
ABSTRACT 

GODFREY III, EDWARD EUGENE. Gas-Insulated Gasifier for Biomass Derived Producer 
Gas. (Under the direction of Dr. Mari S. Chinn). 

 

This work focused on designing and fabricating a novel downdraft gasifier for biomass 

derived producer gas.  Biomass offers itself up as a viable alternative energy source that can 

be sustained anywhere that agricultural and forestry commodities are grown.  Gasification 

technology provides a means to manage and add value to normally underutilized agricultural 

and forestry crops and residues.  Gasification can produce energy-rich gases while 

consuming fuel sources high in lignocellulose, offering an advantage over other bio-energy 

generation methods that cannot effectively use or convert lignin and hemicellulose.  The 

objectives of this project were to 1) examine and describe the theory behind downdraft 

gasification; 2) design and fabricate a novel downdraft gasifier capable of generating 

producer gas from readily available fuels; and 3) investigate the effects of solid fuel physical 

characteristics (charcoal and sweet sorghum) and gasifying agent (air) flow rates 25.48 m3 h-1 

(15 ft3 min-1) and 50.97 m3 h-1 (30 ft3 min-1) on gasification effectiveness. 

A research scale gas-insulated downdraft gasifier was designed using figures derived 

from published data in the field of biomass gasification.  Design criteria for the gasifier 

included research-scale (e.g. quick run time and change over between testing events), 

mobility, modularity, gas conditioning (e.g. cooling and cleaning), and data acquisition with 

automated control capabilities. The gasifier was assembled from four major components (e.g. 

inner chamber, superstructure, outer panels, and ash collection), and mounted on caster 

wheels for mobility.  The gasifier was one component of a greater gasification system that 

included cyclone filtration and a counter flow heat exchanger.  Gasification runs on charcoal 



and chopped sweet sorghum at the two flow rates were completed at random and producer 

gas samples were collected twice during each run.  Sample gas composition was determined 

for H2, N2, CO, CH4 and CO2 by gas chromatography.  Temperature data was collected and 

recorded using thermocouples and a programmable logic controller.  

The effects of gasifying agent flow rate and fuel physical characteristics on producer gas 

composition, maximum gasifier zone temperature and solid fuel consumption rate were 

directly measured or calculated.  Gaseous fuel from field chopped sorghum on average 

contained 5.3% (by vol.) less H2 and 14.0% (by vol.) less CO than charcoal runs at 25.48 m3 

h-1.  Charcoal runs at 50.97 m3 h-1 contained 2.9% (by vol.) more H2 and 9.9% (vol.) more 

CO than charcoal at 25.48 m3 h-1.  On average, at higher air flow rates charcoal was 

consumed 3.84 kg h-1 faster than at low flow rates.  At the high flow rate sorghum burned 

2.95 kg h-1 slower than charcoal.  Maximum reduction zone temperatures on charcoal and 

sorghum at 50.97 m3 h-1 were 62.82 and 39.39 °C greater, respectively than at 25.48 m3 h-1. 
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CHAPTER 1: Biomass Gasification- A literature review 

1.1 Introduction 

Gasification is the thermochemical conversion of various fuel sources such as coal, or 

biomass into an easily transportable and usable producer gas.  During gasification, energy 

must be added to the system to drive the endothermic process of converting the fuel source 

into a combustible producer gas.  Producer gas, often referred to as synthesis gas, is used to 

describe generated gas comprised primarily of H2 and CO.  Producer gas can also contain 

CO2, N2, CH4, and low levels of NOx and SOx.  The primary combustible in producer gas is 

CO and maximizing its concentration is highly sought after.  Biomass gasification is the 

gasification of organic material and is generally a renewable fuel when compared to fossil 

fuels such as coal. 

1.2 History of Gasification 

Gasification is considered to be a well-established technology and has been used since 

the mid-19th century for heat and fuel generation.  At that time producer gas was an 

unintended by-product of coal coking and was later used to fuel street lamps (Turare, 1997).  

However, gasification was shown by William Murdoch possibly as early as 1765 or 1770 

when he heated a teapot containing coal to produce a noticeable exhaust gas which he then 

ignited from the teapots spout (Fisher, 1952).  By the turn of the 19th century petroleum 

deposits had been discovered which could be used for heat and lighting.  Thus the need for 

gasification system development slowed as a result.  Nevertheless, in 1900 a 600 hp gasifier 

was demonstrated in Paris, France and afterwards larger gasifiers were built to provide 
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upwards of 5000 hp (Turare, 1997). These developments did little to combat inexpensive 

petroleum products which were utilized in mobile applications while gasifiers were relegated 

to stationary applications and used primarily in electricity generation.  

During World War II (WWII) interest in gasification improved when Europe experienced 

a shortage of petroleum fuels.  Germany attempted to become more energy independent and 

started using producer gas from wood (Turare, 1997) to replace petroleum fuels.  NREL 

(1998) suggested that nearly all motor vehicles in Denmark during occupation were fueled by 

a wood based producer gas.  Following the war, supply lines of inexpensive petroleum 

reopened to Europe and producer gas usage declined.  Following WWII some European 

governments continued to develop producer gas systems from wood but the general 

consensus was that relying heavily on wood would deplete forest and harm the environment 

(Turare, 1997).  Contrary to the majority of Europe, Sweden, a heavy user of producer gas, 

continued the development of their producer gas infrastructure, and gasification testing into 

the 1980’s (Rajvanshi, 1986).  The United States (US) did not embrace gasification until the 

1970s following the 1973 US oil embargo (Rajvanshi, 1986) followed by a scarcity of 

petroleum based products (Yergin, 1991).  Following the embargo petroleum availability 

increased and once again interest in gasification decreased.  Currently the US through the 

Department of Energy (DOE) is looking for long term renewable energy sources including 

those from biomass through gasification as an alternative to petroleum based fuels (USDOE-

EERE, 2010).  The US interest in alternative fuel has been aided in part by the green 

revolution, global warming, and the ongoing volatility in petroleum prices throughout the 

early 2000’s. 
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1.3 Biomass as a Fuel 

Biomass as a fuel can lead to disagreements about the viability of using crop land for fuel 

production.  Ethanol and biodiesel production can divert corn and soybeans from the food 

and feed market and into the fuel production industry.  Contrary to this biomass gasification 

can be tailored to avoid such conflicts.  Biomass gasification can utilize a wide range of fuel 

sources including lignocellulosic materials (e.g. wood).  Jameel et al. (2010) suggests that 

other biomass sources include agricultural residues are good candidates for gasification.  

Normally agricultural residues are under or unutilized materials leftover following crop 

production.  Residues include corn stover, rice hulls, rice straw, wheat straw, cotton stalks, 

and bagasse.  Agricultural residue collection is possible after the crop is harvested for its 

primary use and would not take away from food and feed crop land.  Crops grown 

specifically for biomass gasification also exist.  These dedicated, perennial energy crops (e.g. 

switchgrass) are grown exclusively to be harvested to produce biofuels and take farm land 

out of food and feed production.   

Biomass as a fuel source can benefits from a side effect where the production (e.g. 

growing) of the fuel material helps lessen the carbon footprint of the using (e.g. combusting) 

the biomass.  During photosynthesis CO2 is taken in and converted into plant usable energy 

and this uptake is factored in to offset the carbon released during combustion or gasification.  

In some cases the thermochemical conversion of biomass can be carbon neutral as suggested 

by Butterman and Castaldi (2009, as opposed to traditional fossil fuels which have a positive 

carbon footprint which dumps CO2 into the atmosphere. 
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One of the major considerations when selecting a biomass to use as a fuel for 

thermochemical conversion is wet basis moisture content.  The moisture content of the 

biomass is dictated in part by the conditions of the material at the time of harvest.  While 

operating a commercial scale gasifier using pine chips Guatam et. al (2011) found that a 

6.4% (w.b.) increase in moisture content resulted in a 4.7% (by vol.) decrease in producer gas 

CO concentration coupled with a 0.5 MJ Nm-3 decrease in gaseous fuel higher heating value. 

Moisture content is a significant characteristic of the fuel source that should be managed, 

however Jameel et al. (2010) proposes that when moisture content of the biomass is below 

30% wet basis there is little effect on the overall operational efficiency of thermochemical 

conversion processes.  

 If gasification is being done on-site at the crop production location then biomass logistics 

is of minimal concern. However, in the event that gasification is off site the biomass will be 

transported from field to a storage facility or gasifier.  Steps taken to efficiently transport and 

store the biomass prior to gasification should be considered since it may affect the cost of 

producer gas generation.  One property to consider for transportation and handling is biomass 

bulk density.  Bulk density is the weight of a biomass per unit volume, and an increase in 

bulk density increases the mass transported per load moved and can significantly influence 

the amount of material that can be processed at a given time. 
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1.4 Gasification Processes 

1.4.1 Overview 

Gasification is the thermochemical conversion of solid carbon into a gaseous fuel that can 

be cleaned, stored, and transported.  Gasification occurs in a reactor called a gasifier, which 

contains the solid fuel while it converts to producer gas.  Gasifiers can be divided into four 

reaction zones: drying and storage, pyrolysis, combustion/oxidation, and reduction.  Gasifiers 

alone are only a small part of a gasification process which also includes filtration, cooling, 

and storage systems.  

Gasification has been shown to be an endothermic process and for conversion to proceed 

energy must be added to the system.  Providing the necessary energy can be accomplished 

through the addition of sensible heat into the gasifier. One way of heat addition comes from 

an external heating source similar to Murdoch’s teapot demonstration (Fisher, 1952).  

Through external heating the temperature in the gasification chamber is increased to initiate 

and sustain producer gas generation.  The second, more common method is through partial 

combustion of the solid fuel (Bhattacharya, 1999; Dasappa, 2000; Hindsgaul, 2000; Yang et 

al., 2009).  Sensible heat released during combustion provides the necessary energy to start 

and maintain gasification reactions.  Partial combustion unlike complete combustion occurs 

in an oxidizing agent limited environment. Common sources of oxidizing agent (gasifying 

agent) are air, steam, pure oxygen, and hydrogen (Rezaiyan and Cheremisinoff, 2005).  
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1.4.2 Reaction Zones 

1.4.2.1 Drying and Storage 

Solid fuel loads are stored and prepared in the drying and storage zone for the lower 

gasifier zones.  In the drying zone temperatures approach 100°C and moisture is driven from 

the solid fuel generating steam for subsequent zone reactions (Turare, 1997).   

1.4.2.2 Pyrolysis 

Pyrolysis is defined as the conversion of biomass in an oxygen deprived environment.  

During gasification temperatures in the pyrolysis zones will vary depending on fuel sources, 

but are between 500ºC and 700ºC (Maschio et al., 1994; Hindgaul, 2000; Jameel et al., 

2010).  During pyrolysis combustible gas products are released from the solid fuel include 

H2, CH4, CO, and CO2 (Rajvanshi, 1986; Jameel et al., 2010).  Other products of pyrolysis 

include tars, which can collect and obstruct the entire gasification system or become trapped 

in the producer gas (Monteiro Nunes et al. 2008,) and residual charcoal (char). 

1.4.2.3 Combustion/Oxidation 

If an external heating source is not used sensible heat needed for gasification is 

introduced to the gasifier through partial combustion that occurs in the combustion/oxidation 

zone.  Temperatures within the combustion zone vary depending on gasification system and 

can be manipulated by gasifying agent selection, and flow rate.  Turare (1997) suggests that 

temperatures within this zone can range from 700ºC and 2000ºC.  However, this is somewhat 

contradictory to Rajvanshi (1986) who reports that the hypothetical thermodynamic oxidation 

temperature of carbon with oxygen is 1450ºC.  Similarly, Foley and Barnard (1983) estimate 

that the combustion zone is approximately 1300ºC.  Tar synthesis is also dependent on 
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combustion zone temperature and that slight increase above  950ºC can substantially change 

the tar present in the producer gas (Bhattacharya and Dutta, 1999; Jonsson, 1982).  This 

phenomenon of thermally degrading tar is known as tar cracking. 

Complete combustion of carbon with oxygen yields primarily CO2 and is characterized 

by the exothermic carbon-oxygen reaction which provides some of the necessary energy for 

gasification.  Comparatively partial combustion yields primarily CO with 28% of the energy 

released from complete combustion. 

Carbon-Oxygen Reaction: 

    
        (ΔH: -110 MJ/kmole) (1.1) 

          (ΔH: -394 MJ/kmole)         (1.2) 

where +ΔH= energy consumed (endothermic); - ΔH= energy supplied (exothermic)  

 Jameel et al. (2010) suggested that approximately 25% of the stoichiometric oxygen 

necessary to facilitate complete combustion is needed for partial combustion in a gasifier.  

Varying the gasifying agent flow rate can directly affect the composition of the producer gas 

as supported by Bhattacharya and Dutta (1999).  This phenomenon occurs in the presence of 

excess oxygen where combustion reactions move toward completion and producer gas 

generated is consumed during combustion.  Conversely in the absence of oxygen the 

necessary energy will not be generated to initiate gas production.  Optimal gasifying agent 

delivery rate is crucial to the successful operation of a gasifier. 

Reactant choice is also critical in the combustion/oxidation zone.  For example, using air 

as the gasifying agent introduces oxygen and inert diluents (e.g. N2) which are incombustible.  

Diluents lower system temperatures and generally pass through the gasifier and exit as part of 
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the producer gas stream.  In certain cases, due to the high temperatures of the combustion 

zone, nitrous oxides (NOx) can form.  Using air as the gasifying agent has advantages of 

being readily available and free.  Unfortunately air generates the lowest heating value fuel 

when compared to a steam/oxygen, steam/heat, and hydrogen/heat.  Heating value 

differences for various fuels per gasifying agent are described by Jameel et al. (2010), and 

Rezaiyan and Cheremisinoff (2005).  Generally gasifying agents that raise producer gas 

heating value also increases the complexity of the gasification system.   

1.4.2.4 Reduction 

The majority of  producer gas CO is generated in the reduction zone.  Most defined 

chemical reactions within the reduction zone are endothermic. Temperatures leaving this 

zone are usually less than that of the combustion zone.  Depending on the design and 

operational parameters of the gasifier the temperatures are approximately 600ºC to 950ºC 

(Foley and Barnard, 1983).  The reduction of post combustion products are generalized by 

the Boudouard reaction, carbon-water-gas reaction, water-gas shift, and methanation 

reactions (Jameel et al., 2010; Wei et al., 2009). 

Boudouard Reaction: 

           (ΔH: +172 MJ/kmole)        (1.3) 

Carbon-Water-Gas Reaction: 

             (ΔH: +131 MJ/kmole) (1.4) 

Water-Gas Shift 

               (ΔH: -41 MJ/kmole) (1.5) 
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Methanation 

                (ΔH: -206 MJ/kmole)  (1.6) 

where +ΔH= energy consumed (endothermic); - ΔH= energy supplied (exothermic)  

Reduction by-products include ash particles and char. Ash, when entrained in the 

producer gas, is undesirable due to its abrasive nature.  High gasifying agent velocities and 

producer gas generation rates can lead to ash and char particulate entrainment within the 

producer gas. 

1.5 Gasifier Technology 

Since the birth of gasification, differing gasifier designs have been developed.  Gasifiers 

are classified by state of gasification bed and are either fixed or fluidized Bed.  Subcategories 

of each bed type tend to describe the method of gasifier operation.  Fixed bed gasifiers have 

historically been downdraft, updraft and cross draft.  In each case the leading term (e.g. 

down) describes the flow direction of gasifying agents.  Fluidized bed gasifiers are 

commonly described based upon the way the bed is fluidized (e.g. bubbling or recirculating). 

Other emerging gasifier technologies include hydrothermal, supercritical water, plasma, and 

2-stage all using specialized gasifier systems (Ciferno and Marano, 2002; Jamel et al. 2010; 

Bhattacharya and Dutta, 1999; Rezaiyan and Cheremisinoff, 2005). 

1.5.1 Fixed Bed 

Fixed bed gasifiers have a stationary bed of solid fuel where the gasifying agent is 

injected.  The solid fuel bed moves only due to gravity or mechanical agitation.  Solid fuel 

flow is generally downward.   Each type of fixed bed gasifier (e.g. downdraft, updraft, cross 
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draft) is characterized by unique operational traits that consequently affect the quality and 

composition of the producer gas.  Fixed bed gasifiers suffer the effects of bridging which is a 

phenomenon where the solid fuel stops flowing due the fuel particles becoming lodged.  

When the solid fuel lodges the carbon fuel source for partial combustion becomes limited and 

heat generation slows, halting gasification. 

1.5.1.1 Updraft 

As described by Jameel et al. (2010) updraft gasifiers are driven by the heat produced 

through the combustion of char.  Updraft gasifiers are one of the simplest gasifier designs 

and as described by Reed (1988) are regularly inundated by tar formation due in part to the 

way that they operate.  Biomass is loaded into an updraft gasifier from the top.  Gasifying 

agent is injected into the gasifier from the bottom where it is then forced upward through a 

porous grate and continues into the biomass.  The zones and structure of an updraft gasifier 

are shown in Figure 1.1.  CO2 is formed in the lower portion of the gasifier where it, along 

with the energy created from the partial combustion, begin to rise and to convert the char into 

producer gas.  Reed (1988) suggested that in order to not cause a reaction with, or 

degradation of the biomass grate, a cooling agent such as steam should be injected or hot 

exhaust gases should be recirculated to lower combustion temperatures.  While hot producer 

gas is generated in the lower regions of an updraft gasifier, the gases are cooled as they 

migrate upward towards the gas exits (Figure 1.1) (Ciferno and Marano, 2002).  The one 

major advantage to updraft gasifiers is that nearly all energy generated through partial 

combustion is utilized as the hot gases flow upward.  The heat energy that remains after 

reduction and pyrolysis is then used to dry the downward flowing biomass.  Due to this fact, 
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Reed (1988) suggests that updraft gasifiers are highly thermal efficient since less heat 

escapes the gasifier in the producer gas stream. However, the rapid cooling of the gas stream 

as it moves through the fuel bed limits the ability of updraft gasifiers to reach tar cracking 

temperatures and typically results in considerable tar formation. 

  

Figure 1.1 Diagram of an updraft gasifier diagram with four processing zones 

 
1.5.1.2 Crossdraft 

The crossdraft gasifier is considered to be the easiest to run of the major gasifier designs 

(Reed, 1988).  Crossdraft gasifiers use a side to side flowing gasifying agent to be 

combusted.  In a crossdraft gasifier air velocity is generally higher than that of other fixed 

bed gasifiers, this is due in part to the fact that  these gasifiers uses a single nozzle to inject 

the oxidizing agent.  Due to this high velocity the fixed bed actually undergoes a small 
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amount of mixing (Reed, 1988).  Crossdraft gasifiers can also generate a low tar producer gas 

due to the fact that the high velocity of air creates a zone of high temperature that is 

contained in a small volume.  As compared to the updraft gasifier, which has a horizontally 

mounted grate, in a crossdraft gasifier the grate is mounted vertically.  This can be seen in 

Figure 1.2.  Das (1985) suggests that the distance between the tip of the nozzle and the grate 

is a parameter of most importance when designing a crossdraft gasifier.  

 

 

Figure 1.2 Diagram of a crossdraft gasifier and four processing zones 

 
1.5.1.3 Downdraft 

Downdraft gasifiers are very similar in appearance to an updraft gasifier.  However, the 

major difference when compared to an updraft gasifier is that there are more components in a 

downdraft and the directional flow of gasifying agent/producer gas is downward.  Downdraft 
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gasifiers are the most widely used gasifiers when concerning biomass as a fuel source.  Even 

though they are more complicated to build, downdraft gasifiers have advantages in tar 

cracking capabilities and supply of heat via combustion of volatiles.  Bhattacharya et al. 

(1999), Mu and Yuan (2008), and Wei et al. (2009) are groups who used downdraft gasifiers 

in their research. The structure of a downdraft gasifier is shown in Figure 1.3.  

Gasifying agent is injected into the gasifier through a series of nozzles at single or 

multiple locations along the length of the gasifier.  These nozzles are usually arranged 

radially on a horizontal plane.  If there are multiple nozzle series the gasifier is redefined as a 

multistage gasifier and each series of nozzle is a separate stage.  Multiple stages are 

inherently unique to downdraft gasifiers since it is the only system that uses more than a 

single nozzle.  Research has been promising regarding the possibility of multiple stages 

creating a lower tar and ash content as well as limiting formation of CO2. Such research has 

been presented by Bhattacharya et al. (1999) and by Bhattacharya and Dutta (1999).   

1.5.2 Fluidized Bed 

Fluidized bed gasifiers are divided into two categories, bubbling and recirculating.  The 

major advantage to a fluidized bed gasifier the moving sand and gasifying agent supports 

uniform producer gas and heat transfer (Jameel et al. 2010).  Both of these gasification 

systems utilize a moving inert bed (e.g. sand).  Inert beds are fluidized by bubbling gasifying 

agent into the bed or by using a pump to recirculate the bedding material.  Bubbling fluidized 

bed gasifiers are reported to have a uniform producer gas, to be biomass friendly, and low tar 

producing as described by Jameel et al. (2010).  Compared to a bubbling fluidized bed a  
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Figure 1.3 Diagram of a downdraft (Imbert) gasifier and four processing zones 

 
recirculating bed gasifier is more complex due to the incorporation of a pumping system for 

the bed material.  It has been shown that recirculating bed gasifiers can actually cause the 

inert material to become trapped in the exiting producer stream due to high gasifying agent 

velocities.  Since these particles are abrasive and of little use in the producer gas, the solution 

as described by Jameel et al. (2010) is to use a post gasifier cleaning system. 

1.6 Producer Gas Uses 

The U.S. Energy Information Administration estimates that of the total energy consumed 

by the United States (US), 7% is from renewable sources of which nearly 52% is from 

biomass (USDOE-EIA, 2008).  Interest in thermal conversion of biomass to producer gas in 
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the US is currently on the rise as cleaner, more efficient gas production methods, (e.g. multi-

stage, hybrid, hydrogen, and plasma gasification) become available (Ciferno and Marano, 

2002; Bhattacharya and Dutta, 1999; Rezaiyan and Cheremisinoff, 2005).  Uses for producer 

gas include: direct combustion in internal combustion spark ignition engines for 

 transportation or electricity generation; syngas fermentation for biofuels; direct combustion 

for personal heat generation; and diesel fuel and high-value chemicals using Fischer-Tropsch 

conversion (Dry, 2001).   

It is important for a gasification system to fit the scale of intended use.  Commercially 

available gasification systems are a significant capital investment and require substantial 

funding to operate and maintain.  In addition, scale of fuel material and gas production from 

a commercial system can be limiting to those uses that are personal and exploratory.  Most 

small-scale systems are custom designed which currently minimizes the extent to which 

gasification can be studied and developed by interested groups.      

1.7 Objectives 

This research project was designed to evaluate the usage of farm and forestry grown 

biomass for producer gas generation.  Currently there are few manufactures of research scale 

biomass gasifiers possessing data logging, automated control, fuel flexibility (e.g. variable 

gasifying agent flow rates, adjustable ash grates), and ease in mobility.  A smaller scale 

gasification system can offer greater flexibility and is more cost-effective in research testing 

gasifier operation and various biomass for producer gas.   The goal of this project is to utilize 

existing knowledge in designing downdraft gasifiers for biomass to producer gas processes.  
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Specific objectives were to: 1) review and compile existing knowledge on downdraft 

gasification theory to support generation of unique design ideas; 2) design and fabricate a 

gasification system capable of generating producer gas streams from multiple solid fuel types 

with varying physical characteristics; and 3) evaluate the function of a unique research-scale 

gasifier and investigate processing parameters and physical characteristics significant to 

effective gasification operation.   
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CHAPTER 2: Theory of Downdraft Gasification 

2.1 Introduction 

Gasification can be described as a process which limits the exposure of an oxidizing or 

gasifying agent (e.g. oxygen, steam) to a flame while a carbon rich material combusts.  The 

processes and knowledge base necessary to efficiently convert a solid fuel source into a 

usable producer gas is not as straightforward.  From knowledge of gasifier design to the 

proper oxidizing/gasifying agent flow rate and carbon material properties, every component 

should interact in harmony to provide efficient producer gas generation.  An established 

gasification technology is downdraft gasification which has been the method of choice for 

biomass where a low particulate matter (e.g. tar and ash) gas stream is desired (Jameel et al., 

2010; Reed, 1988; Bhattacharya and Dutta, 1999).  When compared to fluidized bed gasifiers 

the downdraft consists of less moving parts and can be run using a single fluid (e.g. gasifying 

agent).  When comparing the design of downdraft gasifiers to its cousin, the updraft gasifier, 

it has been shown that the latter is more fuel flexible and less sophisticated due to lack of 

throated regions (SERI, 1979, Kaupp and Gross, 1984; Reed, 1888, Jameel et al., 2010).  

However, with the proper geometries for material flow and conversion, a uniform solid fuel 

source and properly selected and metered gasifying agent, downdraft gasifiers can generate a 

cleaner higher value gas stream than updraft gasifiers (Reed, 1988; Jameel et al., 2010). This 

paper aims to capture the basic concepts related to the principles, thermochemistry, design 

and operations for downdraft gasifiers using agricultural and forestry residues gleaned from 

current trends in gasification technologies. 
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2.2 The Downdraft Concept 

2.2.1 Principles 

In simplified terms downdraft gasification can be visually represented by the burning of a 

lighted match.  When a match burns, air (gasifying agent) reaches a layer of volatiles (e.g. 

pyrolyzing wood) before it reaches the char embers producing a 1500°C flame (Reed, 1988).  

As illustrated in Figure 2.1, during downdraft gasification solid fuel is loaded into the top of 

the gasifier.  Through an ignition port, usually near the opposite end that the gasifier was 

loaded, the fuel is ignited with a flame. In the vicinity of ignition a gasifying agent is then 

injected into the ignited fuel.  As heat builds in the region of ignition (combustion zone) the 

energy is transferred upward into the pyrolysis zone where the raw fuel is converted to char 

(C) in the presence of limited gasifying agent.  During this conversion volatiles (e.g. CO2 and 

H2O) are released with the char formation and the volatiles fuel the combustion process 

below.  By regulating the gasifying agent, a portion of the char and volatiles will pass 

through the combustion zone and into the reduction zone.  While passing through the 

reduction zone the volatiles react with the glowing char reducing to synthesize producer gas 

(e.g. CO, H2, and CH4).  Any inert char in the reduction zone, while it may not interact with 

volatiles, will act as a packed bed filter capturing a portion of ash particles and tar.  With 

material flow from the top down by gravity, the gasifying agent and producer gas flow co-

currently passing through a grate and exiting at the bottom.  Since the gas contacts ash 

particulates upon exiting, Wei et al. (2009) demonstrated that a 57% increase in gasifying 

agent flow rate can increase particles in the producer gas stream by 10% while holding grate 

temperature and wood chip moisture content constant.  In this light, grate temperature is not 
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necessarily a good indicator of optimal gasifier performance with respect to particulate 

loading in the exiting producer gas. In conditions where particulate loads in the producer gas 

stream are high, gas conditioning (e.g. cyclones and paper filters) has been shown to be 

effective (Wei et al 2009).  

 

 

Figure 2.1 Diagram of a downdraft gasification concept 

 

2.3 Gasification Thermochemistry 

The four downdraft gasifier zones (e.g. combustion, pyrolysis, reduction, drying/storage) 

can vary in position (by design), and vertical height with respect to time of operation.  The 

zones are distinguished by variations in temperature, and concentration of gasifying agent 

available.  Generally the thermochemical processes in each zone compliments the previous or 

subsequent zone and facilitate the conversion process. 
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2.3.1 Combustion 

Gasification, is a net endothermic process and requires energy in order to initiate 

producer gas generation.  The required energy is commonly supplied in the form of sensible 

heat and is generated by one of two methods, either conducted from an external source (e.g. 

resistance heater) or by partial internal combustion.  The temperatures in this zone, 

sometimes referred to as the oxidation zone due to the introduction of an oxidizing agent, 

will often be the highest seen within the gasifier.  While the hypothetical thermodynamic 

oxidation temperature of carbon in the presence of oxygen is 1450ºC (Rajvanshi, 1986) the 

zone temperature is often between 700 ºC and 1300ºC (Foley and Barnard, 1983; and Turare, 

1997).  Temperatures vary depending on gasifier design and operational parameters and can 

be influenced through gasifying agent selection and flow rate.   

Complete combustion of a homogeneous carbon source in the presence of oxygen yields 

mostly CO2 and trace amounts of CO.  This reaction is characterized by carbon-oxygen 

reactions below.  Both versions of the carbon-oxygen reaction are exothermic thereby 

generating a portion of the necessary energy for producer gas generation (Reed 1988, 

Gautam et al 2011; and Jameel et al. 2010).  

Carbon-Oxygen Reactions 

 COOC  22
1  (ΔH: -110MJ/kmole)                                (1.1) 

 22 COOC   (ΔH: -394MJ/kmole)                              (1.2) 

where: +ΔH = energy consumed (endothermic); -ΔH = energy supplied (exothermic) 



 

23 

During the combustion stage it is necessary to strike a balance between complete 

combustion and partial combustion.  A result of complete combustion is higher CO2 levels in 

the gas stream which will lower the heating value of the producer gas since it is 

nonflammable.  To provide the required energy for gasification process and to generate as 

much CO as possible, incomplete combustion is preferred.  Selecting the proper gasifying 

agent flow rate delivered to the gasifier for a specific solid fuel source directly affects the 

producer gas composition (Bhattacharya and Dutta, 1999).  Conversely in the absence of 

adequate gasifying agent, the energy will not be generated to maintain gas production in the 

pyrolysis and reduction zones.  Gasifier effectiveness is directly related to delivery of 

appropriate levels of gasifying agent.  

2.3.2 Drying & Storage 

The drying & storage zone is a solid fuel staging and preparation area prior to pyrolysis 

and combustion.  In this zone the fuel is preheated and the moisture content is lowered.  In 

batch gasification the size of the drying & storage section is usually increased to provide 

longer run times between reloading events.  In this zone temperatures approach 100°C and 

solid fuel moisture is evaporated generating steam for subsequent zone usage (Turare, 1997).  

The energy available for evaporation in this zone is a result of heat transferred from the 

pyrolysis and combustion zones. 

2.3.3 Pyrolysis 

The pyrolysis zone in downdraft gasification is where the solid fuel  is converted to 

volatiles in an oxygen (gasifying agent) deprived environment (Reed, 1979; Kaupp and 
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Gross 1984; and Reed, 1988).  Oxygen is limited to this region due its consumption in the 

combustion zone.  The purpose of this zone is to generate char, and volatiles that can then be 

burned in the combustion zone, and reduced to higher valued gases in the reduction zone 

(e.g. CO, H2). In the case of downdraft gasification, the burning of volatiles released from 

pyrolysis in the combustion zone provides the energy that sustains pyrolysis reactions (Reed, 

1988).  In the pyrolysis zone temperatures will vary depending on fuel sources, but are 

typically between 500ºC and 700ºC (Maschio et al., 1994; Hindgaul, 2000; Jameel et al., 

2010).  Primary pyrolysis products include char, H2O, and CO2, with trace amounts of CO 

(Rajvanshi, 1986; and Jameel et al., 2010).  Other products of pyrolysis include tars which 

can collect and obstruct gasification systems and can be deposited in the producer gas stream 

(Monteiro Nunes et al. 2008).  At higher combustion and reduction zone temperatures (e.g. 

>950ºC), tar content in the gas stream can be decreased (Jonsson, 1982). 

2.3.4 Reduction 

In the reduction zone, hot volatile gases from the pyrolysis and combustion zones flow 

through the hot bed of char generating a refined higher valued producer gas (Reed, 1988).  

The majority of reduction zone reactions are endothermic and require energy input from the 

combustion and pyrolysis zones.  The temperatures leaving this zone are usually less than 

that of the combustion zone and depending on the design and operational parameters of the 

gasifier temperatures are approximately 600ºC to 950ºC (Foley and Barnard, 1983).    

Reduction zone chemistry, while complex, can be generalized by the four primary reactions 
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shown below (Jameel et al. 2010; Wei et al. 2009; and Reed 1988).  The four reactions 

represent the majority of the CO, H2, CH4, and CO2 released during gasification. 

Boudouard Reaction 

 2 2C CO CO   (ΔH: +172 MJ/kmole)                                 (2.3) 

Carbon-Water-Gas Reaction 

 2 2C H O H CO    (ΔH: +131 MJ/kmole)                                (2.4) 

Water-Gas Shift Reaction 

 2 2 2CO H O H CO    (ΔH: -41 MJ/kmole)                                   (2.5 

Methanation Reaction 

 2 4 23CO H CH H O    (ΔH: -206 MJ/kmole)                               (2.6) 

where: +ΔH = energy consumed (endothermic); -ΔH = energy supplied (exothermic) 

Common solid products of the reduction zone include char (underutilized carbon) and 

ash.  Char is the remaining carbon, post-combustion, which can then be converted to CO 

through the carbon-water-gas and Boudouard reactions.  Some char residue may remain at 

the end of operation but it is being created and then expended throughout operation.  Reed 

(1999) shows that as residual char decreases (13.0 to 0.0%) gas production rate increases 

(102 to 1141 cm3 sec-1) depending on gasifying agent flow rates.  Ash is often an abrasive 

material formed from inert material in the parent solid fuel source.  Ash can affect 

downstream gas usage and its entrainment in the producer gas is generally avoided.  One of 

the major contributors to ash entrainment is high gasifying agent velocities (Wei et al. 2009).  

Wei et al (2009) found that in a downdraft gasifier while holding the grate temperature 
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constant as gas flow rates increased from 35 to 55 m3 h-1 particulates increased from 65.89 to 

72.83 mg m-3. Supplying the necessary gasifying agent flow rate for partial combustion and 

holding the velocity lower to lessen particulate movement are primary goals of gasification 

design.  

2.3.5 Gasifying Agent Delivery Requirements 

Concerning the gasifying agent delivery requirements, the global reaction for biomass 

gasification suggests that some excess oxygen must be present to ensure adequate gasifying 

agent availability during gasifier operation (Reed, 1988).  However, as a general rule an 

equivalence ratio of ER = 0.25 (see section 2.4.1.1) provides acceptable oxygen levels for 

solid fuel conversion (Reed, 1988). 

Global Gasification Reaction 

1.4 0.6 2 2 2 20.4 0.3 0.7 0.6 0.1CH O O CO CO H H O                                (2.7) 

2.4 Gasifier Design 

2.4.1 Gasifying Agent Delivery 

2.4.1.1 Equivalence Ratio 

Equivalence ratio (Equation 2.8) has been shown to have an effect on producer gas 

composition, heating value, adiabatic flame temperature and sensible heat (Kaupp and Gross, 

1984).  Gautam et al. (2011) concluded that as ER increased (0.41 to 0.50) producer gas 

quality and calorific value decreased (5.8 MJ m-3 to 5.0 MJ m-3).  An ER at this level is above 

the optimal ratio suggested by Reed (1979) of ER = 0.275 for biomass.  
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  (2.8) 

where: 

ER  = equivalence ratio 

moxidant  = mass of oxidizing (gasifying) agent (kg) 

mdry fuel  = mass of dry fuel (kg) 

 

Kaupp and Gross (1984) suggests that the ER range for biomass gasification is between 

0.2 and 0.4 with all values taken with respect to the combustion zone.  The importance of 

regulating and designing for ER is presented by Gai and Dong (2011) which showed that a 

maximum calorific value (5.30 and 5.39 MJ m-3) occurs at equivalence ratios between 0.28 

and 0.32. With the variety of materials available as fuel sources an ER between 0.25 and 0.4 

appears to be a reasonable target design value. 

2.4.1.2 Superficial Velocity 

While equivalence ratios can be adjusted through changing system flow rates (e.g. fuel 

flow, gasifying agent flow); optimal superficial velocities are independent of fuel flow (e.g. 

consumption) rates.  Superficial velocity (Equation 2.10) is estimated to be the volumetric 

flow rate of gasifying agent through a known cross-sectional area.  Reed (1999) showed that 

as superficial velocity increased (0.052 to 0.437 m s-1) the gas production rate increased (102 

to 1141 cm3 s-1) while tar particulates in the gas decreased (9941 to 346 mg m-3), 

respectively.  

                                              
 

   
 (2.9) 

where: 
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SV  = superficial velocity (m s-1) 

V  = oxidizing agent flow rate (m3 s-1) 

ACS  = cross-section area of narrowest section (m2) 

 
Superficial velocity, as noted by Reed (1988), assumes that the throat (narrowest section) 

is free of fuel and estimates that actual velocities will be up to six times higher in the 

presence of fuel. 

2.4.2 Throat Design 

The narrowing of the gasifier cross-section is known as the throat.  Throats geometries 

vary and range from a simple flat plate to “V” in shape as shown below in Figure 2.2.  Some 

throats are designed to provide material flow control while not collecting ash and char.  The 

flat plate and inverted “V” throat are two examples of ash/char collecting throats.  The 

material flow throats shown in Figure 2.2 can have multiple constrictions to properly control 

material flow and also help eliminate bridging over the injection nozzles.   

   

 

      a)       b)           c)        d) 
Figure 2.2 Common throat designs with material flow indicating arrow: a) single reduction 
b) double reduction c) plate and d) inverted-v   
 
 

Design of throat diameter to “vertical separation between throat and grate” ratios is based 

on empirical data that resulted in governing philosophies shown in Reed (1988).  Downdraft 
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gasifiers have been described as self-regulating, suggesting that unlike other fixed bed 

gasifiers will convert biomass to fuel based on the char load of the throat (Reed, 1988).  

Throat design can influence the overall performance of a downdraft gasifier. 

2.4.2.1 Throat Diameter 

Throat diameter is directly related to the target superficial velocity for the fuel source.  

Values for effective throat diameters have been outlined by Kaupp and Gross (1984) based 

upon the findings of SERI (1979) and range from 60 to 200 mm.  However, Kaupp and Gross 

(1984) and Reed (1988) expanded upon this data and suggest that gasifier diameter (diameter 

above the throat) to throat diameter ratio ranges from 4:1 to 2:1, decreasing as gasifiers get 

wider. 

2.4.2.2 Nozzle to Throat Vertical Separation  

Indirectly stated by SERI (1979) all gasifier data presented as models of good design 

have a ratio of nozzle distance from the narrowest throated diameter of 0.75:1 and 1.38:1.  As 

throat diameters increase the ratio increases, however for all gasifiers larger than 268 mm 

(diameter) the ratio is 1:1 or higher. 

2.4.2.3 Nozzle Count and Velocity 

Uneven nozzle counts can lessen gasifying agent cross-flow between nozzles and provide 

more evenly dispersed agent delivery (Kaupp and Gross, 1984).  This is supported by Reed 

(1988) which presents the designs tested in SERI (1979) where all nozzle counts were 

uneven and five or more.  Distribution of gasifying agent through multiple nozzles lessens 

nozzle blast velocity while delivering the agent uniformly to the solid fuel bed.  Nozzle 

diameter to gasifier throat diameter ratios were consistent in the data presented by Kaupp and 
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Gross (1984) and ranged between 0.09:1 and 0.12:1.  While gas distribution cannot be 

directly measured, Reed (1999) supports that as superficial velocities increase gas production 

increases and by comparison nozzle velocities have increased.  

2.4.3 Hopper Design 

Based upon recommendations from Eckhoff and Ting (2009) and White and Jayas (2001) 

an angle of inclination for a fuel feed hopper needs to be greater than 39.5° to overcome the 

static coefficient of friction of biomass pellets (26.5 to 39.5°).  Hopper angles greater than 

55° overcomes the 55° angle of static friction for chopped biomass (Chaoui et al., 2009). 

2.5 Imbert Downdraft Gasification 

Downdraft gasification as a classification compares the flow direction of gasifying agent 

with respect to solid fuel flow direction.  There are two primary types of downdraft gasifiers; 

the Imbert (Imbert, 1927) and the stratified.  Compared to the stratified downdraft, the Imbert 

(Figure 2.3) gasifiers utilize a throat to slow material flow as it feeds and provides for 

increased conversion of volatiles and maximum char usage.  However, throated constrictions 

can increase the likelihood of bridging and the gasifier’s sensitivity to fuel variations (Reed, 

1988).  As a result, use of a more uniform solid fuel source in a throated gasifier can help 

mitigate bridging.   

Downdraft gasifiers suffer from heat loss to the exiting producer gas stream.  The hottest 

downdraft gasifier regions are just prior to the gas exit and sensible energy is lost upon gas 

exit leading to lower thermal efficiencies compared to updraft gasifiers (Kaupp and Gross, 

1984; FAO, 1986; Reed, 1988).  Operating temperatures between downdraft and updraft 
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gasifier are similar (800-1200°C) however, the gas outlet temperatures are 800°C and 250°C, 

respectively (Roos, 2010).  Reed (1988) has suggested some of that energy can be returned to 

the system by adopting a void space for the high temperature gas to flow through, allowing 

for heat conduction back into the solid fuel source.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Diagram comparing an a) Imbert and b) stratified downdraft gasifiers 

  
The Imbert design provides a chance for some of the energy that is escaping from the 

bottom of the gasifier to be captured through rerouting the producer gas up along a short 

section of the side wall surrounding the combustion zone.  Operational parameters are similar 

between both downdraft styles and a comparison of gas composition data between recent 

downdraft gasifiers are shown in Table 2.1 (Heesch et al., 1999; Wei et al., 2006; Wei et al., 

2009, Gautam et al., 2011, Gai and Dong 2011). 

 

a) b) 
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2.6 Considerations 

2.6.1 Gasifying Agent 

Using air as the gasifying agent not only introduces the necessary oxygen into the system 

but also nonflammable inert diluents (e.g. N2).  Diluents generally pass through the gasifier 

and exit into the producer gas stream, lowering combustion zone temperatures and increase 

tar concentrations.  Benefits of using air as the gasifying agent include high availability and 

low cost.  Alternatives to air include, steam/oxygen, steam/heat, hydrogen/heat, and catalytic 

gasification (Jameel et al., 2010; and Rezaiyan and Cheremisinoff, 2005) and these inputs 

often result in a higher heating value fuel.  Both hydrogen/heat and catalytic gasification 

producer gas have been shown to be suitable alternatives for natural gas (Jameel et al. 2010). 

Nonetheless as producer gas heating values increase through alternative gasifying agents, so 

does the complexity and cost of the gasification system.   

 

Table 2.1 Comparison of gas composition using various fuel sources and air flow rates 

 
  

Air 
Flow 
Rate   H2   CO   CH4   CO2 

 
Solid Fuel m

3 
h

-1
 

 

%vol.± standard deviation 

Heesch  Wood n/a[a] 
 

15-21 
 

10-22 
 

1-5 
 

11-13 
Wei (2006)  Wood Chips 35-55 

 
17.55 ± 1.10 

 
22.16 ± 2.39 

 
3.07 ± 0.81 

 
11.89 ± 1.17 

Wei (2009) Wood Chips 30-60 
 

19.19 ± 0.99 
 

21.62 ± 0.05 
 

2.41± 0.52 
 

11.58 ± 1.2 

Gautam  Wood Chips 45-55   20.4 ± 0.5   21.1 ± 1.3   2.3 ± 0.4   12.2 ± 0.9 

Gautam  Poultry litter n/a[a]   16.2 ± 2.0   20.9 ± 2.3   1.2 ± 0.4   8.8 ± 1.6 

Gai  Corn Straw 28.5   10.58   15.6   1.57   18.41 
[a] not published 
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2.6.2 Fuel Source  

Solid fuel moisture content is dictated in part by the conditions of the material at harvest.  

Gautam et. al (2011) findings supported that moisture content can influence producer gas 

composition and change producer gas heating values.  Jameel et al. (2010) also proposed that 

when moisture content of the biomass is below 30% wet basis there is little effect on the 

overall operational efficiency of thermochemical conversion process.  As previously stated 

for downdraft gasification it is preferred to have a uniform (size, shape, moisture content) 

biomass to allow for proper gravity feeding and bulk densities greater than 200 kg m-3  for 

improved material flow and increased gas heating values (FAO, 1986). 

2.6.3 Gasification By-products  

One by-product of gasification is the synthesis tar particulates during pyrolysis.  The rate 

of tar synthesis is dependent on material and combustion zone temperatures and a difference 

between 900ºC and 1000ºC can substantially change the tar levels (Bhattacharya and Dutta, 

1999).  At these temperatures (e.g. >950ºC), tar content in the gas stream decreases (Jonsson, 

1982).  Downdraft gasification benefits from some automatic tar destruction as gas flow prior 

to exiting the gasifer forces tars in the pyrolysis zone into the high temperature combustion 

and reduction zones (e.g. tar cracking; Reed, 1988).  Alternatively, catalytic reduction of tars 

is an option for all gasification systems.  

Ash is also an undesirable gasification by-product and often can disrupt downstream gas 

usage.  The most common current approach to reducing ash is using paper and/or cyclone 

filters (Wei et al., 2009). 
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CHAPTER 3: Design of a Research-Scale Gas-Insulated Downdraft Gasifier  

3.1 Abstract 

A research-scale gas-insulated downdraft gasifier was designed and fabricated to generate 

producer gas from renewable biomass material.  The gasifier system consisted of four major 

components: reactor, gasifying agent induction system, gas conditioning system, and control 

center.  The reactor was a modular gas-insulated double reduction downdraft gasifier with 

four independent subassemblies; hopper, inner chamber (reactor), superstructure, and outer 

panels.  The induction system was a positive pressure motor driven roots blower capable of 

variable flow rates.  Producer gas was conditioned using a stainless steel cyclone and 

counter-flow heat exchanger.  All electrical subsystems were monitored and actuated through 

the control center.  Demonstration runs with wood charcoal (ρbulk 0.150 g cm-3) at 50.97 m3 h-

1 (30 ft3 min-1) showed that steady state could be reached in 10 minutes and held for 

approximately 2.25 hours until burn out at a fuel consumption rate of  9.7 kg h-1.  Batch test 

runs with field chopped sorghum (ρbulk 0.0628 g cm-3) were slightly different where steady 

state was held for one hour until burn out with a fuel consumption rate of 12.84 kg h-1.  

Depending on the material, the combustion zone temperature ranged from 500-870°C.  This 

gasifier system was capable of converting solid agricultural and forestry residues into a 

flammable producer gas stream for usage in direct combustion applications or in synthesis of 

higher valued fuels. 
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3.2 Introduction 

As world petroleum-based energy resources decrease, a growing industry of renewable 

energy research has emerged.  Limited resource conditions have put increasing pressure on 

researchers to develop both sustainable energy and bio-based products.  Agronomically-

derived and forest-based biomass are normally underutilized and offer a fuel source for 

conversion into these sought after end-user products (e.g. liquid fuels, organic acids and 

alcohols, electricity).  End-user products can be synthesized directly from biomass feedstocks 

thermochemically through gasification or through downstream processes using products of 

gasification.  During gasification a solid fuel source (e.g. biomass) is partially combusted 

generating a producer gas primarily of CO, CO2 and H2.  Producer gas uses include direct 

combustion for personal heating and a fuel for spark-ignition internal combustion (IC) 

engines.  Producer gas can be used as a gaseous carbon source for higher valued renewable 

fuel generation such as ethanol from syngas fermentation, and diesel fuel using Fischer-

Tropsch conversion (Dry, 2001).   

Gasification is achieved in a reactor, referred to as a gasifier, constructed to store, 

prepare, and convert a solid fuel to producer gas.  Gasification is endothermic; requiring an 

energy input, normally heat, capable of achieving operating temperatures greater than 450ºC 

to convert fuel materials from a solid to gaseous state (Reed, 1988).  Consequently, gasifiers 

need to withstand and effectively utilize these high temperatures to generate gas.  Limitations 

in current gasifier design include: 1) the ability to use multiple solid fuel sources with diverse 

physical properties in a single gasifier; 2) the common use of heavy construction material to 

meet temperature requirements resulting in vessels with limited mobility and challenging 
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maintenance; 3) the availability of different gasifier sizes, with respect to physical size and 

fuel throughput, to accommodate various scales of gasification needs (commercial vs. 

research); 4) the high cost of off-the-shelf units which is linked to the scale availability (often 

too big for research purposes); and 5) in gas-insulated downdraft gasifier systems, the 

significant challenges of bridging.  Bridging is a phenomenon where a material becomes 

lodged within a confined space due to movement or property changes from chemical or 

thermochemical reactions, causing material flow issues and limitations in consistent and 

efficient performance. 

Recent renewed interest into producer gas for renewable fuel generation have led to an 

increased demand for research scale gasifiers capable of overcoming some of these design 

limitations.  The objective of this work was to design and fabricate a gasification system 

capable of meeting the following design criteria: 1) generate producer gas streams from 

multiple solid fuel types with varying physical characteristics over varying gasifying agent 

flow rates (i.e. 25.48 and 50.97 m3 h-1 (15 and 30 ft3 min-1)); 2) support a gas-insulated 

reaction chamber using thin-walled temperature appropriate materials (e.g. lighter weight, 

simple construction); 3) mobile; 4) modular assembly; 5) provide data acquisition and 

automated control; 6) limit bridging events; 7) generate a low particulate producer gas 

stream; and 8) supply a low temperature gas capable of being sampled. 

3.3 Cross-Section Geometry 

A non-cylindrical cross-sectional geometry was used throughout the design of this gas-

insulated downdraft gasifier.  As recommended by Kaupp (1984), an odd number of nozzles 
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(5) were used to deliver gasifying agent to the solid fuel source.  Uneven nozzle counts can 

lessen gasifying agent cross-flow between nozzles and provide more evenly dispersed agent 

delivery (Kaupp, 1984).  The geometry allowed for five nozzles to be placed and properly 

oriented normal to the vertical wall of the inner chamber as part of the gasifying agent 

induction system.  It was theorized that inner chamber walls with bent straight sheet metal at 

shallow angles would establish a core (funnel) flow scenario as solid fuel source migrated 

vertically through the gasifier (McGlinchey, 2008).  Core flow naturally is less susceptible to 

bridging events however runs a greater risk of "rathole" flow (Woodcock and Mason, 1987).   

3.4 Superstructure 

To develop modularity within the design, a load bearing superstructure was implemented 

providing support for all gasifier sub-sections.  The superstructure consisted of 5.08 cm (2 

in.) mild steel square tubing columns that supported the solid fuel load, inner chamber, 

hopper, and outer panels.  Hopper and inner chamber were bolted directly to the top of the 

superstructure through separate 0.635 cm (1/4 in.) plates utilizing 1.27 cm (1/2 in.-13) bolts.  

Seven outer panels were bolted vertically along the superstructure using 0.95 cm (3/8 in.-16) 

bolts through a section of 0.318 cm (1/8 in.) plate that was welded to the columns as seen in 

Figure 3.1.  All outer panels, hopper, and inner chamber could be removed for cleaning and 

maintenance leaving the superstructure free standing.  To ensure mobility the superstructure 

was welded to a 0.635 cm (1/4 in.) thick mild steel plate which was mounted to lockable 

caster wheels. 
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Figure 3.1 Diagram of full length outer panel and modified support column (not to scale) 

 

3.4.1 Outer Panels 

One aim of the design was to fabricate a downdraft gasifier with gas-insulating 

properties.  The sensible energy lost in the exiting gas stream from a downdraft gasifier leads 

to lower thermal efficiencies compared to an updraft gasifier (Kaupp, 1984; FAO, 1986; 

Reed 1988).  While the operating temperatures between downdraft and updraft gasifiers are 

similar (800-1200°C) the gas outlet temperatures are quite different, estimated at 800°C and 

250°C, respectively (Roos, 2010).  Reed (1988) suggested some energy can be returned to 

the system by adopting a void space for the high temperature gas to flow along, allowing the 

reactor walls to conduct heat back into the solid fuel source.  The inner chamber was incased 

using 16 gauge mild steel sheet metal panels to establish a gas-insulating zone.  The panels 

were equipped with lockout ball valves so that producer gas could not feed back into the 

gasifying agent induction system when it was shut off, a 5.08 cm (2 in.) producer gas stream 
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outlet port and a removable lighting door for system ignition.  The removable ignition door 

supported a 2.54 cm (1 in.) national pipe thread (NPT) ball valve that was used to quickly 

allow for manual grate shaking and was fastened to the panel using 0.95 cm (3/8 in.) wing 

nuts on 0.95 cm (3/8 in.-16) studs.  All outer panels were sealed using a high temperature 

extruded gasket (3300, Deacon Industries Inc., Washington, PA). 

3.4.2 Hopper 

At the top of the superstructure a wide mouth hopper was used to load the solid fuel into 

the gasifier.  Based upon recommendations found by Eckhoff and Ting (2009), and White 

and Jayas (2001) the angle of inclination from the horizontal plane of the hopper was set at 

60° to move beyond the natural angle of repose of most pellets (26.5 to 39.5°).  A 60° hopper 

angle overcomes the 55° angle of static friction for chopped biomass (Chaoui et al., 2009) 

with the hope of effectively limiting bridging events in the hopper section. The hopper had a 

fitted lid with side overhangs which used five pull action toggle clamps (5071A51, 

McMaster-Carr, Elmhurst, IL) to fasten it to the hopper.  The lid was sealed to avoid gas 

leaks and improve conversion efficiency using a foaming fireblock sealant (4424, DAP, 

Baltimore, MD). 

3.5 Inner Chamber 

Thermochemical reactions occur in the inner chamber.  The inner chamber consisted of 

three sub-sections: 1) double reduction throat; 2) grate; and 3) drying chamber.  The inner 

chamber was where the solid fuel was held prior to gasification and was the site of gasifying 

agent injection.  Pyrolysis, combustion and reduction zones were found here while providing 
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a region for solid fuel dry down (drying zone).  The inner chamber was designed to be a 

standalone unit and could be removed from the rest of the gasifier for cleaning and 

maintenance. 

3.5.1 Double Reduction Throat 

The throat which started at a diameter of 30.48 cm (12 in.), matching drying chamber 

diameters, reduced twice to 15.24 cm (6 in.) over a vertical distance of 25.4 cm (10 in.).    

Following the recommendation of a reduction ratio of 2:1 for a 300 mm (11.8 in.) wide 

gasifier by Reed (1988), the throat design yielded a total effective reduction ratio of 2:1.  At 

its narrowest point the throat potentially provided for superficial velocities ranging from  

0.388 to 0.776 m s-1 at volumetric flow rates between 25.48 and 50.97 m3 h-1 (15 and 30 ft3 

min-1),  respectively.  These values are similar to 0.437 m s-1 superficial velocities tested by 

Reed (1999) for limiting tar particulate entrainment in producer gas streams.  

The vertical distance between the gasifying agent introduction nozzles and tightest throat 

constriction gave a throat diameter to distance of vertical separation ratio of 1.09:1.  This 

corresponds to the ranges set forth by Reed (1988) based upon the findings of Kaupp (1984) 

that a ratio between 1:1 and 1.25:1 are sufficient for 300 mm (11.8 in) wide gasifiers.  The 

throat maintained the cross-sectional geometry of the gasifier and was constructed using 16 

gauge stainless steel for weight reduction while providing an increased corrosion resistance 

and thermal conductivity over mild steel. 
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3.5.1.1 Nozzles and Grate 

As recommended by Reed (1988), odd nozzles (0.635 cm (1/4 in.) SS NPT pipe nipples) 

were selected to ensure that the gasifying agent from each nozzle did not impinge the nozzle 

across from it.  Unlike the grating systems used in Patil et al. (2010) and Wei et al. (2006) 

which had only bottom exit grates,  this system adopted a grate that allowed producer gas to 

escape from the char bed in all directions, through the reduction zone and out the bottom as 

well as radially along all sides of the char bed.  The grate could be easily replaced should it 

fail or in the event that a more effective grate could be installed to suit a different solid fuel 

particle size.  The layout of the gasification system is presented in Figure 3.2 

 

Figure 3.2 Layout of research-scale gas-insulated downdraft gasification system 

3.6 Gasifying Agent Induction System 

In order to supply the gasifier with the necessary gasifying agent, a positive displacement 

roots blower (47-URAI, Dresser Inc., Addison, TX) was used to charge the induction system.  

The roots blower was driven by a 3-phase 230 VAC 1.49 kW (2 hp) motor (MTR-002-
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3BD36, Automationdirect.com, Atlanta, GA) through a 5:1 right angle gearbox (WG-237-

005-R, Automationdirect.com, Atlanta, GA) which was directly connected to the blower 

using a Love-Joy coupler (L150-AL150Hytrel, W.W. Grainger Inc., Lake Forest, IL) (Figure 

3.3).  The roots blower positively fed a 15.24 cm (6 in.) PVC plenum to which volumetric 

flow meters (RMC Rate-Master, Dwyer Instruments, Inc., Michigan City, IN) were mounted.  

Flow meters proportioned the gasifying agent to the nozzles, and were equipped with a valve 

for regulating flow prior to being measured by the flow meter.  The gasifying agent was 

delivered to the outer panel by 1.91 cm (3/4 in.) tygon tubing and then passed through the 

outer panel where the agent was proportioned and delivered to the nozzles through a 1.27 cm 

(0.5 in.) corrugated stainless steel braided line. 

   

 

 

Figure 3.3 Photograph of the gasifying agent induction system 
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3.7 Ash Collection System 

This gasifier employed two methods of ash collection: 1) ash removal by auger with 

containment; and 2) cyclone filter.  Each method was used to capture differing sizes of ash 

particles and prevent them from reentering the gas stream. 

3.7.1 Auger Removal with Containment 

Ash particulates are undesirable in the producer gas stream and can be abrasive thereby 

necessitating further downstream post-processing (Quaak et al., 1999).  Beneath the grate 

was an auger bed with a 12.7 cm (5 in.) cross auger that removed ash particulates that passed 

through the grate. The cross auger moved ash to a 8.26 cm (3.25 in.) hole where the ash fell 

downward through a 7.62 cm (3 in.) NPT ball valve into an ash collection holding vessel. 

(Figure 3.4)  Closing the ball valve allowed an operator to segregate ash in the holding vessel 

away from the producer gas stream when desired.  

 

 

 

 

 

 

 

Figure 3.4 Auger bed layout and picture of ash lockout valve and holding vessel 
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3.7.2 Cyclone Filter 

A cyclone filter was installed and connected to the gas outlet port of the gasifier.  This 

filter was used to remove fine ash particles from the producer gas stream.  The cyclone used 

in this design was custom fabricated prior to this research; however it was sized for 

volumetric flow rates up to 50.97 m3 h-1 (30 ft3 min-1) which was appropriate for use with this 

gasifier.  The cyclone unit was slightly modified to allow for a higher capacity of ash 

collection to accommodate the runtime associated with the gas-insulated downdraft gasifier 

described here.  Overall the collection system was designed to help decrease the amount of 

free standing ash that was entrained in the producer gas stream. 

3.8 Cooling System 

A heat exchanger was needed to cool the producer gas and make handling of the gas 

stream more manageable.  As a result an air-to-air counter flow heat exchanger was sized and 

fabricated to cool the producer gas stream.  All cooling system calculations were based upon 

theoretical equations defined for counter flow heat exchangers (Henderson et al., 1997).  

Log-Mean Temperature Difference 

                                                          
                  

   
       
       

 
 (3.1) 

where: 

Δtmax  = maximum temperature difference between fluids in the heat exchanger (K); 

Δtmin   = minimum temperature difference between fluids in the heat exchanger (K) 

 

 



 

47 

Rate of Heat Transfer 

             (3.2) 

where: 

qa      = total rate of heat transfer between fluids (W); 

U     = overall heat transfer coefficient (W m-2 K-1); 

A      = effective surface area of heat exchanger (m2); 

Δtln   = log mean temperature difference (K) 

 

Required Rate of Heat Transfer 

             (3.3) 

where: 

q      = required rate of heat transfer between fluids (kW); 

mH    = mass flow rate of hot stream (kg s-1); 

Δt H  = desired change in hot stream (K); 

cp  = specific heat of hot stream (kJ kg-1 K-1) 

 

Cold Stream Temperature Change 

      
  

  
        (3.4) 

where: 

Δtc     = temperature change in cool stream (K); 

mH    = mass flow rate of hot stream (kg s-1); 

mC    = mass flow rate of cold stream (kg s-1); 

ΔtH   = desired temperature change in hot stream (K) 
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It was assumed that the producer gas stream entered the heat exchanger at 600°C 

(873.15K) with a calculated density of 0.405 kg m-3 at 50.97 m3 h-1 (30 ft3 min-1; mass flow 

rate 0.0003 kg s-1).  The properties of the cold stream once it entered the heat exchanger were 

assumed to be 30°C (303.15K) and a density of 1.17 kg m-3 at 204 m3 h-1 (120 ft3 min-1; mass 

flow rate 0.0035 kg s-1).  An overall heat transfer coefficient of 24.81 W m-2 K-1 for free 

flowing air over stainless steel was assumed.  Equation 3.2 was solved to find a required 

effective surface area of 1.10 m2.  Using 0.016 m (0.76 in.) inner diameter stainless steel pipe 

as tubes it was estimated that approximately 10.94 m (35.9 ft) of tube length was required.  

All intermediate values are shown in Table 3.1.  Heat exchanger efficiencies were assumed to 

be 100%. 

 

Table 3.1 Output values for heat exchanger sizing 
Item Variable Units Value 

Hot Stream Temperature 
Change ΔtH K 559 

Cold Stream Temperature 
Change Δtc K 97.04 

Cold Stream Outlet 
Temperature tc(out) K 400.19 

Heat Transfer Rate q kW 3.35 
Maximum Temperature 

Difference Δtmax K 472.96 
Minimum Temperature 

Difference Δtmin K 11.00 
Log Mean Temperature 

Difference Δtln K 122.83 
Required Effective Surface 

Area A m2 1.10 
Necessary Pipe Length L m 10.94 
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Assuming that the mass flow rates would divide evenly over multiple tubes, it was 

generalized that at least nineteen 0.58 m (1.88 ft) tubes would provide a similar cooling 

capacity.  

The heat exchanger was constructed using only stainless materials for limited reactivity 

and thermal conductivity benefits.  Nineteen 0.91 m (3 ft) long,  2.54 cm (1 in.) outer 

diameter stainless steel tubes with a wall thickness of 0.61 cm (0.24 in.) made up the 

exchanger tube side. The tube layout of the heat exchanger was a common bolt pattern on a 

15.24 cm (6 in.) diameter stainless steel plate.  A 15.24 cm (6 in.) diameter schedule 10 pipe 

served as the shell side.  Heat exchanger dimensions are show in Figure 3.5.  The high 

temperature producer gas stream was designed to enter from either side of the heat exchanger 

through a 5.08 cm (2 in.) NPT coupling and flow straight through the heat exchanger unit.  

 

 

Figure 3.5 General schematic of the heat exchanger 

 
Considering that the producer gas contains tar particulates, the straight through design 

allowed for washing of the interior of the cooling tubes with solvent.  Counter to the gas 

stream on the shell side, ambient air was used as the cooling fluid. Opposite to the hot gas 
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inlet was a 5.08 cm (2 in.) NPT cooled gas outlet pipe that made a 90° vertical turn into a 

5.08 cm (2 in.) NPT ball valve.  Between the 90° turn and the ball valve was a female quick 

disconnect (SS-QC4-B-4PM, Swagelok Co., Cleveland, OH) for gas sampling.  Above the 

ball valve was a 45.72 cm (18 in.) stainless steel pipe to vent the producer gas stream to the 

atmosphere and allows for safe gas flaring.   

3.9 Gas Sampling System 

Upon exiting the heat exchanger the cooled producer gas flowed through the vent pipe 

and ball valve assembly.  Below the ball valve was a female quick disconnect (SS-QC4-B-

4PM, Swagelok Co., Cleveland, OH) for connecting the sample canisters.  When a sample 

was taken the canisters were attached and the ball valve was adjusted to divert gas flow 

through and into the canisters.  Figure 3.6 shows the quick disconnect and the diverting ball 

valve.  

 

 

 

Figure 3.6 Photo of gas sampling quick disconnect and vent pipe with diverting ball valve  
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Sample canisters were stainless steel 150 mL miniature cylinders (304-HDF4-150, 

Swagelok Co., Cleveland, OH) with 0.635 cm (1/4 in.) with NPT ports on two ends.  Sample 

canisters allowed for extended storage of producer gas prior to analysis.  As shown in Figure 

3.13, on one end of the canister a pipe nipple connected to a pipe tee to which a pressure 

gauge was mounted.  On the third end of the pipe tee was a male quick disconnect (SS-QC4-

D-4PM, Swagelok Co., Cleveland, OH) that mated to the female quick disconnect on the heat 

exchanger vent pipe.  Opposite of the gauged end was a female quick disconnect.  This 

adapting subassembly (Figure 3.7) contained a male quick disconnect with 0.635 cm (1/4 in.) 

NPT to Luerlock adapter (6532, Cadence, Inc., Cranston, RI) and a 3-way Luerlock stopcock 

(6017SS, Cadence, Inc., Cranston, RI).  The 3-way stopcock can be connected to a gas-tight 

syringe for gas sample removal. 

 

 

 

Figure 3.7 Photograph of gas sampling canister system and adapting subassembly 
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3.10 Data Acquistion and Control 

A programmable logic controller (PLC) (D0-06DD2, Automationdirect.com, Atlanta, 

GA), as shown in Figure 3.8, was used to control the gasifier system and acquire monitored 

data.  Gasifier profile temperatures from the inner chamber as well as gasifier outside surface 

temperature were received using five type-K high temperature braided thermocouples 

(XCIB-K-4-5-3, Omega Engineering Inc., Stamford, CT).  Two type-K thermocouple probes 

(M12KIN-1/8-U-6-D, Omega Engineering Inc., Stamford, CT) were used to acquire producer 

gas temperatures from the inlet and outlet sides of the heat exchanger.  Ambient temperature 

was monitored using a type-K thermocouple lead (TT-K-24, Omega Engineering Inc., 

Stamford, CT).  All thermocouples were connected to a thermocouple card (F0-04THM, 

Automationdirect.com, Atlanta, GA) directly installed on the PLC. 

 

 

 

Figure 3.8 Programmable logic controller and grey-scale touch screen  

 
The PLC controlled both the 24 VDC 0.09 kW (1/8 hp) gearmotor (4ZJ45, W.W. 

Grainger Inc., Lake Forest, IL) for the auger and the 115 VAC PSC blower (1TDR6, W.W. 
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Grainger Inc., Lake Forest, IL) used on the heat exchanger cooling side.  Timers were set for 

the auger system using the graphical user interface through the touch screen (EA7-S6M, 

Automationdirect.com, Atlanta, GA).  The touch screen (Figure 3.14) also served as a display 

for the thermocouple cards and generated graphs on the fly for user visualization of system 

characteristics.  The screen also employed a USB card used to directly log data to a USB 

flash drive. 

Separate from the PLC control system was a variable frequency drive (VFD) (ACS310-

03U-34A1-2, ABB Group, Zurich, Switzerland) that allowed for the conversion of single 

phase 230 VAC potential into a 3-phase 230 VAC power source that the gasifying agent 

induction drive motor required (Figure 3.9). 

 
 

 

 

Figure 3.9 Variable frequency drive (VFD) 
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3.11 System Performance 

During preliminary testing, the gasifier was operated once each on lump charcoal 

(Cowboy Lump Hardwood Charcoal, Cowboy Charcoal Co., Brentwood, TN) and field 

chopped sorghum.  Sorghum was harvested after the 2011 growing season between February 

8th and 14th 2012 from the Williamsdale research facility (Wallace, North Carolina, Latitude: 

34.762275, Longitude: -78.09929).  Sorghum was processed using a tractor mounted forage 

harvester and stored in bulk storing bags until February 15, 2012.  Sorghum was dried in a 

forced air bulk drier at 15.56 °C (60°F) for 24 hours then returned to the bulk bags for long 

term storage. 

  Temperature outputs from the system were monitored and particulate residues were 

measured following gasification.  Gasification parameters and particulate collection data 

values are shown in Table 3.2.  The maximum temperature reached in the gasifier during the 

charcoal run was approximately 47°C greater than the temperature observed for the sorghum 

run.  While 4.08 kg of char remained after the charcoal run was completed, all of the solid 

fuel was spent during the sorghum test.  Over the elapsed 139 minute run for the charcoal 

test, the fuel consumption rate was 9.78 kg h-1 and flaring was sustained at the vent pipe for 

132 minutes.  The sorghum test lasted 63 minutes and the material was consumed at a rate of 

12.84 kg h-1.  The flame for the sorghum run was sustained only for a few moments 

throughout the test. 
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Table 3.2 System performance comparison between charcoal and field chopped sorghum 

Solid Fuel 
Source 

Gasifying 
Agent 
Flowrate 
(m3/h) 

Solid 
Fuel 
Load  
(kg) 

Maximum 
Combustion 
Zone 
Temperature 
(°C) 

Char 
Residue 
(kg) 

Ash in 
Vessel 
(kg) 

Ash in 
Cyclone 
(kg) 

Tar in Heat 
Exchanger 
(g) 

Cowboy 
Charcoal 50.97 26.76 887.6 4.08 2.04 0.23 0.87 

Sorghum 50.97 13.49 740.8 ~ 0 0.34 0.11 1.14 

 

Temperature data for the heat exchanger was also monitored for performance during the 

two preliminary runs (Table 3.2).  Average temperature values were calculated based upon 

temperature data collected for the entire run from start up to shut down.  The average gas 

temperature drop across the heat exchanger was 229°C and 262°C for charcoal and chopped 

sorghum, respectively.    

 

Table 3.3 Heat exchanger performance comparison of charcoal and field chopped sorghum 

Solid Fuel Source 

Maximum Gas 
Inlet 
Temperature 
(°C) 

Average Gas 
Inlet 
Temperature 
(°C) 

Maximum Gas 
Outlet 
Temperature 
(°C) 

Average Gas 
Outlet 
Temperature 
(°C) 

Average 
Ambient 
Temperature 
(°C) 

Cowboy Charcoal 356.2 280.3 161.9 127.1 41.4 
Sorghum 362.0 239.5 142.8 100.4 33.1 

 

 

With respect to system operational characteristics, this design has shown promise as a 

medium-sized research gasifier.  The modular panels were effectively sealed using the 

extruded gasket allowing for the controlled flow of producer gas to the gas conditioning 

(cyclone and heat exchanger) system.  The fire block foam provided a tight reusable seal for 

the lid which, in a batch system like this, is necessary to keep the system from behaving like 

an updraft gasifier.  The removable ignition door, while convenient that it can be completely 
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removed, required a new sealant each time it was taken off.  In addition, it took 

approximately 10 minutes to properly secure it once the system had been started.  This was a 

nonissue for charcoal which took upwards of 20 minutes to reach operating temperatures, 

however for sorghum system temperatures came up quickly before the door was completely 

sealed.  Smoke at the beginning of a sorghum run proved challenging during operation.   

The cyclone generated system back pressure as it filled up and as a consequence speed in 

the roots blower was increased as the test progressed to sustain target gasifying agent flow 

rates.  The heat exchanger did not quite achieve theoretical capacity, yet this may be due in 

part to the cooling stream temperature being significantly greater than 30°C (ambient) during 

the initial tests in the summer months. Other possibilities include non-uniform division of 

mass flow rate across all cooling tubes and uneven distribution of cooling air around tubes. 

When compared to the range of fuel consumption rates of 16.4 to 22.2 kg h-1 achieved by 

Gautam et al. (2011) who used a commercial scale gasifier, the 9.7 to 12.84 kg h-1 fuel 

consumption rates reached for these tests seems reasonable.  Relative to the fuel consumption 

rates reported by Patil et al. (2006) using a research scale downdraft gasifier (13.0 to 18.1 kg 

h-1), and Wei et al. (2006) using a mobile commercial scale downdraft gasifier (17.3 to 31.6 

kg h-1), it is reasonable to propose that the designed gasifier presented here can consume fuel 

at comparable, and in some cases, lower rates to other gasifiers in the field.   

3.12 Conclusions 

The research scale gasifier system designed here was: 1) successful in generating a flare-

able producer gas stream for 94% of the time elapsed during a charcoal test; 2) easily cleaned 
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and prepared for subsequent test runs with clean out time generally taking 2 to 3 hours 

including 1 hour for system cool down; 3) able to acquire and log temperature data for 

process evaluation and manipulation;  and 4) capable of cooling the producer gas stream to 

manageable temperatures including removing  gas samples while the system was active.   

Beside the applications already mentioned for this technology it seems that this gasifier 

and the rate at which it consumes fuel would be well suited for small engine operation and 

supplemental power generation.  Due to ease of cleaning and mobility a similar unit could be 

used for field demonstrations to show how agricultural and forestry residues can be 

converted to a gaseous fuel source.  As a research-scale gasifier, the designed unit proved to 

be quickly cleaned and restarted on a new, even different fuel source. This unit is best suited 

for research gasification and with minor post gasification conditioning the producer gas 

stream could be optimized for a variety of secondary producer gas applications.  
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CHAPTER 4: Biomass Gasification System Analysis 

4.1 Abstract 

A research-scale gas-insulated downdraft gasifier was tested to evaluate the significance 

of biomass solid fuel type/preparation and gasifying agent flow rate on gasifier performance, 

system function and producer gas composition. The gasifier was run at 25.48 and 50.97 m3 h-

1 (15 and 30 ft3 min-1) using field chopped sweet sorghum and wood charcoal.  Temperature 

data was collected over time and gas samples were collected and analyzed during steady state 

operation.  Gasifier system temperatures, solid fuel consumption rates, and producer gas 

composition were measured.  Runs with wood charcoal (ρbulk 150 kg m-3) at 50.97 m3 h-1 (30 

ft3 min-1) showed that steady state could be reached in an average of 10 minutes and held for 

approximately 2.25 hours until burn out at a charcoal consumption rate between 6.2 to 8.1 kg 

h-1 and 8.3 to 11.5 kg h-1, respectively, for 25.48 and 50.97 m3 h-1.  Batch runs with field 

chopped sorghum (ρbulk 63 kg m-3) were slightly different where steady state was held for up 

to one hour until burn out with sorghum consumption rates of 3.6 to 5.0 kg h-1 and 4.5 to 12.8 

kg h-1, respectively, for 25.48 and 50.97 m3 h-1.  Depending on the material, the combustion 

zone temperature ranged from 500-870°C.  In general the gasifier system preformed well on 

charcoal generating a producer gas with up to 26% carbon monoxide.  The system generated 

flammable constituents on sweet sorghum, however not at a sustainable level as seen in 

charcoal testing.  Testing has shown that in low bulk density fuels (e.g. field chopped 

sorghum) uniform gasifying flow rates 25.48 and 50.97 m3 h-1 (15 and 30 ft3 min-1) may lead 

to complete combustion rather than true gasification performance.  
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4.2 Introduction 

The thermochemical conversion of biomass can be considered carbon neutral as 

suggested by Butterman and Castaldi (2009) through the CO2 uptake during plant growth.  

Using gasification to generate producer gas allows for normally underutilized agricultural 

(e.g. corn stover, rice straw, cotton stalks, and bagasse) and forestry (e.g. wood chips, and 

saw dust) residues to be converted into high valued fuels and chemicals.  Producer gas can be 

directly combusted for heating and if it is low in particulates it can be used in an internal 

combustion spark ignition engine.  Producer gas can also be refined generating higher valued 

biofuels such as ethanol through syngas fermentation and biodiesel through Fisher-Tropsch 

conversion (Dry, 2001).  

Gasification as a field of study is complex and is not entirely understood (Reed 1988).  

Estimating gasifier effectiveness on various solid fuel sources is generally done by direct 

research.  Current research in biomass gasification revolves around testing different biomass 

using commercial gasifiers or custom built gasifiers.  Recent research is trending towards 

using commercial gasifiers to test biomass for producer gas composition, which can be 

expensive in investment cost, labor and maintenance (Gautam et al., 2011; Wei et al., 2009).  

Meanwhile research in developing a gasifier capable of utilizing multiple types of biomass 

with varying physical characteristics has stagnated since the research of Reed (1988) and 

Kaupp and Gross (1984).  

Downdraft gasifiers work efficiently for a defined range of air to fuel ratios.  Similarly, 

superficial velocity will effect tar production and ash entrainment in the producer gas stream.  

In order to establish a superficial velocity that is functional, thought needs to be put into how 
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the cross sectional geometry of the throated region and the selected volumetric flow rate for 

operation are set.   Once a gasifier’s dimension are put in place, control of system 

performance lies in the gasifying agent flow rate and the physical properties of the solid fuel. 

Solid fuel physical characteristics play an important role in gasifier design and 

operations, ultimately affecting producer gas composition (Gai and Dong, 2011).  The bulk 

density of a fuel will change the fuel load when calculating the air to fuel ratio as well as 

overall porosity and material movement in the reactor unit.  Moisture content of a fuel source 

can affect temperatures within the gasifier and producer gas composition (Gautam et al. 

2011), with higher moisture levels leading to variation in H2 and CO production.  

The objectives of this work were to study the performance of a research-scale, gas 

insulated downdraft gasifier for the thermochemical conversion of biomass materials (field 

chopped sweet sorghum and wood charcoal) to producer gas components and evaluate the 

effects of gasifying agent flow rates and physical characteristics of the solid fuel materials on 

system function and producer gas formation.  

4.3 Materials & Methods 

4.3.1 Sweet Sorghum Preparation 

Sweet Sorghum was harvested subsequent to the 2011 growing season between February 

8th and 14th 2012 from the Williamsdale research facility (Wallace, North Carolina, Latitude: 

34.762275, Longitude: -78.09929).  Sorghum was processed using a tractor mounted forage 

harvester ranging between 50 and 150 mm in length.  Sweet sorghum was stored in bulk bags 

(e.g. SuperSacks) until February 15, 2012.  The biomass material was dried in a forced air 
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bulk drier at 15.56 °C (60°F) for 24 hours then returned to the SuperSacks for long term 

storage (~20% moisture wet-basis). 

4.3.2 Physical Characteristics 

4.3.2.1 Moisture Content 

Raw field chopped sorghum and lump charcoal (Cowboy Lump Hardwood Charcoal, 

Cowboy Charcoal Co., Brentwood, TN) subsamples were taken prior to gasification runs and 

stored at -15°C (Kenmore 16 Chest Freezer, Sears Brands LLC., Hoffman Estates, IL) .  

Approximately 0.5 g samples of sorghum and charcoal were dried in a muffle furnace 

(Isotemp Muffle Furnace 10-550-126, ThermoFischer Scientific, Waltham, MA) at 105°C for 

24 hours.  Oven dried samples were placed in a desiccator to cool for one hour then weighed 

and wet basis moisture content was calculated.  Samples were returned to the muffle furnace 

for ash content analysis 

4.3.2.2 Ash Content 

Oven dried samples of untreated sorghum and lump charcoal were placed in the muffle 

furnace preheated to 105°C and then manually ramped to and held at 575°C for four hours.  

The muffle furnace was then set to 105°C and the samples were allowed to cool for one hour.  

Samples were placed in a desiccator and ash residue weights were taken.  Ash content was 

calculated relative to oven dry weights.  
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4.3.2.3 Density and Porosity 

A helium pycnometer (Accupyc 1330, Micromeritics, Norcross, GA) operating at 

approximately 138 kPa (20 psig) was used to determine the absolute and bulk densities of 

sorghum and charcoal subsamples.  Porosity was determined using Equation 4.1. 

Porosity 

     
     

    
 (4.1) 

where: 

φ  = porosity 

ρbulk = bulk density (g cm-3) 

ρabs  = absolute density (g cm-3) 

 

Residual char and ash residues from each gasification run were collected and measured 

for bulk density.  Ash particle size was also measured.  Residual bulk densities were 

calculated through geometric approximation using a scale and a 100 mL graduated cylinder.  

Particle sizes were estimated by screening the ash particulates through a collection of sieves. 

4.3.2.4 Calorific Value 

Solid fuel calorific value was determined using a bomb calorimeter (CAL-2KECO, 

Digital Data Systems Pty Ltd., Johannesburg, Gauteng, South Africa).  Three subsamples 

were removed from the parent fuel source prior to testing in the gasifier.  Oxygen was used 

as the oxidizing agent during analysis.    
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4.3.3 Gasification System 

4.3.3.1 Gasifier System Description 

There were four major components of the gasification system and included the gas-

insulated downdraft gasifier, gasifying agent induction system, gas conditioning and 

collection system, and gasifier control center.  The gas-insulated downdraft gasifier was 

comprised of four modular sections: 1) solid fuel hopper; 2) superstructure; 3) inner 

chamber; and 4) removable outer panels.  A solid fuel hopper sat at the top of the system and 

was where the gasifier was loaded.  The inner chamber consisted of an upper solid fuel 

drying section and a double reduction throat in the lower section.  Beneath the double 

reduction throat was an interchangeable ash grate.  Below the grate was a removable auger 

bed that was bolted to the superstructure.  The superstructure was the load bearing portion 

that connected all modular sections.  Incasing the superstructure and inner chamber were the 

outer panels.  Gasifying agent (air) was introduced to the gasifier using a 1.49 kW (2 hp) 

motor (MTR-002-3BD36, Automationdirect.com, Atlanta, GA) through a right angle 

gearbox (WG-237-005-R, Automationdirect.com, Atlanta, GA) driving a positive 

displacement roots blower (47-URAI, Dresser Inc., Addison, TX).  Gasifying agent was 

delivered to flow meters (RMC Rate-Master, Dwyer Instruments, Inc., Michigan City, IN) 

that metered the agent to the inner chamber.  The drive motor was controlled by a variable 

frequency drive (VFD) from the control center.  The gas conditioning and sample collection 

system included a cyclone, an air-to-air heat exchanger, and a gas sampling quick disconnect 

port.  The monitoring and control center was managed by a programmable logic controller 

(PLC) (D0-06DD2, Automationdirect.com, Atlanta, GA) that actuated the auger drive motor 
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0.09 kW (1/8 hp) (4ZJ45, W.W. Grainger Inc., Lake Forest, IL), the conditioning system 

PSC blower (1TDR6, W.W. Grainger Inc., Lake Forest, IL), and recorded all system 

temperatures.  Drying, pyrolysis, combustion, reduction, heat exchanger inlet and outlet, 

gasifier surface, and ambient air temperatures were all monitored using type-K 

thermocouples ((XCIB-K-4-5-3; M12KIN-1/8-U-6-D; TT-K-24, Omega Engineering Inc., 

Stamford, CT).  System time and auger actuation were manipulated through the touch screen 

(EA7-S6M, Automationdirect.com, Atlanta, GA) which wrote changes to the PLC program.  

A schematic of the system is presented in Figure 4.1. 

 

 

Figure 4.1 Layout of research-scale gas-insulated downdraft gasification system 

 
4.3.3.2 Gasifier System Operation 

Solid fuel was loaded into the hopper prior to initializing data logging, starting the PSC 

blower, and engaging the gasifying agent induction system.  With the ignition panel 

removed, the solid fuel present at the grate level was lit using a propane torch.  The gas-

insulating region was sealed by replacing the ignition panel and the induction system drive 
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motor was adjusted to provide the appropriate levels of gasifying agent for the run.  System 

time was synchronized to real time and auger engagement timers were inputted using the 

touch screen.  Once combustion and reduction zone temperature stabilized producer gas 

streams were flared.  The ash grate was manually shook every 10 to 15 minutes after the 

system was sealed. Producer gas samples were taken using stainless steel sampling canisters 

when the gasifier combustion and/or reduction zone temperatures were above 426.66°C 

(800°F)). Two gas samples were taken, the second falling 20 to 40 minutes after the first. 

4.3.4 Gas Composition Analysis 

Producer gas was collected in stainless steel sample canisters that were purged for one 

minute and filled for one minute using the gasifier induction system to pressurize.  The gas 

was stored at room temperature and analyzed by gas chromatography (GC-2014, Shimadzu 

Corp., Kyoto, Japan) within 48 hours of collection.  Samples were pulled from the holding 

canisters using a gas-tight syringe (Hamilton Company, Reno, NV, part no. 81330) and 

injected into an actuating valve for precision injection (125 μL) into the gas chromatograph.  

H2, CO, CH4, and CO2 concentrations were quantified using a Carbosieve S-II, 100/120 mesh 

stainless steel column.  The injector and detector (TCD) temperatures were 200C and 

250C, respectively.  Helium was the carrier gas (30 ml/min) and the column temperature 

was programmed to run isothermally at 50C for 9 min, rise to 200C at 32C/min and hold 

for 3 min and then rise to 225C at 32C/min and hold for 7 minutes. 
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4.3.5 Experimental Design  

The effect of gasifying agent (air) flow rate (25.48 and 50.97 m3 h-1 (15 and 30 ft3 min-1)) 

and solid fuel type (sweet sorghum-chopped, lump charcoal) on gasifier function was 

investigated.  Gasifier performance was evaluated using data on gas composition, time to 

maximum individual zone temperature, maximum individual zone temperature, percent char 

residue, percent ash residue, and fuel consumption rate. The experiment was run as a   

randomized 2x2 factorial design with experimental treatments completed in triplicate.   

4.4 Results 

4.4.1 Physical Characteristics 

Physical characteristic values (Table 4.1) for charcoal and field chopped sorghum show 

average moisture contents of 5.2% (w.b.) and 18.3% (w.b.), respectively.  On average, ash 

content for charcoal was 1.30% while ash for field chopped sorghum was 4.6%.  However 

sorghum ash content varied from 1.0% to 17.0% depending on the sample.  The bulk and 

absolute densities for the field chopped sorghum were both less than densities measured for 

charcoal, with the porosity of the filed chopped sorghum material being greater (94%).  

Physical properties values are shown in Table 4.1. 

 

Table 4.1 Charcoal and field chopped sorghum physical property values 

  
Moisture 
Content  

 Calorific 
Values  

 Ash 
Content    

Bulk 
Density    

Absolute 
Density    Porosity 

Solid Fuel %w.b. 
 

 KJ/kg 
 

%   kg m
-3

   kg m
-3

     

Charcoal 5.2  25 x 106  1.3 
 

150 
 

152 
 

0.90 

Field Chopped Sorghum 18.3 
 

 15 x106  
4.6   63   110   0.94 
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4.4.2 Producer Gas Composition 

Average gas composition data for all gasification runs are presented in Figure 4.2.  

Charcoal runs showed H2 levels (by vol.) between 11.9% and 18.1% for the 25.48 m3 h-1 flow 

rate. For the 50.97 m3 h-1 flow rate, charcoal produced H2 at concentrations between 9.4% 

and 16.0% (by vol).  CO concentrations from charcoal ranged from 19.6% to 29.5% and 

12.5% to 28.2%, respectively for the 25.48 and 50.97 m3 h-1 flow rates.  CO2 concentrations 

were relatively low for charcoal and ranged from 2.9% to 9.7% and 3.4% to 6.6%, 

respectively for the 25.48 and 50.97 m3 h-1 flow rates.  At 25.48 and 50.97 m3 h-1, chopped 

sorghum produced H2 concentrations (by vol.) between 1.0% to 14.9% and 0% to 10.3%, 

respectively.  For sorghum, CO at 25.48 m3 h-1 ranged between 0.2% and 11.6% while at 

50.97  m3 h-1 CO levels were less reaching only up to 4.1% (by vol.).  Observations for CO2 

concentration were higher in chopped sorghum runs and ranged between 6.0% and 13.8% at 

25.48 m3 h-1 and 4.4% and 15.65 (by vol.) at 50.97 m3 h-1.  CH4 was below 1.0% (by vol.) for 

both fuel types at both flow rates.  

Even though samples were taken at a pseudo-steady state based on temperature, on 

average the greater CO concentrations from charcoal were collected from sample two.  

Sample one on average contained higher concentrations of all remaining constituents from 

charcoal.  The point at which higher gas concentrations were achieved varied between 

sample times for sorghum, yet CO2 appeared to have a decreasing trend between samples for 

sorghum runs at both air flow rates (Figure 4.2). 
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a) Charcoal 

 
b) Field Chopped Sorghum

 

Figure 4.2 Average gas composition for: a) charcoal and b) sorghum runs by gasifying agent 
flow rate (15 and 30 ft3 min-1; 25.48 and 50.97 m3 h-1) and gas sample ([1] and [2]) 
 

4.4.3 Gasifier System Performance 

Gasifier system testing showed an average charcoal consumption rate of 6.2 to 8.1 kg h-1 

and 8.3 to 11.5 kg h-1, respectively, for 25.48 and 50.97 m3 h-1(Table 4.2).  Sorghum 
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consumption rates ranged from 3.6 to 5.0 kg h-1 and 4.5 to 12.8 kg h-1, respectively, for 25.48 

and 50.97 m3 h-1(Table 4.2).  Maximum reduction zone temperature for a 25.48 m3 h-1 

charcoal was between 590 and 679°C while at 50.97 m3 h-1 temperatures ranged between 548 

and 888°C.  Field chopped sorghum maximum reduction zone temperatures were between 

546 to 666°C for a 25.48 m3 h-1 while at 50.97 m3 h-1 it ranged from 496 to 741°C.  

Representative profiles for gasifier zone temperatures over time for charcoal and sorghum 

(Figure 4.3 and Figure 4.5) and a comparison of reduction zone temperatures between flow 

rates for charcoal runs (Figure 4.4) are shown. The trends observed in the charcoal runs were 

similar between the different zones with the greatest temperatures in the combustion and 

reduction zones.  A pseudo-steady state was reached within approximately 10 minutes and 

maintained for nearly 2 full hours for the 50.97 m3 h-1 flow rate.  The 25.48 m3 h-1 flow rate 

had lower operating temperature and slower burn/operation time than the higher flow rate on 

charcoal (Figure 4.4). Temperature behavior in sorghum runs was not as uniform, where 

temperatures never reached a defined steady state and two distinct peak points were observed 

(repeatable between all replicates).  The trend was followed within all zones, but most 

distinctly in the combustion and reduction zones.  The magnitude of temperatures was more 

significant in these two zones relative to the others for sorghum than charcoal.      
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Table 4.2 Average solid fuel consumption rates and maximum zone temperatures 

Run Solid Fuel Fuel Load  
Air Delivery  
Rate   

Fuel  
Consumption    Drying Pyrolysis Combustion Reduction 

  

kg 

m
3
 h

-1
  

(ft
3
 min

-1
) 

 

kg h
-1

 

 

Maximum °C 

008 Charcoal 26.6 25.48 (15) 
 

6.2 
 

301 424 549 590 
010 Charcoal 22.2 25.48 (15) 

 
8.1 

 
394 539 638 607 

011A Charcoal 27.7 25.48 (15) 
 

7.4 
 

392 486 670 679 
001 Charcoal 26.8 50.97 (30) 

 
11.5 

 
588 707 826 888 

006 Charcoal 21.0 50.97 (30) 
 

11.0 
 

430 514 664 702 
009 Charcoal 25.9 50.97 (30) 

 
8.3 

 
268 349 442 548 

003 Chopped Sorghum 7.4 25.48 (15) 
 

5.0 
 

223 347 539 619 
005 Chopped Sorghum 3.6 25.48 (15) 

 
3.7 

 
283 328 522 666 

012 Chopped Sorghum 5.0 25.48 (15) 
 

4.4 
 

203 342 459 546 
002 Chopped Sorghum 13.6 50.97 (30) 

 
12.8 

 
504 539 629 741 

004 Chopped Sorghum 4.5 50.97 (30) 
 

4.7 
 

348 401 399 496 
007 Chopped Sorghum 4.3 50.97 (30)   4.5   351 435 599 713 
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Figure 4.3 Gasifier zone temperatures on charcoal at 50.97 m3 h-1 

 

Figure 4.4 Comparison of reduction zone temperatures for a 25.48 & 50.97 m3 h-1 charcoal 
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Figure 4.5 Comparison of zone temperatures for a 50.97 m3 h-1 chopped sorghum run 
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and more fine particulates were collected from the charcoal runs relative to sorghum runs.  

Overall the sorghum residues were more uniform in size. 

 

Table 4.3 Residue comparisons for charcoal and field chopped sorghum 
      Average 

 
Air Flow Rate 

 
Fuel Load  

 
Ash Char 

Fuel m
3 
h

-1
 

 

kg 

 

% of fuel load 

Charcoal 25.48 
 

23.01 
 

3.89 9.12 
Charcoal 50.97 

 
25.06 

 
2.40 19.14 

Field Chopped Sorghum 25.48 
 

5.35 
 

1.96 ~ 0 
Field Chopped Sorghum 50.97   7.45   2.22 ~ 0 

 
 

Table 4.4 Residue particle sizes for charcoal & field chopped sorghum gasification runs at 
25.48 m3 h-1

 

    Charcoal   Sorghum 

  
m

3
 h

-1
 

Sieve 
Size 

 
25.48 50.97 

 

25.48 50.97 

mm 

 

% not passed 

0.437 
 

48.23 47.56 
 

16.03 6.59 
0.282 

 
14.11 11.76 

 
27.39 3.43 

0.231 
 

5.68 12.36 
 

31.6 35.35 
0.149 

 
12.89 13.19 

 
21.04 45.43 

0.125 
 

4.34 9.19 
 

0 0 
<0.125   14.81 5.95   6 9.03 

 

4.5 Discussion 

During chopped sorghum testing solid fuel consumption varied with changes in gasifying 

agent flow rate (Table 4.2).  However the different consumption rates yielded little change in 

producer gas composition.  Although gasification temperatures were achieved during the 

chopped sorghum runs lack of char residue coupled with low CO concentrations in the 
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producer gas suggests complete combustion was occurring (Figure 4.2;Table 4.3).  The 

physical characteristics of chopped sorghum, high porosity and low bulk density, in 

conjunction with being above the critical equivalence ratio (ER) for gasifying agent and fuel 

source could be facilitating complete combustion at the 25.48 m3 h-1flow rate in this 

gasification system.  The possibility of full combustion occurring is greater with chopped 

sorghum at the 50.97 m3 h-1 flow rate.   

Charcoal testing in this system resulted in minimal differences in producer gas 

composition and system temperatures with changes in gasifying agent flow rate (Figure 4.2 

and Table 4.2).  Similar to chopped sorghum, the higher gasifying agent flow rate consumed 

the solid fuel load faster, yet had little impact on producer gas composition (Table 4.2).  

Throughout charcoal testing gasification temperatures were achieved and flammable 

producer gas was generated while generally leaving unconsumed residual char in the system 

(~9-20% of initial load; Table 4.3).  The greater bulk density of charcoal in addition to 

operating in the proper ER range, consistently yielded a producer gas with high levels of CO 

(>20% by vol.) and H2 (>10% by vol.).  Although the porosity (Table 4.1) of charcoal was 

similar to chopped sorghum at analytical testing pressures (~138kPa; 20psig), those pore 

spaces were underutilized with respect to the surface area directly available for gasification 

reactions near atmospheric pressures.  In effect, the porosity may not have had the same 

impact on fuel conversion as seen in chopped sorghum runs.   

The physical characteristics of charcoal, dense with low accessible pore space, suggest a 

uniform method of burn and degradation.  As charcoal is consumed in a hibachi grill (e.g. on 

the outside surface) it can be theorized that at an optimal ER and superficial velocity (SV) 
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charcoal will behave similarly during gasification.  This consumption phenomenon may 

explain some of the predictability seen during charcoal testing over varying gasifying agent 

flow rates resulting in consistent conversion of solid fuel to producer gas rich in carbon.  

Chopped sorghum by virtue of low bulk density and highly accessible pore spaces has not 

shown the predictable behavior charcoal to generate a high-value producer gas.  This lack of 

conversion effectiveness could be due, in part, to the random nature at which materials that 

are highly heterogeneous in bulk structure burn in free air.  As a result, low bulk density, 

high porosity materials could benefit from gasification systems operating at lower ERs and 

SVs than those tested.  Adjustment of gasifying agent injection in an extant system designed 

for operation outside newly desired parameters could be achieved with a variable flow nozzle 

that supports both low and high bulk density solid fuels.  Generally gasification temperatures 

at steady state during charcoal testing were higher than those seen during chopped sorghum 

testing and can be explained by the higher calorific values found in charcoal as compared to 

chopped sorghum (Table 4.1). 

In comparison to other downdraft gasifiers being used to test similar solid fuel sources, 

research and commercial scale, this gasification system can generate similar CO and H2 

concentrations while generating less CO2 at comparable gasifying agent flow rates (Table 

4.5).  Differences in gas composition with respect to time of gas collection were evident for 

some gases.  This was most likely due to the transient state of the batch operation as the fuel 

load was consumed.  Even though samples were taken from the system at a pseudo-steady 

state with respect to temperature, the practice of taking multiple gas samples throughout 

testing would be beneficial during operation without a continuous fuel supply.  
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Table 4.5 Comparison of producer gas concentrations with published data 

         [a] not published [b] commercial scale research downdraft [c]commercial scale downdraft 

4.6 Conclusions 

The gas-insulated gasifier system designed here was: 1) successful in generating 

quantifiable producer gas streams from both charcoal and sorghum; 2) capable of cooling the 

producer gas to levels safe for human handling; 3) capable of removing ash particulates at 

levels comparable to theoretical values; and 4) easily cleaned and prepared between test runs. 

The findings for filed chopped sorghum suggest that the air flow rates studied here (25.48 

and 50.97 m3 h-1) were too high for solid fuel sources with low bulk densities.  However, at 

bulk densities around 150k g m-3, the system performed at or above similar gasifiers in the 

field.  These findings with support from other sources suggest that in order to effectively 

generate gas from a variety of solid fuel materials, gasifying agent flow rates will need to be 

varied.  The negative effects on gas concentration due to high flow rates (selected to maintain 

 
  

Air 
Delivery 
Rate   H2   CO   CH4   CO2 

 
Solid Fuel m3 h-1 

 

%vol.± 

standard 

deviation 

Gas-Insulated 
 
Wood 
Charcoal 

25.48  14.2 ± 2.3  24.2 ± 3.2  3.2± 0.7  5.3 ± 2.6 

  
50.97  12.5 ± 1.8  23.5 ± 6.2  0.5± 0.2  4.5 ± 1.1 

Heesch  
 
Wood[c] n/a[a] 

 
15-21 

 
10-22 

 
1-5 

 
11-13 

Wei (2006)  

 
Wood[b]  
Chips 35-55 

 
17.6 ± 1.1 

 
22.2 ± 2.4 

 
3.1 ± 0.8 

 
11.9 ± 1.2 

Wei (2009) 

 
Wood[b]  
Chips 30-60 

 
19.2 ± 1.0 

 
21.6 ± 0.1 

 
2.4± 0.5 

 
11.6 ± 1.2 

 
Gautam  n/a[a,b] 45 

 
19.4 ± 0.8 

 
15.6 ± 1.7 

 
2.2 ± 0.6 

 
11.4 ± 1.1 

    
 
55   20.2 ± 0.8   20.9 ± 2.2   2.6 ± 0.7   11.4 ± 1.4 
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designed superficial velocities) could be mitigated by further testing of the system on field 

chopped sorghum at lower gasifying agent flow rates.  
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Appendix A: Heat Exchanger Performance 

A tube and shell heat exchanger was installed on the gas-insulated downdraft gasifier to 

cool the producer gas stream prior to gas sample collection.  Two type-K thermocouple 

probes (M12KIN-1/8-U-6-D, Omega Engineering Inc., Stamford, CT) were used to acquire 

producer gas temperatures from the inlet and outlet sides of the heat exchanger.  Temperature 

was recorded by gasifier control system along with temperature data coming from the 

gasifier.  The heat exchanger removed an average of 101.6°C and 93.4°C from the charcoal 

runs at 25.48 and 50.97 m3 h-1, respectively, while average ambient temperatures were similar 

(Table A.1).  For field chopped sorghum tests there was an average of 63.5°C and 61.7°C 

removed for the 25.48 and 50.97 m3 h-1 runs, respectively with similar ambient temperatures 

(Table A.1).  Maximum average heat exchanger inlet temperatures ranged between 160.2°C 

and 296.7°C depending on fuel source and air flow rate.  Heat exchanger outlet temperatures, 

on average, were below 123.4°C. 

 

Table A.1 Heat exchanger performance for charcoal and field chopped sorghum 
      Average   Maximum   

 
Air Flow Rate 

 
Inlet Outlet Ambient 

 
Inlet Outlet 

Fuel m
3 
h

-1
 

 

°C 

Charcoal 25.48 
 

215.4 96.0 40.0 
 

296.7 123.4 
Charcoal 50.97 

 
196.0 84.8 40.3 

 
261.7 103.8 

Field Chopped Sorghum 25.48 
 

141.7 60.4 36.0 
 

171.5 79.1 
Field Chopped Sorghum 50.97   125.1 45.7 32.9   160.2 53.7 



 

83 

Appendix B: Gas Composition Data 

Table B.1 Average gas concentrations for charcoal & field chopped sorghum runs 

 
    Calorific Value   Air Delivery Rate   H2   CO   CH4   CO2   N2 

Test Solid Fuel Time 
 
BTU + 

 
m3 h-1 (ft3 min-1) 

 
Conc. (vol %) ± standard deviation 

008 Charcoal Early 11161 
 

25.48 (15) 
 

18.1 ± 7.5 
 

23.0 ± 0.4 
 

0.7* 
 

6.2 ± 0.5 
 

56.1 ± 0.1 
008 Charcoal Late  

 
25.48 (15) 

 
13.4 ± 0.3 

 
24.6 ± 0.2 

 
0.8 ± 0.1 

 
5.7 ± 0.3 

 
54.2 ± 0.5 

010 Charcoal Early 11759 
 

25.48 (15) 
 

14.1 ± 1.7 
 

19.6 ± 0.3 
 

1.0 ± 0.1 
 

9.7 ± 0.4 
 

56.6 ± 0.1 
010 Charcoal Late  

 
25.48 (15) 

 
14.8 ± 0.1 

 
29.5 ± 0.1 

 
0.5* 

 
3.7 * 

 
51.6 ± 0.1 

011A Charcoal Early 11857 
 

25.48 (15) 
 

11.9 ± 0.1 
 

24.3 ± 2.1 
 

0.6 ± 0.1 
 

2.9 ± 1.0 
 

55.5 ± 1.5 
011A Charcoal Late  

 
25.48 (15) 

 
12.1 ± 1.3 

 
24.1 ± 0.6 

 
0.7 ± 0.2 

 
3.3 ± 1.2 

 
55.1 ± 2.2 

001 Charcoal Test 11575 
 

50.97 (30) 
 

13.1 ± 2.2 
 

26.1 ± 0.2 
 

0.4* 
 

4.0* 
 

54.6 ± 0.1 
001 Charcoal Early  

 
50.97 (30) 

 
16.0 ± 5.6 

 
21.2 ± 1.6 

 
0.4 ± 0.1 

 
6.0 ± 0.3 

 
56.2 ± 1.0 

001 Charcoal Late  
 

50.97 (30) 
 

9.4 ± 0.6 
 

12.5 ± 5.1 
 

0.2 ± 0.1 
 

3.9 ± 0.4 
 

64.3 ± 3.2 
006 Charcoal Early 12818 

 
50.97 (30) 

 
11.8 ± 0.2 

 
19.9 ± 0.4 

 
0.5 ± 0.2 

 
6.6 ± 0.2 

 
59.4* 

006 Charcoal Late  
 

50.97 (30) 
 

12.9 ± 0.7 
 

27.2 ± 0.4 
 

0.3* 
 

3.4 ± 0.1 
 

56.9 ± 0.2 
009 Charcoal Early 12406 

 
50.97 (30) 

 
12.8 ± 0.4 

 
27.2* 

 
0.6 ± 0.1 

 
4.5* 

 
53.4 ± 0.1 

009 Charcoal Late  
 

50.97 (30) 
 

14.9 ± 0.9 
 

28.2 ± 0.3 
 

0.8 ± 0.2 
 

4.7 ± 0.2 
 

51.7 ± 0.2 
003 Chopped Sorghum Early 6480 

 
25.48 (15) 

 
1.9 ± 1.8 

 
0.2 ± 0.1 

 
ND 

 
6.9 ± 0.5 

 
77.9 ± 0.3 

003 Chopped Sorghum Late  
 

25.48 (15) 
 

14.9 ± 1.9 
 

11.6 ± 0.3 
 

0.5* 
 

7.1 ± 0.2 
 

65.8 ± 0.4 
005 Chopped Sorghum Early 7440 

 
25.48 (15) 

 
1.0 ± 1.0 

 
0.6 ± 0.1 

 
ND 

 
15.0 ± 0.3 

 
77.5 ± 0.5 

005 Chopped Sorghum Late  
 

25.48 (15) 
 

1.3 ± 0.4 
 

1.1* 
 

0.2* 
 

6.0 ± 0.1 
 

76.0 ± 0.2 
012 Chopped Sorghum Early 6934 

 
25.48 (15) 

 
2.4 ± 3.3 

 
0.7 ± 0.2 

 
0.1 ± 0.1 

 
13.8 ± 3.3 

 
76.7 ± 0.4 

012 Chopped Sorghum Late  
 

25.48 (15) 
 

1.4 ± 1.9 
 

1.3 ± 0.3 
 

0.1* 
 

10.5 ± 0.3 
 

76.0 ± 0.4 
002 Chopped Sorghum Late 7198 

 
50.97 (30) 

 
2.3 ± 0.9 

 
2.8 ± 2.2 

 
0.1* 

 
4.4 ± 0.2 

 
74.5 ± 0.8 

004 Chopped Sorghum Early 7440 
 

50.97 (30) 
 

4.9 ± 0.2 
 

2.2 ± 0.1 
 

0.3* 
 

6.0 ± 0.1 
 

73.4 ± 0.1 
004 Chopped Sorghum Late  

 
50.97 (30) 

 
5.5 ± 4.3 

 
2.6 ± 0.2 

 
0.3 ± 0.1 

 
6.6 ± 0.1 

 
74.8 ± 0.6 

007 Chopped Sorghum Early 7816 
 

50.97 (30) 
 

10.3 ± 9.1 
 

4.1 ± 0.2 
 

0.3* 
 

15.6 ± 1.3 
 

74.3 ± 1.5 
007 Chopped Sorghum Late    50.97 (30)   ND   0.3 ± 0.3   ND   8.8 ± 0.3   78.0 ± 0.6 

ND: Not detected; * standard deviation <0.09; + based on 0.5 g samples 


