al. 2018). This is necessary due to the lack of topsoil containing seeds in some systems 

(Erickson et al. 2017) and to establish certain species that do not recruit from the topsoil seed 

bank (Commander et al. 2013; Golos and Dixon, 2014; Erickson et al. 2016a). Using seed is 

considered more effective than planting tube-stock because it is less labour intensive, could be 

up to 30 times less expensive and potentially increases the efficiency of seed distribution 

(Masarei et al. 2019). However, the applicability of direct seeding is limited by inadequate 

supplies of viable seed, handling difficulties, low germination and seedling emergence 

(Douglas et al. 2007). 

Seeds of many wild plant species possess un-wanted morphological properties that hamper the 

ease of delivery through machinery (Masarei et al. 2019). As an example, most grass species 

have non-uniform shapes, dense hairs, appendages, and lobes that limit their flow through 

direct seeder mechanisms and tubing (Cox & Anderson, 2004; Guzzomi et al. 2016). It is 

reported that the inability of seeds to flow (Hoose et al. 2019), in conjunction with the poor 

germination limits the number of species that can be directly seeded (Corr, 2003; Alizadeh & 

Minaei, 2012). Cleaning seed batches can remove flow issues, but it adds significant cost and 

time to the process and poses a challenge for large scale rehabilitation which requires very 

large quantities of seed (e.g. hundreds of tonnes) (Rowe, 2010). Contemporaneous with 

research into topsoil and growth media (Erickson et al. 2019) and modification of direct 

seeding mechanisms, seed enhancement technology research is being investigated to improve 

native plant seed morphology, seeding efficiency, germination performance and tolerance to 

environment stress (Taylor et al. 1998; Madsen et al. 2018; Erickson et al. 2016a). 

Native seeds also pose challenges to seed enhancement technologies such as polymer seed 

coating. Seed coating is widely used in the agricultural industry to make the seeds bigger, 

heavier and uniform in shapes to improve the flow of seeds through mechanised seeders 

(Kaufman, 1991), and in general, improve the seed distribution rate. Coating can also improve 

the seedling establishment through the integration of pesticides, growth-promoting agents and 

other products known to aid early-stage seedling establishment (Erickson et al. 2016a). 

However, seed coating is still adversely affected (e.g. poor adhesion of coats to hairy surfaces) 

by lobes, awns and dense hairs found on the dispersal units of native seeds (Berto et al. in 
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press). The removal of lobes, hairs and awns is needed to enable uniform distribution of the 

coat around the seed to take full advantage of the coating technique.  

One way to do this is through husk removal. Husk removal is a process whereby a seed is 

completely removed from within its husk (i.e. the covering floral or fruit structures). Several 

husk removal techniques are available such as rubbing, hammer milling, acid digestion, and 

threshing (Department of Primary Industries: NSW Government, 2014). Mechanical husk 

removal, using methods such as rubbing and hammer milling, can reduce the storage life of 

seeds (Cole et al. 2004; Gregg and Billups, 2010; Department of Primary Industries: NSW 

Government, 2014). Whereas, acid digestion combined with rubbing has proven to be more 

effective but only in small batches (Pedrini et al. 2019). The effectiveness of this method is 

highly dependent on the operating time (Pedrini et al. 2019). For instance, 100g of seeds 

required submersion in acid between 15 and 90 minutes, neutralising and rinsing of 5 minutes 

and drying period of 3 hours (Pedrini et al. 2019). This processing time would likely not be 

feasible for large batches of seeds necessary for direct seeding at scale (Berto et al. in press). 

Although cleaning the seed from the husk can increase the seed germination percentage (Gallart 

et al. 2008; Erickson et al. 2019) this process is labour intensive, time consuming, and costly. 

Husk removal is still not practical at large commercial scales for many native seeds. 

In order to make direct seeding of difficult to handle grasses viable, more practical and scalable 

approaches are required. De-awning is a process to reduce or remove the hairs and appendages 

found on grass husks instead of removing the husk entirely. The assumption is, as the hairs and 

appendages are reduced, the husk of seeds become less cohesive and adhesive to each other, 

hence improving the flow and coating potential. It has been previously shown that de-awning 

greatly improves the flow rates of seeds of rice through hopper orifices (Alizadeh et al. 2012).   

Initiation of research 

In 2013, King Yong Ling 1, an engineering student from UWA, completed his final year 

engineering research project entitled ‘Flaming Seed Appendages to Improve Seed Coatability 

for Sowing Mechanisation’ within The University of Western Australia (UWA) and Botanic 

Gardens and Parks Authority (BGPA) collaboration. His report provides the first insight into 

the flaming of seed appendages and the results were later published in Restoration Ecology 

 
1 Note, King Yong Ling and the author (Elvan Ling) are not the same person, nor related. To avoid ambiguity, 

every subsequent reference to work completed by King Ling will include a footnote identifying him as the 

author. 
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journal2 in year 2016. The term flash flaming technology was introduced in the journal paper 

Guzzomi et al. (2016). King Yong Ling’s work was fundamental to the proof of concept and 

filing of a patent for flash flaming technology, and is subsequently cited as ‘Ling et al. (2018)’ 

throughout this thesis.  

The challenge addressed in the present thesis was to increase the efficiency of flash flaming 

and empirically test the observed benefits of flash flaming to a wider range of species with high 

rehabilitation demand in the industry whilst optimising the design and fabrication of new seed 

flamer drums. 

Flash flaming of seeds  

Flash Flaming is a patented seed enhancement technology (Ling3et al. 2018) that can rapidly 

and accurately remove the unwanted floret appendages to achieve volume reduction and 

improved flow properties without affecting seed germination capacity. The device exposes 

florets within a modified drum seed coater to short durations of a flame source supplied from 

propane gas torches. As the florets pass through the flame, the hair, appendages, and lobes are 

removed after a certain period of time. This technology was introduced in 2013 under a joint 

collaboration between The University of Western Australia and Kings Park Science and was 

first evaluated using a small-scale (35cm diameter) commercial rotary seed coater on florets of 

Triodia wiseana (Poaceae) (Figure 1.2). The experiment showed that Flash Flaming can 

successfully remove unwanted hairs and appendages, allowing for the application of artificial 

coats aimed to encourage more efficient use of native grass material in large scale restoration 

(Guzzomi et al. 2016). Guzzomi et al. (2016) also indicated that flowability of the flamed 

material could potentially increase and observed partial alleviation of physiological dormancy 

through the reduction of the mechanical impedance to embryo growth imposed by covering 

floret material. However, this initial work did not perform extensive studies into, nor develop, 

robust techniques for measuring the flowability of pre- and post-treated floret material. Thus, 

although the work by Guzzomi et al. (2016) demonstrated the effectiveness of Flash Flaming 

in removing awns and appendages, they did not establish methods to up-scale Flash Flaming 

as a commercially viable tool for use in large-scale restoration efforts.  

 
2 Guzzomi, A., Erickson, T., Ling, K., Dixon, K. and Merritt, D. (2016). Flash flaming effectively removes 

appendages and improves the seed coating potential of grass diaspore. RestorEcol, 24, pp.S98-S105. 
3 The author of Ling et al. (2018) is Ling King Yong. 
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Figure 1.2. A) The initial flash flaming investigation occurred in a small-scale 35-cm RP14DB rotary drum coater 

(Braceworks Automation and Electrics). B) Flash flaming application involving a stationary vertical drum and rotating base 

capable of projecting seeds onto the outer drum wall and passing a propane gas torch as described in the patent (Ling4 et al. 

2018). C) Scaled flash flaming (this study) now utilises a 90-cm diameter drum with up to two large dual flames (Ling5 et al. 

2019). D) Example of the reduction of hairs and appendages in florets of Triodia wiseana and improvement in geometry 

after flash flaming (Un-flamed control (D, top), 5 minutes of flaming (D, middle), 10 minutes of flaming (D, bottom). 

 

Subsequent work by the current author (Ling6 et al. 2019) improved the functionality of a larger 

Seed Flaming apparatus, commonly referred to as Seed Flamer MK I, see Fig 1.2, that could 

process more material, though the design of the device was not optimised. The device was used 

at the time on six Triodia species: Triodia pungens, Triodia basedowii, Triodia wiseana, 

Triodia lanigera, Triodia vanleeuwenii and Triodia epactia, which were chosen because they 

dominate grassland ecosystems in northern Australia and form important elements of large-

scale restoration (Johnson & Putwin, 1981; Morrison et al. 2005; Erickson et al. 2016a, 

Guzzomi et al. 2016). Florets of all six Triodia species showed improved geometry (e.g. as 

demonstrated in Figure 1.2) and decreases in volume and weight after flash flaming.  

Among the species tested, Triodia pungens was reported to have insignificant reductions in 

volume, weight or increases in bulk density. Higher changes in volume reduction, weight 

 
4 Ling here refers to Ling King Yong. 
5 Ling here refers to Elvan Ling. 
6 Ling here refers to Elvan Ling. 
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reduction and bulk density were observed in all other species tested. These findings also 

indicated that flowability improves following Flash Flaming. In terms of germination 

percentage, there was no drastic change within the tested Triodia species except for Triodia 

pungens. Germination percentages of Triodia wiseana and Triodia basedowii increased from 

52 % to 58 % and from 33 % to 52 %, respectively after Flash Flaming. Flash Flaming also 

improved the geometry of the florets which in turn improves the coat-ability of diaspore (Ling7 

et al. 2019). Prior to flash flaming, the florets were difficult to coat evenly, but coating became 

more uniform after flash flaming. 

Advancing flash flaming to produce a viable restoration technology  

Although the work of Ling8 et al. (2019) showed that Flash Flaming can achieve the expected 

volume reductions, leading to improved flowability without affecting germination, no 

extensive statistical analysis into the relationship between the response and independent 

variables was carried out. Hence, advancing Flash Flaming as a viable commercial tool for a 

wider range of plant species coupled with the design and fabrication of large-scale machinery 

development is required to facilitate adoption of the technology. 

An increasingly common approach to ensure technologies are developed in a de-risked way, 

leading to commercially viable outcomes, is via the use of Technology Readiness Level (TRL) 

and Commercial Readiness Level (CRL) frameworks. Conceived in the 1970s by Mankins 

(1995) of the National Aeronautics and Space Administration (NASA) the TRL process 

assesses the maturity of new technologies. Through its systematic assessment of a new 

technology the risks associated with its development are mitigated. TRL uses a 1 to 9 scale to 

cover each step of the process from the initiation of the concept to the production of a proven, 

mature technology. Groupings of these scales and how they are used in the process are listed 

below: 

• TRLs 1-2 involve basic research (e.g. principles observed, technology concept 

formulated through understanding the scientific requirements); 

• TRLs 3-4 involve technology development (e.g. experimental proof of concept 

evaluations, small plot studies, and marks the move from development to demonstration 

involving both science and engineering disciplines); 

 
7 Ling here refers to Elvan Ling 
8 Ling here refers to Ling King Yong 
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• TRLs 5-7 involve validation and demonstration (e.g. technology validated in a relevant 

environment, model/prototype demonstrated under operational conditions). At the start 

of this process the aim is to retire the scientific risk. By the end of these steps the aim 

is to have retired the engineering risk and establish a commercial proposition. 

• TRLs 8-9 involve pre-commercial machinery manufacture (technology is proven to 

work, technology is ready for manufacture). TRL8 is the end of true system 

development and TRL 9 shifts the focus towards full commercial reliability so the 

system is ready for commercial deployment/scale-up. 

The relationship between TRL and CRL was first developed by the Australian Renewable 

Energy Agency (ARENA) in 2014 (Figure 1.3) (IEA RETD TCP 2017). With the proven 

feasibility and promising results from small- and large-scale Seed Flamer trials (Ling9 et al. 

2019), this technology had reached TRL 6-8 and CRL 2 (Figure 1.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
9 The author of Ling et al. (2019) is Elvan Ling. 
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     TRL                         CRL 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Example of the TRL and CRL processes involving a range of scales and steps. The purple colour denotes the 

completed process of this study investigating the Seed Flamer machine development and use of the Flash Flaming technology, 

while the blue coloured boxes denote the future steps required for full commercial scale-up and roll-out.  
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 Study rationale 

The completion of the study by Ling10 et al. (2019) indicated that the TRL 6-8 had been reached 

(Figure 1.3). To advance to the TRL 8-9, Flash Flaming needed to be validated in a relevant 

environment under operational conditions. In this context this thesis aimed to demonstrate the 

commercial viability of this technology to mine rehabilitation managers and seed practitioners 

by evaluating seed material from a wide range of species representative of large scale 

restoration in the Pilbara region of Western Australia and advance the Seed Flamer for 

commercial scale Flash Flaming.  

The following study objectives were carried out: 

1. Chapter 2: To test the viability of Flash Flaming Technology on more native species of 

Western Australia. Achieved this by expanding the application of Flash Flaming to 

more native species beyond the Triodia genus in the Pilbara region (i.e. through studies 

on species representative of four of the top six plant families in the Pilbara by number 

of species; Erickson et al. 2016). Investigate quantitatively and qualitatively for these 

diverse study species the effectiveness of Flash Flaming as a technology. 

2. Chapter 3: Advance the commercial Seed Flamer design. Achieve this by 

demonstrating all levels of the TRL and achieve a high level of CRL.  

Through achieving these study objectives, it is expected that the Flash Flaming approach could 

be feasibly integrated into seed-based mine site rehabilitation operations and contribute to a 

step-change in land rehabilitation management and practice. 

 Chapter content 

This thesis consists of two chapters:  

Chapter 2 describes the application of Flash Flaming to 22 native species of the Pilbara, 

followed by the analysis and interpretation of findings surrounding volume reduction, 

germination performance, lab-based flowability and field-based flowability test results. A 

species-specific Flash Flaming treatment guide is deduced at the end of each experiment based 

on volume reduction, increase in flowability and maintenance of germination potential. 

Chapter 3 describes the engineering considerations of Flash Flaming as a technology, the 

building of the machine and the application of Flash Flaming using the machine. 

 
10 Ling here refers to Elvan Ling. 
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 ADVANCING FLASH FLAMING TO NATIVE SPECIES FROM THE PILBARA 

REGION OF WESTERN AUSTRALIA 

 Introduction 

Although the Flash Flaming work by Ling11  et al. (2019) showed promise in terms of volume 

reduction, flowability and germination for species of Triodia, there was no quantitative curve 

fitting and no detailed statistical investigation to identify the optimal flash flaming settings for 

each species. With only six species within a single genus tested (Ling12  et al. 2019) the 

applicability of Flash Flaming to key restoration species was also limited. A wide range of key 

species needs to be examined and more thorough analysis need to be conducted to ascertain 

the level of success of Flash Flaming for mine site rehabilitation.  

The aims of this chapter are to:  

1. extend and evaluate the application of Flash Flaming to more priority species found in 

the Pilbara region for mine site rehabilitation and  

2. investigate the relationships between Flash Flaming parameters and seed properties 

determined via lab-based and field-based measurements.  

The hypotheses tested are that optimised Flash Flaming will (1) significantly reduce volume 

(bulk density), (2) improve flow properties, and (3) not adversely impact germination potential. 

 Materials and Methods 

 Seed Material Selection and Study Species 

The plant species that are used in rehabilitation are guided by the rehabilitation objectives and 

regulatory obligations in each mining region, often with input from regulatory or governing 

bodies (Lamb et al. 2015). Seeds, for instance, need to be collected from within 100 km of each 

mine and rehabilitation area of Pilbara operations (Erickson et al. 2017). The total plant 

diversity is approximately 1,800 species in the Pilbara (Erickson et al. 2016) and a wide 

selection of these species must be included to ensure there is a diversity of growth forms that 

contribute to the re-establishment of the target plant community (Erickson et al. 2016). With 

this, seed materials for this study were selected from key target species that possess a range of 

unwanted appendages (Table 2.1). Focal species included those of the Amaranthaceae, 

Asteraceae (i.e species-diverse plant families of the Pilbara; Erickson et al. 2016), 

 
11 Ling here refers to Elvan Ling. 
12 Ling here refers to Elvan Ling. 
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Chenopodiaceae, and Poaceae (outside of Triodia spp.), and Triodia species (Triodia wiseana 

seeds were tested from two different sites, and hereafter will be separately named ‘A’ and ‘B’).  

Table 2.1 Selected species with their families used in the study 

Family Genus Species Biological Nomenclature 
Amaranthaceae Gomphrena cunninghamii Druce 

Amaranthaceae Ptilotus astrolasius F.Muell 

Amaranthaceae Ptilotus auriculifolius F.Muell 

Amaranthaceae Ptilotus calostachyus F.Muell 

Amaranthaceae Ptilotus nobilis F.Muell 

Amaranthaceae Ptilotus rotundifolius F.Muell 

Asteraceae Streptoglossa bubakii Dunlop 

Asteraceae Streptoglossa decurrens Dunlop 

Asteraceae Streptoglossa macrocephala (F.Muell) Dunlop 

Chenopodiaceae Maireana carnosa Paul G.Wilson 

Chenopodiaceae Maireana georgei Paul G.Wilson 

Chenopodiaceae Maireana melanocoma Paul G.Wilson 

Chenopodiaceae Maireana triptera Paul G.Wilson 

Poaceae Cymbopogon obtectus  S.T.Blake 

Poaceae Eriachne  mucronata  R.Br. 

Poaceae Eulalia  aurea  (Bory) Kunth 

Poaceae Triodia basedowii E.Pritz 

Poaceae Triodia epactia S.W.L.Jacobs 

Poaceae Triodia lanigera R.Br. 

Poaceae Triodia pungens  R.Br. 

Poaceae Triodia vanleeuwenii B.M.Anderson & M.D.Barrett 

Poaceae Triodia wiseana C.A.Gardner 

    

 

Amaranthaceae is a common, species-diverse native plant family found in the Pilbara region. 

The focal species within the Amaranthaceae are from the genus Gomphrena and Ptilotus. The 

floral unit that contain seeds of Ptilotus species vary in shape. For example, Ptilotus 

rotundifolius and Ptilotus auriculifolius are similar in shape and possess thick bracts and tepals 

(Hammer et al. 2018) which are densely haired. These are larger in size as compared to the 

other Ptilotus species (Figure 2.1). The germination percentage of Ptilotus seeds after cleaning 

from the bracts and treating with smoke is greater than 80% (Erickson et al. 2016). Gomphrena 

cunninghamii has cotton like features (Figure 2.1). When cleaned to seeds and treated with 

smoke, the germination of Gomphrena cunninghamii increases to more than 90% (Erickson et 

al. 2016).  

Streptoglossa species (Asteraceae) possess non-dormant seeds and are widespread in the arid 

zone of Western Australia. Its seed unit, termed an achene, has many hairs and a prominent 

pappus extending from the achene apex (Figure 2.1). The germination percentage in this genus 

varies between 30 to 100% and increases to 100% when treated with smoke (Erickson et al. 

2016).  
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Species within the Chenopodiaceae are widespread in the Pilbara and arid zone of Australia 

(Erickson et al. 2016). Its germination percentage with and without pre-treatment are 30% and 

35% respectively (Erickson et al. 2016). Fruiting units of Maireana carnosa that contain the 

seeds are cotton-like and fluffy (Figure 2.1). Whereas, Maireana georgei, Maireana 

melanocoma and Maireana triptera have papery fruit husks and are about 4 mm across (Figure 

2.1).  

A key focus of the study was on Poaceae family. Cymbopogon obtectus, also known as silky 

heads, is widely distributed in the Pilbara and mainland Australia (Erickson et al. 2016). Its 

floret (the dispersal unit, consisting of a lemma and palea, which in grasses consists of the seed 

(Humphreys et al. 2011) can be identified by having a 6 to 8 mm long, single awn with 

surrounding dense hairs (Figure 2.1). The seeds contained within the floret are generally non-

dormant and can reach maximum germination (90% to 95%) once cleaned out of the covering 

floret structure (Erickson et al. 2016). Eriachne mucronata florets is identifiable by their dense 

hairs and no awns on the lemmas (Figure 2.1). Limited germination knowledge is available for 

this species also, and varying reports for the genus. For instance, seeds of E. pulchella ssp. 

dominii are non-dormant whereas, when testing germination of E. aristidea florets germination 

is minimal (Commander et al. 2017) suggesting some level of floret-imposed dormancy may 

be present in this genus. Eulalia aurea has a very long, apical and geniculate single awn 

between 10 to 12 mm in length (Cavanagh et al. 2019) (Figure 2.1). It is also widespread and 

across mainland Australia. There are no reports on the germination capacity of Eulalia aurea 

seed material.  

Triodia species are also widespread in the Pilbara. The florets are identifiable by having 

threelobes and at times extended awns and hairy sections (Figure 2.1).Germination percentages 

of Triodia seeds retained within the floret are generally low. For instance, Triodia basedowii, 

T. vanleeuwenii and T. lanigera has germination less than 10% on water or smoke (Erickson 

et al. 2016; Lewandrowski et al. 2018). Triodia epactia has germination between 50% and 

60% on water or on smoke when dormancy is alleviated with a suitable treatment (Erickson et 

al. 2016). Maximum germination of Triodia pungens and T. wiseana is ca. < 30% in florets but 
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can increase to > 70% once cleaned to seeds and/or treated with dry after-ripening or smoke 

(Erickson et al. 2016). 

 

 

Figure 2.1 A selection of the target species for this study to demonstrate the different types of floret/fruit shapes and 

appendages. A) Gomphrena cunninghamii.; B) Ptilotus astrolasius; C) Ptilotus rotundifolius; D) Ptilotus calostachyus; E) 

Ptilotus nobilis; F) Streptoglossa decurrens;  G) Maireana carnosa; H) Maireana georgei; I) Maireana melanocoma; J) 

Maireana triptera; K) Cymbopogon obtectus; L) Eriachne mucronata; M) Eulalia aurea; N) Triodia spp. 
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For ease of reference in this and the following chapter, the term “diaspore” is used to refer to 

the seed that is retained within the floral husk or fruit unit (e.g. left completely intact, but could 

be either un-flamed or flamed), while the term “seed” is referred to the seed with the floral 

husk / fruit removed (Figure 2.2C). “Light fraction/s” refers to Triodia diaspores with no seeds 

within the husk and were used in the machine testing phase to reduce (expensive) seed wastage. 

“Seed cleaning” refers to the method used to extract the seed from its floral husk / fruit, which 

allowed comparison to be made with cleaned seeds (against intact diaspores).   

 

 

Figure 2.2. (a) Diaspore of Ptilotus rotundifolius prior to Flash Flaming, where there is seed within the floral husk. (b) 

Diaspore after Flash Flaming, where there is seed within the floral husk. (c) Cleaned seeds without floral husk. 

 

 Flash flaming evaluations 

Flash flaming evaluations were conducted using the already available Seed Flamer MK I (prior 

to the development of Seed Flamer MK II and MK III, see chapter 3). The use of the Seed 

Flamer was in accordance with the Standard Operating Procedure (SOP) developed as part of 

this study (Appendix A). The flash flaming process, including the monitoring of temperature 

within the drum, is currently monitored manually. Although many seeds of Australian native 

species can survive at temperatures over 100°C (Bell & Williams, 1998; Tangney et al. 2019), 

the temperatures were always kept below 100°C for this study. When temperatures rise to 

5 mm 

(A) (C) (B) 
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above 100°C, the fan speed is increased slightly to allow more air to flow into the drum cavity 

resulting in cooling of the drum. 

For these evaluations, the flame time, flame type, flame number, flame softening application 

(see methods below) were the variables first used. These variables are referred to flash flaming 

settings for the rest of the sections below. Two different commercial flame torches which 

deliver two different flame geometries were assessed:  

1. The ‘soft burner’ Tradeflame® provided a larger, broader flame with a gas consumption 

rate of 1,200 g/hr referred to as the big flame in this study.  

2. The ‘cyclone burner’ Tradeflame® had a gas consumption rate of 295 g/hr and 

delivered a target, narrow flame, and is referred to as the small flame in this study. 

The Flash Flaming evaluation procedure (except for Triodia species) consisted of four stages:  

1. test the initial behaviour of diaspores to flash flaming applications and set the flash 

flaming settings;  

2. test germination for the initial flaming assessment; 

3. test for volume reduction, weight reduction, bulk density and lab-based flowability; 

4. conduct a field-based flowability test. 

Flash flaming procedure for Triodia species was different due to the use of the ‘light fraction’ 

for the evaluation of volume reduction, bulk density and flowability. The use of light fractions 

ensured effective evaluation of large-scale flash flaming testing without wasting very 

expensive seeds. A germination test was then conducted on diaspores that contained seeds. 

Triodia flash flaming evaluations were carried via the following steps: 

1. test the initial behaviour of Triodia light fraction diaspores to flash flaming applications 

and set the flash flaming settings;  

2. test for volume reduction, weight reduction, bulk density and lab-based and field based 

flowability using light fractions; 

3. test germination using diaspores that contained seeds.  

Stage 1 was the same for Triodia and non-Triodia species. For Stage 1, the aim was to initially 

gauge each species flaming behaviour in response to the Flash Flaming settings. Diaspore 

material was monitored once in contact with the flame. Diaspores were monitored visually to 

ascertain: 1) the ease of rapid combustion (i.e. burst into flames); 2) the production of excessive 

smoke; 3) lack of appendage removal due to flame type, and; 4) the degree of damage to the 
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diaspore. Damage to the diaspore can expose the seeds directly to the flame and kill the seeds. 

A test volume of 1 or 3 litres for each experiment was determined based on the amount of 

material available for each species (Table 2.2).  

Table 2.2 Selected batch sizes for flaming each species. The volume used was dependent on the availability of material.  

Family Genus Species Batch sizes (litre) 
Amaranthaceae Gomphrena cunninghamii 1 

Amaranthaceae Ptilotus astrolasius 1 

Amaranthaceae Ptilotus auriculifolius 1 

Amaranthaceae Ptilotus calostachyus 3 

Amaranthaceae Ptilotus nobilis 3 

Amaranthaceae Ptilotus rotundifolius 1 

Asteraceae Streptoglossa bubakii 1 

Asteraceae Streptoglossa decurrens 1 

Asteraceae Streptoglossa macrocephala 1 

Chenopodiaceae Maireana carnosa 1 

Chenopodiaceae Maireana georgei 1 

Chenopodiaceae Maireana melanocoma 1 

Chenopodiaceae Maireana triptera 1 

Poaceae Cymbopogon obtectus  1 

Poaceae Eriachne  mucronata  1 

Poaceae Eulalia  aurea  1 

Poaceae Triodia basedowii 3 

Poaceae Triodia epactia 3 

Poaceae Triodia lanigera 3 

Poaceae Triodia pungens  3 

Poaceae Triodia vanleeuwenii 3 

Poaceae Triodia wiseana 3 

    

The selected volume was measured using a measuring cylinder and poured into the Seed 

Flamer. Flaming time varied between species but ranged from 5 to 30 minutes, depending on 

the initial assessment of each species. The diaspores were then flash flamed using two big 

flames with no flame softening method and a standard dish rotational speed setting of 100 rpm. 

This was the initial flash flaming settings for all species. If the diaspore rapidly combusted, the 

number of big flames was reduced to one. If the diaspores still combusted, the flame type was 

changed to two small flames. In the rare event that two small flames were inadequate, a flame 

softening method was applied which involves the controlled addition of water via a syringe 

throughout the flaming period. The flash flaming settings were determined in this stage to 

advance to Stage 2. Stage 2 and 3 for non-Triodia species will be described, followed by stage 

2 and 3 for Triodia species. 

In Stage 2, the diaspores of all species except the Triodia, were flash flamed for 5, 10 and 15 

minutes using the flash flame settings determined in Stage 1. The volume used for each species 

was captured in Table 2.2. The reasons behind the selection of these flame times is discussed 

in the results section of this chapter. To determine the effect of flash flaming on the germination 

capacity of each batch, only one sample obtained from each flamed time was produced in this 
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stage for germination test to reduce the amount of seed material used during this evaluation 

period. Germination test procedures follow those outlined in Erickson et al. (2016). Diaspores 

obtained from flamed and unflamed samples were put through an aspirator to remove empty 

diaspores (i.e. those with no seeds present). These diaspores were then x-rayed using a Faxitron 

MX-20 digital x-ray cabinet to remove any remaining empty diaspores. A portion of the filled 

diaspores were then cleaned to seeds, while the others remained as the intact diaspores. The 

cleaned seeds were examined under a microscope so that healthy seeds were utilised. One 

hundred diaspores and 100 seeds from each test sample were plated onto Petri dishes treated 

with water and KAR1 (a smoke-derived germination stimulant), with 25 tested units placed in 

each of four Petri dishes. These Petri dishes were placed in an incubator set to constant 25 °C 

for a minimum of 4 weeks. The germination (i.e. radicle emergence) of diaspores and seeds 

was counted each week. If the germination test showed a reduction in germination, the 

experiment reverted to Stage 1 to either reduce the flame number with or without the 

application of flame softening method. If there was no reduction in germination percentage, 

the experiment was advanced to Stage 3. 

Triodia diaspores (light fractions) in Stage 2 were flash flamed for 5, 10, 15 and 30 mins using 

3 litre batches. At least 3 samples were produced for each flame time. Volume reduction, 

weight reduction and flowability were measured in this stage.  

In Stage 3, all species except Triodia species were flash flamed for 5, 10 and 15 minutes to 

obtain more samples for the evaluation of volume reduction, and flowability. At least three 

replicates for each flame time were produced. After an optimised flaming treatment was 

selected for volume reduction, while maintaining germination capacity, each species was 

assessed for changes in flowability properties. This assessment aimed to check that the sample 

in the chosen time had a significant improvement in flowability compared to the control, see 

section 2.2.3. At the end of Stage 3, an optimum flash flaming setting was determined for each 

species, defining the flash flaming time, type and number of flames and the flame softening 

method that resulted in the maximum volume reduction and flowability improvement without 

affecting the germination percentage.  

Triodia diaspores containing seeds were used for flash flaming to test for germination. Only 

Triodia wiseana, Triodia pungens, Triodia basedowii and Triodia lanigera were tested to 

reduce seed wastage. These Triodia diaspores were flash flamed for 15 minutes. Samples 
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flamed for 30 minutes were omitted from the germination test because 30 minutes of flash 

flaming is time consuming and not efficient for large-scale purposes. A number of 30 cm3 of 

small samples were taken at 2, 4, 6, 8, 10 and 15 minute intervals. Taking samples at these 

intervals allowed more data to be collected due to the insufficient supply of seed material. A 

portion of the filled diaspores were then cleaned to seeds, while the others remained as the 

intact diaspores. Germination testing for Triodia species was the same as Stage 2 of the non-

Triodia species.  

 Flowability testing 

Of more relevance than volume reduction per se, is improvement in lab-based and field-based 

flowability. With little precedent regarding the measurement of the flow of native seeds, 

inspiration was taken from the bulk solid powder industry. In this context, flowability describes 

the likelihood of blockage, attrition, and segregation of substances such as powders or plant 

units in a flow situation (Geldart et al. 2006) and the term is commonly used in the powder 

industry to measure the ease of transport and storage of such material.  

The Angle of Repose (AoR) (Podczeckand Jones 2004) is an acceptable method for measuring 

the lab-based flowability of bulk solids. The AoR, α, relates to the maximum angle of the slope 

the bulk solid can form and is given by Equation 1 

              𝑡𝑎𝑛 𝛼 = 𝐻𝑅          (1) 

where H is the height of the semi-cone measured from its base to the tip and R is the radius of 

the semi-cone (Podczeckand Jones, 2004; Geldart et al. 2006).  

Carr (1965 & 1970) suggested that AoR below 30° indicates good flowability while values 

between 30° and 45° indicate semi-cohesiveness. AoR values between 45° and 55° indicate 

high cohesiveness and values greater than 55° indicate very high cohesiveness (Geldart et al. 

2006). High cohesiveness indicates poor flowability.  

AoR can be determined by various methods that apply to free-flowing powder or granular 

material (Podczeckand Jones, 2004). There are two main types of AoR, namely static and 

dynamic angles. The results obtained from AoR tests are highly dependent on the skills of the 

operator and the precision of the equipment which are prone to errors arising from dynamic 

effects. For example, for the fixed height cone and fixed based cone method, the accuracy of a 

result is largely dependent on the speed in which the sample is poured through the funnel and 
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the speed of raising the funnel, respectively. For tilting table and rotating table measurements, 

the accuracy is largely dependent on the rotational speed of the equipment.  

In this study the apparatus is based on an improved arrangement that was proposed by Geldart 

et al. (2006) (Figure 2.3). This arrangement increases the consistency because it removes 

human intervention during the process. Using this equipment, the powder or granular material 

sample is made to flow and form a semi-cone in which the height and radius can be easily read 

from the measurement scales located at the base-plate and baseboard. For this study, diaspore 

samples were poured slowly onto the 45° inclined plane.  The funnel catches the diaspores and 

with the help of the chute, the diaspores fall onto the baseboard (Figure 2.3). This setup ensures 

the diaspores fall under gravity and decelerate to prevent the collapse of the peak. The diaspores 

were poured until the peak reach 7 cm in height (H), read from scale of the back plate. Then, 

the radius (R) of the semi cone was read from the scale on the baseboard. AoR can then be 

determined using Equation 1.  

  

Figure 2.3 Arrangement of the apparatus developed to measure Angle of Repose based on the design by Geldart et al. 

(2006). The diaspores flow from the incline plane to the hopper and direct to the back board before forming a semi-cone 

stockpile on the base board with scale (see red arrows which indicates the flow of diaspores). The AOR was calculated based 

on the height and radius of the stockpile. 

Back board 

Base board 
Height of 
stockpile 

Radius of 
stockpile 

AOR 

Inclined plate 
Hopper 
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To complement the lab-based flowability measurements, a series of field-based flowability 

measurements were tested using a commercial CommVeg direct seeder (Figure 2.4). This 

machine is commonly used by seeding practitioners for large-scale seeding efforts in Western 

Australia. The main components of this direct seeding machine consist of six storage hoppers 

each with adjustable aperture and cog mechanisms coupled to an individual seed delivery tube 

(Figure 2.4). This seeder also consists of pulley system and drive wheel that drives the seed 

metering cog mechanisms. As the seeder is towed forward, the drive wheel turns the pulley and 

shaft which drive the cogs (Figure 2.4). Seed material from within the hoppers falls through 

the aperture and into a tube that channels the seeds to the ground.  

 

  (A)                                        (B)                                             (C) 

Figure 2.4. (A) and (B) CommVeg Seeder used for field flowability test. (C) Schematic diagram of CommVeg Seeder and its 

working principal.  

 

Field based flowability tests were carried out once flame treatment times had been optimised 

(i.e. those that were ascertained in the preceding steps, Appendix B, which produced suitable 

volume reduction, improved lab-based flowability, and insignificant or no change to 

germination). At least 3-litre samples were required to carry out the field flowability tests for 

each species. Therefore, since the availability of seed material for some species was limited, 

for both flamed and un-flamed diaspores, only a sub selection of species listed in Table 2.3 

were tested for the field tests. The seed hopper apertures were adjusted so that they were in the 

fully opened position. Three-litre samples of flamed and un-flamed diaspore material was 

added to the seeding hopper (Figure 2.5). Tubes were removed and catching buckets were 

placed underneath the hopper discharge opening to collect the diaspore material. To simulate 

the Commveg Direct Seeder in operation, the pulley (wheel) was turned at 1 revolution per 

second for 20 seconds to drive the cog and allow the diaspore material to flow into the buckets. 

While the pulley was turned, the diaspore material inside the hopper was agitated to simulate 
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the vibration during towing. After 20 seconds, the diaspores collected inside the buckets were 

weighed using a digital scale. This process was repeated three times. The field-based 

performance was determined by measuring the weight collected from both flamed and un-

flamed diaspore material that passed through the machine after 20 seconds.  

 

Table 2.3. List of the selected species used in the flowability field trial assessments. 

Family Genus Species 
Amaranthaceae Gomphrena cunninghamii 

Amaranthaceae Ptilotus astrolasius 

Amaranthaceae Ptilotus auriculifolius 

Amaranthaceae Ptilotus calostachyus 

Amaranthaceae Ptilotus nobilis 

Amaranthaceae Ptilotus rotundifolius 

Asteraceae Streptoglossa decurrens 

Poaceae Cymbopogon obtectus  

Poaceae Eriachne  mucronata  

Poaceae Eulalia  aurea  

Poaceae Triodia basedowii 

Poaceae Triodia lanigera 

Poaceae Triodia vanleeuwenii 

Poaceae Triodia wiseana 

   

 Data analyses 

Germination data obtained for non-Triodia species in Stage 2 and Triodia species in Stage 3 

were analysed using binomial generalised linear models (GLMs) using the glm function in R 

(R Core Team 2012). First, a binomial GLM with all predictors was fitted. The next step was 

to determine the variables which cause significant change in germination percentage. This was 

carried out using several functions in R. The step function in R was used to conduct stepwise 

model simplification. This function iteratively adds or removes predictors to find the predictors 

which result in the best performing model, based on AIC, a standard metric of model fit. In 

other words, it determines the predictors which best describe the change in germination 

percentage in each species and removes predictors that do not significantly improve 

predictability. The predictors considered were flame time, flame number, type of flame and the 

application of flame softening method. Among these predictors, only flame time was found to 

be a significant variable. Hence, only flame time was used for further analysis. To test for 

exactly which flame times had significant differences in germination, germination data was 

transformed to percentage to carry out pairwise t-tests. 

Data on seed batch volume reduction, weight reduction, calculated bulk density change and 

flowability for non-Triodia species in Stage 3 and Triodia species in Stage 2 were analysed 

using linear models, using the lm function in R (R Core Team 2012). The step function in R 
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was used to conduct stepwise simplification, as for germination data. As flame time was found 

to be the most significant variable for volume reduction in each species, a log-log linear model 

of the change in normalised volume against increasing flame time was fitted. This functional 

form was tested for each species using the reset13 function found in the AER package in R 

(Kleiber C 2008). To test for exactly which flame times had significant differences in volume 

reduction, pairwise T-tests were conducted. The stage where the t-test indicated no significant 

change (p > 0.05) was regarded as steady state. For example, if the diaspore showed no 

significant difference in volume reduction between 10 and 15 minutes of flash flaming, 10 

minutes was considered to be the flash flaming time to reach steady state. 

The field based flowability data were analysed using pairwise t test. The results were compared 

within the species between flamed and un-flamed samples. 

 Results 

 Flash flaming evaluation 

At Stage 1, after the manipulation of flash flaming settings as described in Stage 1 of Section 

2.2.2, visual inspection found out that 5, 10 and 15 minutes of flash flaming were suitable for 

the diaspores of non-Triodia species using specific flash flaming settings as stated in Table 2.4. 

A flash flaming time of 30 minutes on non-Triodia, even with 1 small flame, was observed to 

have damaged the diaspore and exposed the seeds to flame. For Eriachne mucronata, flash 

flaming of 20 minutes completely removed the seed from its diaspore.  

Flash flaming times of 5, 10, 15 and 30 minutes are suitable for Triodia species based on visual 

inspection. Unlike non-Triodia species, all Triodia species can be flash flamed using initial 

flash flaming settings of 2 big flames with no flame softening method (Table 2.4). 

 

 

 

 

 

 
13 reset function in R, or known as Ramsey’s RESET Test is a way to diagnose the correctness of functional form. 

The assumption is that the model can be written in the form of y = Xβ + Zϒ + u. In this study, the model is 

assumed to be able to be written as log y = log X + u. Then a standard F-test is applied to the model to determine 

whether the log transformed variables have significant influence. In general, if the test shows insignificant change 

(p > 0.05), the functional form is considered appropriate to fit the data. 
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Table 2.4. Species tested with flash flaming settings as determined from Stage 1.  

Family Genus Species Flash flaming settings 
Amaranthaceae Gomphrena cunninghamii 1 small flame, no flame softening 

Amaranthaceae Ptilotus astrolasius 1 small flame, with flame softening 

Amaranthaceae Ptilotus auriculifolius 1 small flame, with flame softening 

Amaranthaceae Ptilotus calostachyus 1 big flame, with flame softening 

Amaranthaceae Ptilotus nobilis 2 big flames, no flame softening 

Amaranthaceae Ptilotus rotundifolius 1 small flame, with flame softening 

Asteraceae Streptoglossa bubakii 1 small flame, with flame softening 

Asteraceae Streptoglossa decurrens 1 small flame, with flame softening 

Asteraceae Streptoglossa macrocephala 1 small flame, with flame softening 

Chenopodiaceae Maireana carnosa 1 small flame, no flame softening 

Chenopodiaceae Maireana georgei 1 small flame, no flame softening 

Chenopodiaceae Maireana melanocoma 1 small flame, no flame softening 

Chenopodiaceae Maireana triptera 1 small flame, no flame softening 

Poaceae Cymbopogon obtectus  2 small flame, no flame softening 

Poaceae Eriachne  mucronata  1 small flame, with flame softening 

Poaceae Eulalia  aurea  1 small flame, with flame softening 

Poaceae Triodia basedowii 2 big flames, no flame softening 

Poaceae Triodia epactia 2 big flames, no flame softening 

Poaceae Triodia lanigera 2 big flames, no flame softening 

Poaceae Triodia pungens  2 big flames, no flame softening 

Poaceae Triodia vanleeuwenii 2 big flames, no flame softening 

Poaceae Triodia wiseana 2 big flames, no flame softening 

    

 Volume reduction following flaming 

Volume reduction through time was found to best describe the change in diaspore appendage 

removal when compared to weight reduction measurements (p < 0.01; Table 2.6). Hence, it 

was used to evaluate the performance of flash flaming. The volume reduction of Triodia species 

following flaming varied among species, ranging from 2.2% to 46.2% after 5 mins of flaming, 

and from 6.3% to 68.8% after 30 minutes of flaming (Table 2.5). Results indicated that Triodia 

species reached a steady state in volume reduction between 10 and 15 minutes of flaming (p > 

0.05) (Table 2.5). Volume reduction between 15 and 30 minutes were significant in all Triodia 

species (p < 0.05) (Table 2.5) except Triodia wiseana. 
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Table 2.5 Summarised average change in volume reduction (% ± SE) of the six Triodia species for each flame time. Linear 

models were utilised to compare the differences in volume reduction against increasing flame time. Flamed treatments are 

compared against the un-flamed (0 min) using pairwise t test. Different letters indicated significant differences at p = 0.05 

between treatments. Standard errors were calculated to investigate the significance difference of samples from different flame 

times. Superscript lettering was used to indicate whether the results from two flame times were significantly different from 

each other using the pair-wise t test. For example, A at time = 0s and A at time 5s means there is no difference in volume 

reduction between these two times. A at time = 0s and B at time = 5s means the two volume reduction results are statistically 

different. 

Species Flame time (mins) Volume reduction (%)  

(± SE) 

Triodia wiseana 0 0 A 

 5 31.7 (± 1.67) B 

 10 40.3 (± 0.33) C 

 15 40.8 (± 2.50) C 

 30 48.0 (± 1.33) C 

Triodia pungens 0 0 A 

 5 2.22 (± 0.55) B 

 10 3.67 (± 0.26) C 

 15 4.67 (± 0.23) C 

 30 6.33 (± 0.22) D 

Triodia basedowii 0 0 A 

 5 33.2 (± 0.17) B 

 10 40.8 (± 0.83) C 

 15 47.0 (± 0.33) C 

 30 62.0 (± 2.00) D 

Triodia lanigera 0 0 A 

 5 46.2 (± 0.89) B 

 10 52.7 (± 0.38) C 

 15 53.7 (± 0.22) C 

 30 68.8 (± 0.33) D 

Triodia vanleeuwenii 0 0 A 

 5 18.9 (± 1.11) B 

 10 31.1 (± 2.22) C 

 15 33.3 (± 1.92) C 

 30 40.0 (± 1.92) D 

Triodia epactia 0 0 A 

 5 8.33 (± 0.00) B 

 10 15.8 (± 0.83) C 

 15 18.3 (± 1.67) C 

 30 26.7 (± 1.67) D 

   

 

Like the Triodia species, increased flash flaming time on diaspores from the Amaranthaceae, 

Asteraceae, Chenopodiaceae, and non-Triodia members of the Poaceae resulted in reduction 

of volume (Figure 2.5). Linear modelling of the data identified flame time, number of flame 

and the application of flame softening method as variables significantly affecting normalised 

volume and bulk density (Table 2.6) while the amount of flame and flame type best describe 

the weight reduction.  
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Table 2.6. Linear model predictors that best describe the response variables across all species. 

Response Variables Predictors P values 

Volume reduction Flame Time 2.8 x 10-5 ** 

 Flame Number 0.005       ** 

 Flame Type 0.9 

 Flame Softening Method 8.6 x 10-5 ** 

Weight Reduction Flame Time 0.7367      

 Flame Number 0.0126     ** 

 Flame Type 0.0359     ** 

 Flame Softening Method 0.0632 

Bulk Density Flame Time 1.6 x 10-7 ** 

 Flame Number 0.0083     ** 

 Flame Type 0.0786 

 Flame Softening Method 3.4 x 10-5 **  

   

 

For example, Ptilotus species and Gomphrena cunninghamii (Amaranthaceae) diaspores 

reduced in volume by 50-80% after 15 mins of flaming (Figure 2.5). Maireana species 

(Chenopodiaceae) achieved a similar volume reduction of around 40-70%. More consistently, 

members of the non-Triodia grass species (Poaceae), had some of the highest reductions (up to 

80%). Similar reductions of around 60% were observed for the members of Asteraceae.  

For species within a genus, it was generally observed that most significant losses of volume 

occurred in the first few minutes of treatment. For example, volume reduction for diaspores of 

Ptilotus rotundifolius (Amaranthaceae) after flaming for 5 mins was significantly different (p 

<0.05) to the un-flamed control. The volume reduction between 5 and 10 mins was again 

significant. Volume reduction reached a steady state between 10 and 15 mins when volume 

showed no significant change. This trend of a significant volume reduction trend was also 

observed for Ptilotus calostachyus and Ptilotus nobilis from 5 to 10 mins. And again, became 

non-significant between 10 and 15 mins. Ptilotus astrolasius and Ptilotus auriculifolius 

reached a steady state at little earlier than the other Ptilotus species (i.e. between 5 to 10 mins 

when the big flame was used). When the small flame was used, the steady state time returned 

to the 10 and 15 mins treatment period. 

For the Chenopodiaceae species, Maireana carnosa reached a significant steady state 10 to 15 

minutes, whilst Maireana georgei, M. triptera and M. melanocoma reached a steady state 

between 5 to 10 minutes (Figure 2.5).  

In the Poaceae, Cymbopogon obtectus significantly decreased in volume in the first 10 mins 

when compared to control. No significant losses occurred after this point, reaching a steady 

state at 15 mins onwards. Eriachne mucronata reached a steady state at 15 minutes of flaming. 
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No significant differences between 1 flame and 2 flames were observed for Eriachne 

mucronata. Eulalia aurea reaches a steady state in volume and bulk density after 15 minutes 

of flaming (Figure 2.5). However, damage was observed on the surface of Eulalia aurea 

diaspores at 15 minutes of flash flaming.  

In the Asteraceae, Streptoglossa decurrens, S. bubakii and S. macrocephala reached a steady 

state in volume after 10 mins of flaming (Figure 2.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 

 

(A) 

` (B) 

(C) 

(D) 

Figure 2.5. Fitted curves representing change in percentage volume reduction for each flame time for the (A) 

Amaranthaceae, (B) Chenopodiaceae, (C) Asteraceae non-Triodia species in the Poaceae (D). Data points at each flame time 

were removed for better presentation of the trends.  
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 Germinability  

Diaspores of Ptilotus species prior to flash flaming had germination percentages ranging from 

0% to 92%. The low germination percentage was observed in diaspores of Ptilotus astrolasius 

and P. auriculifolius. Higher germination percentage of diaspores was observed in Ptilotus 

rotundifolius. In general, germination potential of cleaned seeds was higher than seeds in 

diaspores for all species of Ptilotus, except P. astrolasius. For example, this was demonstrated 

by Ptilotus auriculifolius in which the germination percentage of cleaned seeds was 67% as 

compared to 0% when seeds were retained in the diaspore. Flash flaming had a significant 

positive impact on Ptilotus calostachyus and P. nobilis but a negative impact on the 

germination of the diaspores of P. rotundifolius and P. auriculifolius. The germination of 

cleaned seeds and diaspore of P. rotundifolius had dropped by about 20% as compared to the 

control. The germination potential of Ptilotus astrolasius was very low (≤ 2%) across all 

treatments including the control and therefore no conclusions surrounding the impact of 

flaming could be determined (Table 2.7).  

Apart from Ptilotus calostachyus and P. nobilis, flash flaming also induced significantly 

increased germination in the diaspores of Gomphrena cunninghamii, Streptoglossa decurrens 

and S. macrocephala. For example, germination of Gomphrena cunninghamii increased from 

52% (±1.52) to 84 % (±2.00) and Streptoglossa decurrens increased from 66% (±1.66) to 100% 

(±0.13) (Table 2.7) after flaming.  

Diaspores of Maireana georgei, M. triptera and M. melanocoma had lower germination 

potential as compared to cleaned seeds. In general, the germination percentage of the diaspores 

ranged between 0% to 20% while in cleaned seeds, the germination percentage ranged between 

41% and 86% (Table 2.7). All Maireana species showed no significant differences (p > 0.05) 

in germination potential between the controls and flame time, demonstrating that germination 

in this species was not impacted by flash flaming treatment.   

Other species that were not impacted by flash flaming were Cymbopogon obtectus, Eulalia 

aurea and Eriachne mucronata. Cymbopogon obtectus, for instance, germinated at 100% 

before and after flash flaming. Both cleaned seeds and diaspores of Eriachne mucronata had 

high germination potential (> 87%) before and after flash flaming treatment (Table 2.7). In 

Eulalia aurea, the germination percentage of diaspores (72% ± 1.11) was surprisingly greater 

than cleaned seed (51% ± 0.00) before flash flaming (Table 2.7). After flash flaming, 
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germination percentage of diaspore and cleaned seeds did not show any differences when 

compared to the controls in both H2O and KAR1 germination treatments (Table 2.7). 

Only the result at 10 minutes of flash flaming for Triodia species was reported in Table 2.7 

because among the flash flaming time, 10 minutes had the best performance in terms of 

germination percentage for Triodia species. Diaspores of all Triodia species had very low 

germination potential when compared to material cleaned down to pure seed. This significant 

difference, for example, is demonstrated by both Triodia wiseana accessions having seed 

germination from diaspores < 10%, but germination of cleaned seeds was > 50% (Table 2.7). 

Cleaned seeds of T. wiseana tested on KAR1 resulted in the highest germination. 

Demonstrating that germination was not impacted by the flaming treatment, germination of 

seeds post-flaming was not statistically different when tested on either water or KAR1 (p > 

0.05) (Table 2.7). These findings were repeated across all other Triodia species. Further, 

Triodia pungens and T. basedowii seeds experienced significant increases in germination also 

(Table 2.7).

Table 2.7. Germination (Mean ±SE) results of diaspores and seeds after the application of the flash flaming settings decided 

in Stage 1. (BF = Big Flame; SF = Small Flame); S = cleaned to seeds; D = seeds left inside intact floret/fruit/husk (‘diaspore’); 
H2O = water agar; KAR1 = karrikinolide agar. The germination methods are outlined in stage 2 of section 2.2.2. The results 

were compared between the flame time of the same germination unit using pairwise t test. For example, the same superscript 

lettering (a-a) compares S at 0 minute treated in H2O with S at 10 minutes treated in H2O. Two lowercase letters (a-a) indicated 

that the comparisons were not statistically different. For example, seeds at time = 0 with superscript letter ‘a’ and seeds at time 
= 10 mins with superscript letter ‘a’ mean that the results from both flame times are not significant to each other. A lowercase 

letter and an uppercase letter (a-A) with asterisks indicated that the results were statistically different. 
Species Flame Treatment Germ Unit Flame time (mins) Germinatio

n treatment 

Germination 

percentage (%) 

Gomphrena cunninghamii Batch size (L) = 1 S  0  KAR 100 ± 0.00 a 

 Time = 10 mins  S  10 KAR   97 ± 2.00 a 

 No. of flame = 1 D  0  KAR   52 ± 1.52 b ** 

 Flame type = SF D  10  KAR   84 ± 2.00 B ** 
 Flame softening = NIL     

Ptilotus astrolasius Batch size (L) = 1 S  0  H2O
      2 ± 0.00 a 

 Time = 10 mins  S  10  H2O
      1 ± 0.00 a 

 No. of flame = 1 S 0 KAR      1 ± 0.00 b 

 Flame type = SF S 10 KAR     1 ± 0.00 b 

 Flame softening = YES D  0  H2O
      0 ± 0.00 c 

  D  10  H2O
      1 ± 0.00 c 

  D 0 KAR      0 ± 0.00 d 

  D 10 KAR      1 ± 0.00 d 

Ptilotus auriculifolius Batch size (L) = 1 S 0  H2O
    67 ± 0.03 a ** 

 Time = 10 mins  S 10  H2O
    44 ± 1.00 A ** 

 No. of flame = 1 S 0 KAR    91 ± 0.03 b ** 

 Flame type = SF S 10 KAR   52 ± 1.52 B ** 
 Flame softening = YES D 0  H2O

      0 ± 0.00 c 

  D 10  H2O
      1 ± 0.00 c 

  D 0 KAR     0 ± 0.00 d 

  D 10 KAR     2 ± 0.00 d 

Ptilotus calostachyus Batch size (L) = 3 S 0  H2O
    53 ± 2.52 a ** 

 Time = 15 mins  S 15  H2O    86 ± 5.29 A ** 

 No. of flame = 1 D 0  H2O    19 ± 4.43 b ** 

 Flame type = BF D 15  H2O    89 ± 1.91 B ** 

 Flame softening = YES     

Ptilotus nobilis Batch size (L) = 3 S 0 H2O
    99 ± 1.00 a  

 Time = 10 mins  S 10 H2O
    99 ± 1.00 a 

 No. of flame = 2 D 0 H2O
    41 ± 3.79 b ** 

 Flame type = BF D 10 H2O   93 ± 4.12 B ** 
 Flame softening = NIL     

Ptilotus rotundifolius Batch size (L) = 1 S 0 H2O
   99 ± 1.25 a **  

 Time = 15 mins  S 15 H2O    76 ± 2.31 A ** 
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 No. of flame = 1 D 0 H2O
    92 ± 1.25 b ** 

 Flame type = SF D 15  H2O
    70 ± 1.15 B ** 

 Flame softening = YES     

Streptoglossa bubakii Batch size (L) = 1 D 0  H2O
    97 ± 0.02 a 

     Time = 10 mins  D 10 H2O
    95 ± 0.03 a 

 No. of flame = 1 D 0 KAR    98 ± 0.01 b 
 Flame type = SF D 10 KAR  100 ± 0.00 b 

 Flame softening = YES     

Streptoglossa decurrens Batch size (L) = 1 D 0  H2O
    66 ± 1.66 a** 

 Time = 10 mins  D 10  H2O
  100 ± 0.13 A ** 

 No. of flame = 1 D 0 KAR  100 ± 0.00 b 

 Flame type = SF D 10 KAR  100 ± 0.13 b 

 Flame softening = YES     

Streptoglossa macrocephala Batch size (L) = 1 D 0  H2O    83 ± 0.06 a 

 Time = 10 mins  D 10 H2O
    99 ± 0.01 A ** 

 No. of flame = 1 D 0 KAR    99 ± 0.01 b 

 Flame type = SF D 10 KAR 100 ± 0.00 b 
 Flame softening = YES     

Maireana carnosa Batch size (L) = 1 D 0  H2O
    59 ± 2.00 a  

 Time = 10 mins  D 10  H2O
    46 ± 2.00 a  

 No. of flame = 1 D 0 KAR    57 ± 3.00 b 

 Flame type = SF D 10 KAR   62 ± 7.00 b 

 Flame softening = NIL     

Maireana georgei Batch size (L) = 1 S 0 H2O   86 ± 2.00 a 

 Time = 10 mins  S 10 H2O   85 ± 1.00 a 

 No. of flame = 1 S 0 KAR   78 ± 2.00 b 

 Flame type = SF S 10 KAR   79 ± 3.00 b 
 Flame softening = NIL D 0 H2O     5 ± 5.00 c 

  D 10 H2O   20 ± 4.00 c 

  D 0 KAR     8 ± 4.00 d 

  D 10 KAR   14 ± 5.00 d 

Maireana triptera Batch size (L) = 1 S 0 H2O
    74 ± 3.00 a 

 Time = 10 mins  S 10 H2O
    79 ± 3.00 a 

 No. of flame = 1 S 0 KAR    69 ± 6.00 b 

 Flame type = SF S 10 KAR    73 ± 2.00 b 

 Flame softening = NIL D 0 H2O
      3 ± 0.00 c 

  D 10 H2O
      0 ± 0.00 c 

  D 0 KAR      1 ± 0.00 d 

  D 10 KAR      0 ± 0.00 d 

Maireana melanocoma Batch size (L) = 1 S  0  H2O
    35 ± 6.00 a 

 Time = 10 mins  S  10  H2O
    43 ± 2.00 a 

 No. of flame = 1 S 0 KAR    43 ± 4.00 b 

 Flame type = SF S 10 KAR    41 ± 3.00 b 

 Flame softening = NIL D  0  H2O     0 ± 0.00 c 

  D  10  H2O
     0 ± 0.00 c 

  D 0 KAR      0 ± 0.00 d 

  D 10 KAR      0 ± 0.00 d 

Cymbopogon obtectus Batch size (L) = 1 S  0  H2O 100 ± 0.00 a 

 Time = 15 mins  S  15 H2O 100 ± 0.00 a 

 No. of flame = 2 D  0  H2O 100 ± 0.00 b 
 Flame type = SF D  15  H2O 100 ± 0.00 b 

 Flame softening = NIL     

Eriachne mucronate Batch size (L) = 1 S  0  H2O   90 ± 3.46 a 

 Time = 20 mins  S  15  H2O   88 ± 4.32 a 

 No. of flame = 1 D  0  H2O   94 ± 2.58 b 

 Flame type = SF D 15  H2O   94 ± 2.00 b 

 Flame softening = YES     

Eulalia aurea Batch size (L) = 1 S  0  H2O
    51 ± 0.00 a 

 Time = 10 mins  S  10  H2O
    51 ± 3.00 a 

 No. of flame = 1 S 0 KAR    56 ± 0.00 b 

 Flame type = SF S 10 KAR    53 ± 0.00 b 

 Flame softening = YES D 0 H2O
    72 ± 1.11 c 

  D 10  H2O
    72 ± 5.42 c 

  D 0 KAR    72 ± 1.44 d 

  D 10 KAR    58 ± 5.93 d 

Triodia basedowii Batch size (L) = 3 S 0 H2O   26 ± 1.66 a ** 

 Time = 10 mins  S 10 H2O    52 ± 1.22 A ** 

 No. of flame = 2 S 0 KAR   51 ± 0.75 b ** 

 Flame type = BF S 10 KAR   79 ± 1.65 B ** 

 Flame softening = NIL D 0 H2O
      0 ± 0.00 c 

  D 10  H2O
      1 ± 0.25 c 

  D 0 KAR     0 ± 0.00 d 

  D 10 KAR     1 ± 0.25 d 

Triodia lanigera Batch size (L) = 3 S 0 H2O   38 ± 0.87 a 

 Time = 10 mins  S 10 H2O    34 ± 1.71 a 

 No. of flame = 2 S 0 KAR   50 ± 0.65 b 
 Flame type = BF S 10 KAR   57 ± 1.38 b 

 Flame softening = NIL D 0 H2O
      0 ± 0.00 c 

  D 10 H2O
      1 ± 0.25 c 
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  D 0 KAR     2 ± 0.29 d 

  D 10 KAR     5 ± 0.48 d 

Triodia pungens Batch size (L) = 3 S 0 H2O   72 ± 0.41 a ** 

 Time = 10 mins  S 10 H2O    58 ± 1.26 A ** 

 No. of flame = 2 S 0 KAR   85 ± 0.25 b ** 

 Flame type = BF S 10 KAR   75 ± 0.75 B ** 
 Flame softening = NIL D 0 H2O

      2 ± 0.29 c 

  D 10 H2O
      4 ± 0.41 c 

  D 0 KAR     3 ± 0.25 d 

  D 10 KAR     6 ± 0.65 d 

Triodia wiseana (site A) Batch size (L) = 3 S 0 H2O   52 ± 0.41 a 

 Time = 10 mins  S 10 H2O    58 ± 0.98 a 

 No. of flame = 2 S 0 KAR   82 ± 1.19 b ** 

 Flame type = BF S 10 KAR   67 ± 0.85 B ** 

 Flame softening = NIL D 0 H2O
      4 ± 0.41 c 

  D 10  H2O
      3 ± 0.48 c 

  D 0 KAR     2 ± 0.29 d 

  D 10 KAR     5 ± 0.25 d 

Triodia wiseana (site B) Batch size (L) = 3 S 0 H2O   68 ± 1.08 a 

 Time = 10 mins  S 10 H2O    69 ± 1.55 a 

 No. of flame = 2 S 0 KAR   72 ± 0.71 b 

 Flame type = BF S 10 KAR   81 ± 1.11 b 

 Flame softening = NIL D 0 H2O
      1 ± 0.25 c 

  D 10 H2O
      5 ± 0.63 c 

  D 0 KAR     8 ± 0.41 d 

  D 10 KAR     5 ± 0.25 d 

 

 Lab-based flowability using AoR 

Linear modelling of the data indicated all species showed significant improvements in 

flowability (p < 0.05) at the chosen flame time (Table 2.8). The result is compared between no 

treatment and post treatment across all of the same species. For example, the angle of repose 

for all Triodia species ranged between 30 to 37.9 degrees in the semi-cohesiveness region after 

flaming. Ptilotus species ranged between 34.8 to 37.4 degrees in the semi-cohesiveness region 

and Maireana species ranged between 24.5 to 32.5 degrees in the low cohesiveness and semi-

cohesiveness regions. 

Table 2.8. Flowability changes between a No Treatment control compared to a Post-Flaming treatment (i.e. after specific 

Flame Time). These flash flaming times were selected because they produced the best results in terms of volume reduction 

and germination percentage. The region column indicates the cohesiveness of diaspore no treatment and post flaming. The 

regions are indicated from good flowability to difficult to flow by: Low Cohesiveness (LC), Semi-Cohesiveness (SC), High 

Cohesiveness (HC) and Very High Cohesiveness (VHC).  

Species Flame 

Time 

(mins) 

No Treatment Post-Flaming  

AOR Region AOR Region 

Gomphrena cunninghamii 

Ptilotus astrolasius 

10 

10 

40.5 ± 0.39  

45.0 ± 0.00  

SC 

SC 

35.9 ± 1.40  

36.5 ± 0.19  

SC 

SC 

Ptilotus auriculifolius 10 45.8 ± 0.00  HC 34.8 ± 0.18  SC 

Ptilotus calostachyus 15 52.8 ± 0.52  HC 37.4 ± 0.37  SC 

Ptilotus nobilis 10 44.2 ± 0.00  SC 36.4 ± 0.00  SC 

Ptilotus rotundifolius 15 54.5 ± 0.00  HC 35.9 ± 0.46  SC 

Streptoglossa decurrens 10 49.7 ± 0.85  HC 41.2 ± 0.41  SC 

Streptoglossa bubakii 10 48.3 ± 0.00  HC 32.5 ± 0.00  SC 

Streptoglossa macrocephala 10 48.0 ± 0.00  HC 33.7 ± 0.25  SC 
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Maireana carnosa 10 39.3 ± 0.16  SC 24.5 ± 0.00  LC 

Maireana georgei 10 30.9 ± 0.00  SC 28.4 ± 0.00  LC 

Maireana triptera 10 35.8 ± 0.00  SC 32.5 ± 0.00  SC 

Maireana melanocoma 10 45.0 ± 0.00  SC 32.2 ± 0.00  SC 

Cymbopogon obtectus 15 57.4 ± 2.89  VHC 36.7 ± 0.46  SC 

Eriachne mucronata 15 50.8 ± 0.49  HC 40.5 ± 0.87  SC 

Eulalia aurea 10 57.9 ± 0.68  VHC 43.2 ± 0.25  SC 

Triodia basedowii 10 43.4 ± 0.00  SC 37.9 ± 0.00  SC 

Triodia epactia 15 41.9 ± 0.00  SC 34.5 ± 0.52  SC 

Triodia lanigera 10 48.5 ± 0.00  HC 36.1 ± 0.57  SC 

Triodia pungens 10 36.0 ± 0.00  SC 30.0 ± 0.21  LC 

Triodia vanleeuwenii 15 41.2 ± 0.00  SC 34.7 ± 0.27  SC 

Triodia wiseana 10 47.2 ± 0.00  HC 34.7 ± 0.27  SC 

 

 Field-based flowability 

For species from the Amaranthaceae, all Ptilotus species except Ptilotus calostachyus, and 

Gomphrena cunninghamii showed significant improvements in flowability (measured as 

higher flamed diaspore weight collected when compared to the un-flamed control, p < 0.05, 

Figure 2.6). Ptilotus calostachyus failed to come out of the hopper due to its light weight.  

For species from the Poaceae, significant differences were observed for flamed diaspores of 

Triodia vanleeuwenii, T. wiseana and T. lanigera (Figure 2.6). Flamed diaspores of 

Streptoglossa decurrens also showed a positive increase in flowability (p = 0.019).  
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Figure 2.6. Mean weight of diaspores (±SE) passing through the hopper cog mechanisms of the direct seeder after 20 revolutions. Differences between the controls and the flame treated material 

are analysed by pair-wise t test. p values smaller than 0.05 indicate there is evidence that the two tested samples are difference from each other. 
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 Discussion  

Findings showed that there is a significant relationship between the response variables (volume 

reduction, flowability and germination percentage) and the independent variables (flame time, 

flame type and the application of flame softening method). The extent of volume reduction was 

expected to be higher in the beginning of the test because more hairs and appendages are 

removed in the early stages of flash flaming. This larger reduction is then followed by a steady 

state where the change in volume, weight and bulk density are less pronounced, when the hairs 

and appendages have been largely removed. Although volume reduction between 15 and 30 

minutes shows significant difference (p < 0.05), 30 minutes of flash flaming is time consuming 

and not viable for large scale process. These relationships match the hypothesis stated in the 

introduction that flash flaming of the diaspore material will result in a significant reduction in 

volume, improve the flowability, and maintain seed viability and germination capacity (i.e. 

maximum germination percent).  

One of the most important aspects of the flash flaming treatment development in Stage 1 was 

to determine the flash flaming time for each species. For Triodia species in the preliminary 

test, the diaspores were flash flamed for 5, 10, 15 and 30 minutes. However, the flame times 

of 15 and 30 minutes were found to be inefficient and unsuitable for the rest of the species after 

the behaviour testing at Stage 1. For instance, in some species (e.g. Ptilotus astrolasius and 

Ptilotus auriculifolius), the seeds completely separated from their floret/fruit structures during 

15 minutes of flaming. The procedure in Stage 1 aimed to test the limit of the diaspore’s ability 

to be a candidate for flaming treatment including aspects such as the point where it failed to 

lose un-wanted appendages or failed to contain and ‘protect’ the seeds within. Hence, the flash 

flaming time could be different for some species, depending on their diaspore behaviour 

towards the flame. For example, Eriachne mucronata can be flash flamed for 20 minutes before 

its diaspore was completely flamed off. The key outcome from these species-specific 

differences is that each species has to be treated using specific flash flaming settings.  

This study found that large-scale flash flaming works on a diverse range of Pilbara native 

species. Flash flaming can effectively remove the un-wanted appendages off the diaspore, 

overcome bridging and flow issues commonly encountered in light, bulky seed batches (Hoose 

et al. 2019), and improve the storability of this material through reducing the bulk volume. 

Similar observations on the increase in bulk density and consistency of seed delivery after husk 

removal has also been recorded in Pedrini et al. (2019) and Berto et al. (in press). The flash 
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flaming technique when applied with the optimum treatment maintains the germination 

capacity in most species. These results match the findings of Guzzomi et al. (2016) where the 

flash flaming technique was carried out on small quantities of Triodia wiseana florets. 

However, the findings contrast with those of Pedrini et al. (2019) which showed a drop in 

germination recorded for species of Poaceae (Austrostipa scabra, Chloris truncata, Microlaena 

stipoides, and Rytidosperma geniculatum). Completely removing the diaspore requires longer 

exposure times to flame which can damage the seeds, which is not the purpose of flash flaming. 

The flash flaming technology was designed to keep the seed intact within the diaspore while 

improving the geometry of the diaspore flow properties without affecting the germination 

potential. This has now been successfully demonstrated here for more than 20 species. 

The reduction in volume increases the storage capacity of diaspore material. During seeding, 

this is important because more materials can be added into the storage hoppers of mechanical 

equipment for seeding, thus reducing the time needed to reload new batches. Further, the 

removal of appendages makes the diaspores less cohesive and thus easier to flow leading to 

more efficient and less variation in sowing application rates (as demonstrated under field 

conditions in the Pilbara; Erickson et al. 2019). This advantage can improve seed delivery at 

scale because more material can be delivered without delays via blocking the seeding 

equipment. The true extent of the benefits to direct seeding method and cost savings is yet to 

be calculated but should be studied in the future.  

Another important finding was the observed increase in the germination percentage after flash 

flaming. Significant responses by some species showed that flash flaming has the potential to 

improve germination. Though the reason behind the increase in germination is not known, 

potential explanations include: (1) the smoke produced during flash flaming could produce a 

smoke-signal cueing the seeds for germination (Clarke & French 2005); and/or (2) flash 

flaming weakens the covering diaspore structures rendering it brittle and weaker, thus making 

it easier for the seed to penetrate the diaspore and germinate. Out of the 22 species, 13 species 

showed improved germination after flash flaming suggesting that these observations listed 

above should be studied in more detail. For example, some species may respond to fire or non-

fire related cues other than smoke, such as light, heat shock, or the combination of these factors 

(Lindon et al, 2008; Moreira & Pausas, 2012).  

The latter suggestion for improved germination after the weakening of the diaspore could be 

most related to improving establishment potential of grasses. Dormancy of grass species is 

mainly caused by the restrictive covering structures of the diaspore, primarily the lemma 
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(Gallart et al, 2008). For instance, the study by Gallart et al. (2008) indicated that the 

weakening of the diaspore through rubbing with sand stimulated germination to almost 30%. 

The weakening of the diaspore is further supported by the study of Adkins et al. (2002) which 

reported that seed coat imposed dormancy can be overcome by the weakening of diaspore 

around the seed which can be achieved through the application of fire-related treatments in the 

form of heat or smoke. The flash flaming technique takes a slightly different approach by 

exposing the diaspores to both heat and smoke by passing them via a naked flame without 

killing the seeds. The extent of the weakening to the diaspore by flash flaming should be studied 

in more detail to prove this concept. In addition, the physical characteristic of diaspores varied 

across species so the flash flaming method should be tailored to suit each species.  

For species that did experience significant decreases in germination percentage, such as Triodia 

pungens, Ptilotus rotundifolius and P. auriculifolius, this indicated that optimum flash flaming 

settings that suit these species are yet to be determined or optimised. From a germination 

perspective, these species are currently not valid candidates to benefit from this technology. 

However, for volume reduction, storability and flowability perspectives, these species are 

benefited from this technology. In terms of improvements in flowability, flash flaming is not 

necessarily required for Triodia pungens. Flowability of Triodia pungnes is already in semi-

cohesiveness region prior to flash flaming, meaning it already flows well. Hence, flash flaming 

is not required for this species. Other factors that could have affected the germination could be 

poor seed storage conditions prior to use, species that possess seeds with short-lived seeds, and 

the quality of the initial seed collection. For instance, one example from this study was material 

from Ptilotus astrolasius where it failed to even germinate when left un-flamed and cleaned to 

seeds. This suggests that the batch may have been non-viable upon receipt from the seed 

suppliers.  

Apart from improved storability through bulk volume reduction without affecting germination, 

flash flaming can also improve the flowability of diaspore materials. Flowability field trial 

results indicate that flash flaming is an effective technique in improving flowability of 

diaspores through mechanical seeding machines. It is also proven to be a viable alternative to 

traditional de-awning and seed bulking techniques. More importantly, it also facilitates the use 

of more species that otherwise would not have been seeded by practitioners for use to 

rehabilitate a disturbed land. This enables practitioners to utilise seeding machines more 

efficiently and effectively. Though this technique requires training, the ability to increase rates 

of rehabilitation faster with improved success rates outweigh the time invested into developing 
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flash flaming treatments for different species and upscaling the technology for even larger 

applications. 
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 IMPROVING THE FLASH FLAMING MACHINE DESIGN 

 Introduction 

The first generation of the Seed Flamer, MK I, which was used to carry out Flash Flaming trials 

in Chapter 2, was designed based on the conceptual understanding, preliminary findings, and 

the scale-up potential of the flash flaming technology (Guzzomi et al. 2016, Ling14 et al. 2019, 

Erickson et al. 2019). With a better understanding and experience in flash flaming procedures, 

the formal design method of Quality Function Deployment (QFD) was used, in particular, the 

House of Quality. The QFD is a graphical planning and problem-solving tool for a design team 

to focus on customer needs throughout the Product Development Process (PDP) (Dieter & 

Schmidt 2009). It identifies the set of characteristics that contribute most to satisfy the client’s 

needs and requirements in each PDP.  

This chapter outlines the design criteria and construction of the Seed Flamer (e.g. MK I) and 

the resultant features of Seed Flamer MK II and MK III that are proposed to make large 

commercial-scale Flash Flaming more efficient in future iterations. It also outlines the machine 

testing procedure consistent with accepted industry and scientific principles regarding volume, 

flowability and germination testing methods (carried out in the previous chapter).  

 Materials and Methods 

In order to improve the design of the Seed Flamer set-up and make it both used at a commercial 

scale and produced in commercial quantities, various engineering design considerations had to 

be taken into account. This section describes the process of advancing the Seed Flamer through 

the TRL and CRL levels and the procedures of flash flaming – refer to General Introduction 

for the definition of TRL and CRL. 

Design considerations developed within a team can efficiently identify elements that go into 

each QFD and PDP and link these elements with key parameters. Preferred key parameters are 

then used to move to the next “house” as core functional elements (Figure 3.1). Typically, there 

are four houses that comprise a complete QFD process, namely product planning, part 

deployment, process planning, production planning (Dieter & Schmidt 2009). Here, however, 

only product planning, part deployment and process planning houses were considered because 

the Seed Flamer machine was not to be produced in large quantities.   
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Figure 3.1. Diagram shows the three houses of QFD used in the design of the Seed Flamer in this study. First house is related 

to functionality of product to meet the client’s requirements; the second house is related to the machine parts and characteristics 

to meet the functionality of the product; the third house is related to the manufacturing process of the parts. 

 

The first house is Product Planning (Figure 3.1). Here, key clients and their requirements were 

identified (Table 3.1). The client requirements were then linked to Engineering Characteristics 

which are incorporated into the design of the second and third generation of Seed Flamer 

machine (Seed Flamer MK II and MK III). The design plan was based on the ranking of client 

requirements and engineering characteristic. From the QFD (Table 3.1), and the relative 

importance rank of “5”, it was identified through consultation with experienced practitioners 

and in-house experience that achieving high flowability, high de-awning capability, ensuring 

seed viability was un-affected, safety of technique and scalability of the Flash Flaming 

technology are important aspects to the clients (Table 3.1).  
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Table 3.1 Product planning house of QFD for the Seed Flamer.  
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The second house of the QFD is the Part Deployment where technical requirements are linked 

to Parts Characteristics (Table 3.2). The relative importance of technical requirements in this 

house were based on the rankings in the first house of QFD (Table 3.1). Adequate flame size, 

flash flaming treatment time and dish rotational speed were identified as the most important 

technical requirements. The other important technical requirements were bigger batch 

treatment volumes, a bigger drum size, adequate air intake into the drum, number of flame and 

some safety features. The distances between the gas and electrical components were also 

identified to be critical for safety. The gas hose temperature should be kept below 50 °C. This 

is the designed working temperature for the gas hose chosen for the purpose. Seed Flamer MK 

I relied on a cooling interval between trials to prevent overheating of the gas hoses. Gas hoses 

on Seed Flamer MK II and III need to consider better safety features through design. Although 

rigidity at lifting lugs is the least important component compared to the other technical 

requirements, it determines the portability of the Seed Flamer and should be able to be lifted 

and relocated with ease. Reflecting on this, Seed Flamer MK I had a weak support framework 

and would be prone to bending during lifting. These technical requirements were taken into 

consideration when designing the newer versions. 
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Table 3.2 Parts Deployment house of QFD for Seed Flamer. 
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The final house in the QFD consideration is the Process Planning. This house links the Parts 

Characteristics to the manufacturing process characteristics to ensure a smooth transition from 

design to product (Table 3.3). Reduced complexity of machine parts makes its operation and 

maintenance easy to maintain and make changes when needed. The design focus leaned 

towards maximising the flexibility of the machine’s components. This means that the machine 

components should be easily detached and attached, and the operator should have greater 

ability to fine tuning and adjust any attachments. Technical support and advice were important 

for a smooth transition from design to the manufacturing phase. Another important feature was 

that some parts should be commercially-off-the-shelf (COTS). The operator should be able to 

find and replace machine components from local suppliers. Also, technical skills to fabricate 

the machine should be available locally. This greatly shortens the manufacturing time and 

complexity. 

Table 3.3 Process Planning house of QFD for Seed Flamer 
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Parts Characteristics 

Relative 

importance 

varying gas supply based on gas consumption rate (g/hr) 5 9 9

Flame torch clamp can support different torch size 4 9 9 9

Adequare space for flexible arms to hold flame torches 4 9

Bigger dish area (m2) 5 1 9 9

Motor with higher axial load (N) 1 9

High drum stability during operation 5 9 3

Stronger support structure (MPa) 2 9

On and off triggers on flame torch 4 9

High accuracy control system for air flow 3 9 9 3

Light weight material (kg) 1 9

High accuracy control system for motor speed 3 9 9

Longer gas hose 2 9

Good heat insulation and safety on hose 3 3 9

High heat resistant paint 2 9

raw 149 171 135 195 650

relative weight 0.089 0.102 0.080 0.116 0.386

rank 3 2 4 1

Key Process Operation Characteristic
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 Results and Discussion 

The customer requirements resulted in the machine being designed to have adequate treatment 

time options, variable dish rotational speeds, various flame torch sizes, flexibility in batch 

processing volumes and an overall increase in drum size. High flowability, efficient appendage 

removal capability whilst ensuring seed viability and germination capacity was unaffected was 

achieved by controlling treatment time, flame torch sizes and volumes as indicated in Chapter 

2. Nominal rotational speed was pre-determined and kept constant throughout the trials (refer 

to Chapter 2). The scalability of Flash Flaming was achieved through the design of a 900-mm 

diameter drum and incorporating adjustment to treatment times, rotational speeds, flame torch 

sizes to suit the increases in processing volumes. Design features for operator safety were 

improved through incorporating adequate air flow into the drum, keeping the gas hoses/lines 

at designated temperatures and ensuring sufficient distances between the gas and electrical 

components. Future design iterations should consider a more efficient air delivery system to 

provide cooling air to the inside of the drum. To follow local health and safety guidelines, a 

Standard Operation Procedure (SOP) (Appendix A) was produced to provide operational 

guidelines to Seed Flamer users and aligned Flash Flaming treatment requirements. 

As a result of the decisions made during the QFD process, multiple flame torches were made 

available for attachment to a cross-member beam which is referred to as the “bridge” in the 

following sections. The bridge is a 75 Parallel Flange Channel (PFC) steel, located at the top 

of the drum and bolted to the top drum rib (Figure 3.2A). This bridge acts as a platform to 

support the weight of all attachments. The two stirrers are secured on the bridge. The angle of 

each stirrer is independently adjustable using an adjustment screw (Figure 3.6). These stirrers 

mix the diaspores during flame application to aid in uniform treatment. Adjustable arms are 

designed to provide flexibility in adjusting the position of the flame torch handles with three 

degrees of freedom (Figure 3.2B). The flame torch handles are designed to be movable along 

the bridge and to rotate about the adjustment screw axis (Figure 3.2B). Flame torch clamps 

were designed to firmly hold the flame torches for both the soft flame burner (big flame) and 

cyclone flame torch (small flame). Improvements to the clamping arrangements to 

accommodate different torch types were included in the design between models. The flame 

heads on: 

• MK I were tightened to the collar with cap screw. This did not secure the torch 

effectively. 
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• MK II were clamped using commercial test tube holder hand clamps. This resulted in a 

tighter fit but less flexibility in position adjustment. 

MK III adopted fittings made to accommodate the big and small torches so that both 

flame torches could fit securely.  

Flexibility and stability were two factors affecting the design of the attachments and clamps. 

The torch clamps can perform a 360° rotation around the stainless-steel rod (Figure 3.2C), 

which gives more control over the position of to the flame torches. The clamp was secured by 

screwing onto a bar which connects the adjustable arm and flame torch. The weight of the 

clamp was designed to be light to reduce the load stress on the screw. 

  

 

  (A)                                                 (B)                                               (C) 

Figure 3.2. (A) Schematic diagram of Seed Flamer MK III. The bridge was located at the top opening of the drum, bolted to 

the top rib. (B) The flame torch handle has 3 degrees of freedom: translocate along the bridge, perpendicular to the bridge 

and rotate about the slot axis. (C) The flame torch bar can be adjusted in vertical direction while the flame torch clamp can 

travel vertically and also rotate about the bar axis.  

Treatment of larger batches of material was achieved by increasing the drum size which led to 

an increase in the batch treatment area. The drum, dish, base plate and frame are made of mild 

steel because it is strong, easily formed and affordable. Heat resistant paint was used to prevent 

the drum from rusting while withstanding the high temperatures during operation. Despite low 

heat conductivity, air temperatures can reach at least 80 °C inside the drum and 200 °C on the 

surface of drum during operation. The cylindrical drum was rolled from a 2 mm rectangular 

mild steel plate and welded at the joint. To increase the stiffness and ensure circularity, three 

drum ribs were incorporated at the top edge of the dish and at the base of the drum (Figure 

3.2A). Facilitating the removal of a large volume of diaspore material can now be carried out 

more efficiently due to the re-designing of the discharge chute (i.e. at a specific location in and 

at a particular orientation with reference to the drum; Figure 3.2A). The position of the 
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discharge chute was optimised through a better understanding of the dynamic flow diaspores 

within the drum (Figure 3.3). In MK III, the chute is tangential to the flow of the diaspore 

within the drum (Figure 3.3). The discharge chute is designed to suit this flow of diaspore 

(Appendix C).  

 

                                

                                        (A)                                                                         (B)                                                

Figure 3.3. Improvement made on the design of the discharge chute on MK I (A) to ensure a tangential flow of material exits 

upon discharge from MK II (B). 

In terms of safety, the propane gas cylinder needs to be shielded from the source of heat if it is 

mounted less than 200 mm away from any heat source (as described in Australian Standard 

5601.2-2013). Gas pressure from an LPG cylinder can reach 883 kPa at 27 °C and hence a 

regulator is used to drop this pressure down to 400 kPa to accommodate the two torch outlets 

each operating at 200 kPa. Flexible hoses with a working pressure of 2.6 MPa was used. 

However, given that the working temperature of this hose is rated to <50 °C, glass fibre heat 

insulating tape was wrapped and secured with aluminium tape to insulate the hose. Care was 

taken when wrapping the flexible hose with glass fibre because this material can cause irritation 

to skin and eyes. Gloves, a face mask and safety glasses must be worn at all times. Working in 

an open environment is also advantageous. An extraction unit should also be deployed to 

remove the dust and soot from the working environment. Mesh covers should also be installed 

at the top opening of the drum to prevent any combusting ashes from being sucked into the 

extraction unit. For efficiency, flame torches are best fitted with on and off switches to quickly 

ignite the flame.  
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The dish is driven by a 6-pole, 3-phase, 0.75 kW electric motor with the dish speed controlled 

by a Variable Frequency Drive (VFD). Running electric motors at low speeds using VFD poses 

a high risk of overheating. Therefore, a 6-pole motor was chosen because it runs at lower speeds 

compared to lower pole motor. The axial load of the rotating dish and its couplings were 

calculated to determine the total load applied onto the motor. As the dish and diaspore/seed 

material accelerate slowly up to the rotational speed the motor design was not dependent on 

any torque considerations or requirements. A centrifugal fan located underneath the drum 

provides enough air to the torches, cools the temperature within the drum during operation and 

prevents diaspores from ingress between the dish and drum wall. Fan speed was also controlled 

by the VFD, independently from the motor control. The air is channelled into the drum cavity 

between the dish and drum from four inlets (Figure 3.4) drilled on the square base by four 

flexible hoses. A fan box with four outlets is designed to house the centrifugal fan. The 10:1 

gearbox drops the rotational speed of the motor to about 140 rpm. Using the VFD, the operating 

rotational speed was adjusted to between 100 and 160 rpm. The discharge door is controlled 

also by an electric actuator so that no alternate power source is needed. The control panel 

houses the motor control knob, fan speed control knob, on/off switch, emergency stop button 

and electric actuator switch as well as a simple locking cabinet protecting the electrical wiring. 

To meet Australian Safety standards (AS 5601.2.2013), the distance between the control panel 

and the gas supply was designed to be more than 1.5 m apart. This design consideration was 

also implemented when deciding upon the layout of the commercial laboratory (Appendix D). 

The propane gas supply located on the lab exterior with a gas line feeding the flame torches 

via a copper gas line of a length > 1.5 m.  
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Figure 3.4. Drum cavity between the dish and the drum where the air enters from holes drilled on the square base.  

 

Based on the Process Planning phase, most of the machine’s components were fastened by 

bolts and screws. The machine can be disassembled into attachment15, electrical16 and gas 

components17, the drum assembly18 and base frame19 by removing bolts and screws. This was 

to allow for the ease of maintenance and fabrication of parts.  

The QFD and PDP led to design and production improvements from the initial Seed Flamer 

MK I through to MK III. Construction of Seed Flamer MK III was completed in April 2020 

(Figure 3.6). The Parts and Instrument Diagram (P&ID) (Figure 3.5) illustrates the parts and 

equipment designed for the flash flaming treatment.  A summary of the machine’s parts and 

specifications are listed in Table 3.1. 

 

 

 

 
15 Attachment components consisting of the bridge, flame torch handles, flame torch bars, flame torch clamps 

and stirrers. 
16 Electrical components consist of the electric motor with gear box, motor coupling, control panel, electric 

actuator and the centrifugal fan and switches. 
17 Gas components consist of flame torches, gas hoses and the gas cylinder.   
18 Drum assembly components consist of the drum, drum ribs, dish, dish base plate, mesh covers and the 

discharge chute.  
19 Base frame components consist of the square base and leg frame 
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Dish Empty 
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Figure 3.5. P&ID schematic diagram. M is motor, F is fan and Ac is electric actuator. VFD, motor control knob, fan control 

knob and electric actuator knob are placed on the control panel. The dotted lines indicate electrical signal from VFD.  

The QFD design process effectively translated the client’s requirements into “engineering 

characteristics”, and then into “parts characteristics” and lastly into “key process 

characteristics”. Hence, the end product closely syncs to the client’s expectations in terms of 

functionality and deliverables.  Figure 3.6 shows the finished product, Seed Flamer MK III as 

the result of QFD deployment in the design process (see Appendix E for component details). 

The production of the third generation Seed Flamer (Seed Flamer MK III), the development of 

the SOP (Appendix A) in conjunction with the set-up of a commercial Flash Flaming laboratory 

(Appendix C) indicates that this technology is capable for large-scale seed processing as 

indicated by the commercial scale-up level in the CRL.   
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Figure 3.6. Arrangement of drum ribs, bridge, and adjustment screws for flame torches and stirrers.  
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 GENERAL CONCLUSION AND FUTURE WORK 

The two major findings from this study include: 

a. Large scale Flash Flaming is beneficial in terms of:  

• reducing the volume of large bulky batches of seeds (i.e. reducing bulk storage 

requirements),  

• improving diaspore flow through direct seeding machinery through improved 

coating capability (e.g. reduced bridging and blockages in hoppers and seed 

tubing, respectively),  

These aspects, applied in isolation or combined together, give the mining industry 

greater confidence in post-mining rehabilitation of disturbed land. 

b. The design of the Seed Flamer has proven to be a success in up-scaling this technology 

for the purpose of commercialisation. It also paves a path for future development of 

more advanced machinery and automation for even larger scale Flash Flaming 

requirements. 

This study has validated flash flaming technology in a relevant environment under operational 

conditions as stated in the study rationale (Section 1.1) to advance the technology to TRL 8-9.  

Testament to the success of this work the Seed Flamer device is now being used commercially 

by commercial seed supplier to carry out flash flaming. In addition, commercial flash flaming 

on native species of the Pilbara region has been progressively carried out for BHP Western 

Australia Iron Ore and Rio Tinto Iron Ore at the purpose built commercial Flash Flaming 

facility. 

Current design of the seed flamer requires operator to monitor the flash flaming process to 

ensure safety during the operation. Future development of this technology should focus on 

automating the system to further mitigate operator risk and also enable use technology to 

determine  when diaspores have been effectively treated (i.e. their flow improved).With sensors 

and computerise programs, the seed flamer could be provided with internal feedback 

mechanism to optimise performance.  

Commercial scale-up (CRL 3) should also be carried out in parallel to the flash flaming system 

development. As part of this process, it is advised that the team provide seminars and training 

to industry partners. This approach can introduce flash flaming technology to seed collectors, 
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mining companies and research institutes, improve collaborations and keep this technology in 

sync with the demand of the market.  
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 APPENDIX  

Appendix A – Standard Operation Procedure (SOP) 

The registration of SOP is a mandatory safety procedure at UWA to keep operators well 

informed about the risks associated with running the machine. This SOP was produced and 

attached to Seed Flamer MK I when it was first built. The template for this SOP is available on 

UWA safety, health and wellbeing – Task and activity planning toolkit website 

(https://www.safety.uwa.edu.au/management/toolkit#sops).  

 

https://www.safety.uwa.edu.au/management/toolkit#sops
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Appendix B – Flash flaming configuration to prepare diaspore for field flowability trial. 

Table B.1 listed the flash flaming settings deduced from flash flaming trials in Chapter 2 for 

field flowability testing.  

Table B.1. Flash Flaming setting for the selected species use for flowability field trial. 

Species Flash Flaming Configuration 

Ptilotus rotundifolius 
15 minutes of flash flaming, 1 small flame 

torch, with flame softening  

Ptilotus astrolasius 
10 minutes of flash flaming, 1 small flame 

torch, no flame softening  

Ptilotus auriculifolius  
 10 minutes of flash flaming, 1 small flame 

torch, with flame softening  

Ptilotus nobilis 
 15 minutes of flash flaming, 2 big flame 

torches, no flame softening 

Ptilotus calostachyus 
15 minutes of flash flaming, 1 big flame torch, 

with flame softening. 

Gomphrena cunninghamii 
10 minutes of flash flaming, 1 small flame 

torch, no flame softening. 

Triodia basedowii 
 10 minutes of flash flaming, 2 big flame 

torches, no flame softening 

Triodia vanleeuwenii 
 10 minutes of flash flaming, 2 big flame 

torches, no flame softening 

Triodia wiseana 
 10 minutes of flash flaming, 2 big flame 

torches, no flame softening 

Triodia lanigera 
 10 minutes of flash flaming, 2 big flame 

torches, no flame softening 

Cymbopogon obtectus 
15 minutes of flash flaming, 2 small flame 

torches,  

Eulalia aurea 
10 minutes of flash flaming, 1 small flame 

torch, with flame softening 

Eriachne mucronata 
20 minutes of flash flaming, 1 small flame 

torch, with flame softening 

Streptoglossa decurrens 
10 minutes of flash flaming, 1 small flame 

torch, with flame softening 

 
 



62 

 

Appendix C – Design of MK III Discharge Chute 

The design of the electric actuated discharge door was carried out using Linkage program 

(Rector, D 2019). The discharge door is approximately 173 mm in length and hinged at the 

wall of the drum. The angle of the ejection of diaspore was observed to be approximately 45° 

(Figure C.1). The opening of the discharge door was designed to be approximately 45° to 

facilitate uninhibited flow of diaspore during discharge.  

 

Figure C.1. Diaspore discharge angle from the drum discharge door. 
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(A)  Closed position

 
(B) Open position 

Figure C.2. Modelling and simulation of 4 bars linkage mechanism of electric actuator using Linkage program. The 

discharge door is modelled as a triangular platform. The hinge of the actuator is located about 100 mm from the drum wall 

and about 65 mm from the hinge of the discharge door.  
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Appendix D – Commercial Flash Flaming Facility Layout Plan View 

The Shenton Park lab was established in March 2019. The aim of setting up this lab is to process 

seeds for rehabilitation for industry partners. This lab is also aimed to conduct other seed 

processing technology such as seed crushing and also become a storage place for seeds to be 

processed. The layout of the lab follows UWA and fire safety standards. To comply with the 

fire safety standard, gas bottles are placed outside the lab facility. The gas pressure is regulated 

and controlled by valves. The copper gas tube is checked for leaking prior and after the 

operation. In the event of a gas leak, the valve is automatically shut off to stop the gas leak.  

 

Figure D.1.  – Commercial lab fit-out request and layout design of the lab. 
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Appendix E - Summary of the flash flaming machine parts  

Parts  Descriptions 

Drum Function Compartment for the application of flash flaming 

treatment. 

Material Mild steel 

Dimensions Outer Diameter: 890 mm ± 2 mm 

Height: 600 mm  

Thickness 2 mm 

Surface finish Heat resistant paint 

Dish Function Controlled rotation to allow the diaspore to be 

projected up onto the drum wall and kept in a 

continuous flow. 

Material  Mild Steel 

Dimensions Inner Diameter: 886 mm ± 2 mm  

Thickness 1.6 mm 

Surface finish NIL 

Drum ribs Function For stability by stiffening the drum wall 

To brace the drum wall and maintain circular shape 

Material Mild Steel 

Dimensions Inner Diameter: 890 mm ± 2 mm 

Thickness 5 mm 

Surface finish Drilled with six M10 holes for M10 x IMT ZP 4.6 

DIN976 stainless steel rod. 

Discharge 

Chute 

Function Opening to channel the diaspore out of the drum. 

Material Stainless Steel  

Location At the discharge door opening. 

Discharge door dimensions: 173 mm (L) x 150 mm 

(H). Located 185 mm from the bottom of the drum 

Thickness 1 mm 

Surface finish NIL 

Function Provide base framework and support for the drum  
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Square 

base  

Material Mild Steel 

Dimensions 1000 mm x 1000 mm 

 Thickness 10 mm 

 Surface finish NIL 

Gas 

Cylinder 

Type of Gas Liquefied Propane Gas (LPG)  

Flame 

torches 

Types of Flame Torches Cyclone burner (small flame) (295 g/h) 

Soft flame burner (big flame) (1,200 g/h) @ 2 bar 

Flame 

hose 

Type Sievert SV4000 

Working pressure 2.6 MPa 

Max Working 

Temperature  

50 °C 

Length (m)  2 m 

Adaptors LPG pressure control  Adjustable pressure control with hose failure 

valves. 

Primus Companion 3/8 

LH to Dual 

Split gas supply into two to two flame torches. 
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Appendix F – Engineering Drawings of Seed Flamer MK III  

 




