
  

INSTRUMENTATION AND EVALUATION OF A PILO T SCALE  

FLUIDIZED BED BIOMAS S GASIFICATION SYSTEM  

 

 

A Thesis 

by 

AMADO LATAYAN MAGLIN AO, JR.  

 

 

Submitted to the Office of Graduate Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of  

MASTER OF SCIENCE 

 

 

December 2009 

 

 

Major Subject: Biological and Agricultural Engineering 



  

 

INSTRUMENTATION AND EVALUATION OF A PILO T SCALE  

FLUIDIZED BED BIOMAS S GASIFICATION SYSTEM 

 

A Thesis 

by 

AMADO LATAYAN MAGLIN AO, JR. 

 

Submitted to the Office of Graduate Studies of 

Texas A&M University 

in partial fulfillment of the requirements for the degree of  

MASTER OF SCIENCE 

 

Approved by: 

Chair of Committee,  Sergio C. Capareda 

Committee Members, Calvin B. Parnell, Jr. 

Wei Zhan 

Head of Department, Gerald L. Riskowsky 

 

 

December 2009 

 

Major Subject: Biological and Agricultural Engineering 

 



 iii  

ABSTRACT 

 

Instrumentation and Evaluation of a Pilot Scale Fluidized Bed Biomass  

Gasification System. (December 2009) 

Amado Latayan Maglinao Jr., B.S., University of the Philippines at Los Baños, Philippines 

Chair of Advisory Committee: Dr. Sergio C. Capareda 

 

A pilot scale fluidized bed biomass gasifier developed at Texas A&M University in 

College Station, Texas was instrumented with thermocouples, pressure transducers and 

motor controllers for monitoring gasification temperature and pressure, air flow and 

biomass feeding rates.  A process control program was also developed and employed for 

easier measurement and control.  The gasifier was then evaluated in the gasification of 

sorghum, cotton gin trash (CGT) and manure and predicting the slagging and fouling 

tendencies of CGT and manure.   

The expected start-up time, operating temperature and desired fluidization were 

achieved without any trouble in the instrumented gasifier. The air flow rate was maintained 

at 1.99 kg/min and the fuel flow rate at 0.95 kg/min.  The process control program 

considerably facilitated its operation which can now be remotely done. 

The gasification of sorghum, CGT and manure showed that they contained high 

amounts of volatile component matter and comparable yields of hydrogen, carbon 

monoxide and methane.  Manure showed higher ash content while sorghum yielded lower 

amount of hydrogen.  Their heating values and gas yields did not vary but were considered 
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low ranging from only 4.09 to 4.19 MJ/m
3
 and from 1.8 to 2.5 m

3
/kg, respectively.  The 

production of hydrogen and gas calorific values were significantly affected by biomass 

type but not by the  operating temperature.   

The high values of the alkali index and base-to acid ratio indicated fouling and 

slagging tendencies of manure and CGT during gasification.  The compressive strength 

profile of pelleted CGT and manure ash showed that the melting (or eutectic point) of these 

feedstock were around 800°C for CGT and 600°C for manure.  Scanning electron 

microscopy (SEM) images showed relatively uniform bonding behavior and structure of 

the manure ash while CGT showed agglomeration in its structure as the temperature 

increased.   

The instrumentation of the fluidized bed gasifier and employing a process control 

program made its operation more convenient and safe.  Further evaluation showed its 

application in quantifying the gasification products and predicting the slagging and fouling 

tendencies of selected biomass.  With further development, a full automation of the 

operation of the gasifier may soon be realized. 
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CHAPTER I  

INTRODUCTION : IMPORTANCE OF THE RESEARCH  

After decades of growth in energy consumption and a rapidly increasing energy 

demand, the fossil oil and gas reserves will continue to decline in a rapid pace (Johansson et 

al., 2006).  The current sources of energy are obtained primarily from fossil fuels but they 

are non renewable and their supply will become limited (LePori and Soltes, 1985).  

According to the British Petroleum (BP) Global statistical review, the world primary energy 

consumption was 11,295 million tones oil equivalent (448 quadrillion BTU) in 2008, which 

is 1.4% higher than the last 10-year average.  Energy consumption in the US fell by 2.8% at 

2299 million tones oil equivalent (91 quadrillion BTU) in the year 2008 (BP, 2009). 

In Texas, the rapid economic growth is driving increased demand for energy, 

especially in the electricity market, where demand is beginning to surpass supplies. The 

electric generating reserve margins are anticipated to fall below the minimum of 12.5% of 

the requirement in 2008. The serious need for new electricity generating capacity is coming 

at a time when prices for traditional fossil fuel resources are at unprecedented highs and 

concerns over the environmental impacts of energy production and use are mounting 

(Bullock et al., 2008). 

Like fossil fuels, biomass contains high percentages of carbon and hydrogen and 

can be a good alternative source of energy (LePori and Soltes, 1985).  Even though raw  

____________ 
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biomass has significantly less energy content than petroleum, its supply is renewable and 

with adequate reserves.  The supply of heat and combined heat and power, as well as other 

energy forms such as electricity, liquid and gaseous fuels are some energy sources that can 

be satisfied partly by biomass.  In order to address the most efficient transformation of 

biomass into other forms and fuels at the desired scale of operation, an understanding of the 

physical and chemical differences between biomass resources is needed (Overend and 

Wright, 2008). 

Agricultural wastes, such as wastes produced during harvesting of crops or everyday 

wastes from animal industry, can be used as fuel for waste-to-energy facilities. In Texas, an 

estimated 3.9 million MWh of electrical energy can be produced from agricultural wastes 

each year using waste-to-energy plants (Bullock et al., 2008).  The most suitable use of 

these biomass is by gasification on smaller scale (Mathieu and Dubuisson, 2002). 

Thermochemical processes have the potential to convert biomass into a gas or liquid 

intermediate suitable for further refining to valuable products.  Gasification is one of the 

thermochemical processes that can convert biomass into a useful product known as 

synthesis gas.  Without complete combustion of the fuel, conversion occurs in an oxygen 

deficient (partial oxidation) condition at high temperatures.  The partial oxidation process 

of the biomass takes place at temperatures of about 800°C (1400°F) and produces primarily 

combustible gases consisting of carbon monoxide (CO), hydrogen (H2) and traces of 

methane and some other products like tar and char (Rajvanshi, 1986).  In biomass 

gasification, the reactor types commonly used are the fixed bed and fluidized bed (Figure 

1).  
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Figure 1.  Fluidized bed (left) and fixed bed (right) reactors  (Warnecke, 2000). 

 

One significant advantage of the fluidized bed over the fixed bed reactor is the use 

of broad size particle distribution (Warnecke, 2000).  In addition, fluidized bed reactors 

provide good mass and heat transfer rate between the fluid and the particles (Fu and Liu, 

2007).  The turbulent, fluidized state of inert particles in the bed creates a near isothermal 

zone and enables accurate control of reaction temperatures.  Thermal energy stored in large 

mass of inert particles is rapidly transferred to solid fuel at stable temperatures.  Violent 

agitation of solids provides efficient conversion reactions and allows introduction of fuels 

having wide variations in composition and particle size (LePori and Soltes, 1985).   

Large scale projects for gasification have been envisioned to address alternative 

energy sources and yet many of those have remained in the proposal stage.  Agricultural 

industries, such as the cotton gin, poultry and dairy industries, generate tons of wastes 

while consuming heat and power for their operation. Thus, the on-site conversion of the 
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generated wastes into useful products would be the most practical option as it will also 

minimize the transport cost of the biomass. Ultimately, this system will make these 

industries independent of their heat and power requirement thereby indirectly contributing 

to reduced dependency on foreign oil while generating new businesses in the farm. 

The long term goal of this research project is to develop modular biomass thermal 

conversion systems for heat and power generation for the different agricultural industries 

in the region that generate residues and wastes.  The specific objectives are to: 

1. Develop an appropriate instrumentation for the process control system for an 

on-site gasification technology. 

2. Evaluate the synthesis gas production of the skid-mounted fluidized bed 

gasifier using sorghum, manure and cotton gin trash as the biomass feedstock.   

3. Determine the slagging and fouling behavior of ashes from beef cattle manure 

and cotton gin trash (CGT) and predict their deposit formation tendencies to 

identify possible solution to the problem. 
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CHAPTER II  

INSTRUMENTATION AND PROCESS CONTROL PROGRAM FOR A 

FLUIDIZED BED BIOMAS S GASIFICATION SYSTEM  

OVERVIEW  

The conversion of biomass into energy (also called bioenergy) encompasses wide 

range of different types and sources of biomass, conversion options and end-use 

applications.  These can be done through either thermochemical or bio-chemical/biological 

process technologies. Thermochemical conversion process options include direct 

combustion, pyrolysis, and gasification (McKendry, 2002a).   

Gasification is a process for converting carbonaceous materials into a combustible 

or synthetic gas such as H2, CO, and CH4.  In general, it involves the reaction of carbon 

with air, oxygen, steam, carbon dioxide, or a mixture of these gases at high temperatures, 

typically in the range between 800ï900°C to produce synthesis gas.  Synthesis gas can be 

used to provide electric power and heat for industries or can serve as a raw material for the 

synthesis of chemicals or liquid fuels.  It may be used to generate gaseous fuels such as 

hydrogen and methane.  As a process, gasification involves a number of steps and 

conditions to be met to achieve the desired product.  A better understanding of these steps 

and conditions would provide the sound basis for further technology development. 
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INTRODUCTION  

The conversion of biomass into a combustible gas mixture by the gasification 

process occurs through the partial oxidation of biomass at high temperatures.  With air as 

gasifying medium, a low calorific value (LCV) gas of about 4 ï 6 MJ/m
3
 (100 ï 160 

Btu/ft
3
) may be produced (Lee, 2007).  This gas can be burnt directly or used as a fuel for 

gas engines and gas turbines.  Gasification is an ideal biomass thermal conversion process 

as many biomass fuels contained high amounts of ash with low melting points.   

Gasification technologies have been commercially applied in the production of 

both fuels and chemicals for more than a century. Their application and further technology 

advancement are expected to continue considering the current trends in power generation 

industries. There are an increasing number of applications of synthesis gas in the basic 

manufacture of chemicals.  In addition, the technology has the attractive feature of being 

able to produce a consistent product that can be used for the generation of electricity or as 

primary building blocks for the manufacture of transportation fuels. Moreover, it has the 

ability to process a wide range of feedstock including coal, heavy oils, petroleum coke, 

heavy refinery residuals, refinery wastes, hydrocarbon contaminated soils, biomass, and 

agricultural wastes.  

The ability to reliably measure a variety of gasification input parameters including 

compositional analysis of the feedstock to control the gasifier would be most useful.  

Instrumentation and advanced control systems on a gasifier are considered key areas to 

further improve its development.  A number of parameters can be controlled to 

differentiate the various feedstock conversion processes and obtain the desired end 
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product.  These include heating rate, final temperature, residence time at certain 

temperature, presence or absence of air or oxygen, fuel particle size, and fuel moisture 

content.   

In their study on the development of a low-density biomass gasification system for 

thermal applications using sugarcane leaves and bagasse, Jorapur and Rajvanshi (1997) 

employed a Programmable Logic Controller (PLC)-based control system designed to take 

automatic corrective actions under certain critical conditions. The biomass feeding and ash 

removal rates were fully controlled by this system. It also helped the operator in trouble-

shooting by monitoring temperatures at various critical points in the gasification system. 

Automatic burner sequence controllers were provided for ignition of the producer gas.  

The most basic feedback system measures the controlled variables, compare the 

actual measurements with the desired values and use the difference between them (error) to 

identify the appropriate corrective action.  It is therefore necessary to first measure the 

variables that are to be maintained at the desired standard values (Anderson, 1997). 

According to LePori and Soltes (1985), the fuel to air ratio and operating temperature are 

probably the two most critical parameters to control during the biomass conversion.    

This particular study explored the feasibility of an appropriate instrumentation for a 

fluidized bed biomass gasification system to facilitate measurement, operation and control.  

The specific objectives of the study include: (a) identify important operational parameters 

to monitor (b) install measuring and control devices (c) develop a process control program 

to properly operate the gasifier continuously. 
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MATERIALS AND METHODS  

The Pilot Scale Gasification System 

The pilot scale gasification system used was a fluidized bed gasifier developed at Texas 

A&M University at College Station, Texas and originally protected under US Patent No. 

4848249 (LePori and Parnell, 1989).  It is a 305mm (1-ft) diameter skid-mounted fluidized 

bed gasification unit with an average throughput of 70 kg/hr (150 lbs/hr) and can convert a 

variety of biomass residues (Figure 2).  

 
Figure 2.  Pilot scale fluidized bed gasification unit. 

  

Figure 3 describes the stages of operation of the fluidized bed gasification system.  

The bed material at first heated in the reactor.  The biomass is then placed in the fuel bin 

and fed into the fluidized bed gasifier through the screw conveyor system (auger).  The 

gasification process occurs at the fluidized bed reactor where partial oxidation of biomass 

occurs.  Here, the combustible gases are produced.  The two-stage cyclones separate the 

char particulates from the combustible gas. 
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Figure 3.  Operation of the fluidized bed gasifier (LePori and Soltes, 1985). 

 

Instrumentation for Measurement of Important Control Parameters 

The gasification system was instrumented to conveniently measure and monitor the 

important parameters that may affect the operation of the gasification unit.  These 

parameters include the gasification temperature, pressure in the gasifier, the air flow rate 

and the biomass feeding rate.  The gasification temperature has to be maintained between 

700 to 815°C (1300 to 1500°F) during its operation to produce the desired quality of the 

synthesis gas.  Monitoring the pressure across the bed in the reactor is necessary during 

operation as this indicates the fluidization behavior of the bed material.  The differential 
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pressure from the laminar flow element indicates the amount of air being supplied to the 

system. The air flow rate values are needed to set up the air to fuel ratio during the 

operation of the gasifier while the biomass feeding rate regulates the amount of feedstock 

introduced into the gasifier.   

To measure and monitor the temperature in the gasifier, CAIN-14U K-type 

thermocouples (Omega, Stamford, CT) were installed at different locations.  Differential 

pressure transducers were used to record the pressure readings taken at different points in 

the gasifier and displayed using Magnehelic differential pressure gages.  The air flow rate 

was regulated using an AF-300 Mini AC motor controller (Grainger, Bryan, TX) for the 5 

hp motor blower air system.  To regulate the biomass feeding rate through the screw 

conveyor system driven by a 1 hp DC motor, a DART 251G controller was used.  The 

speed of the screw conveyor was measured using a Monarch ROS-W optical sensor with 3 

strips of reflective tape placed at the shaft of the screw conveyor.   

Proper calibration tests were conducted for all the devices installed especially the 

pressure transducers.  A set pressure was supplied to the digital manometer and the 

pressure transducer and the relationship of pressure (inches of water) to current 

(milliamperes) was obtained.  Appropriate sensors were likewise connected to indicate 

numerical values or plots corresponding to the measured parameters.  The appropriateness 

of the instrumentation and control devices installed in the gasifier was evaluated during the 

conduct of the preliminary tests for the process control program discussed in the 

subsequent sections.  

 



 11 

Process Control Program Development 

 For easier measurement and control of the devices installed in the gasifier, a 

process control program was also developed.  A National Instruments (NI) CompactDAQ 

was used for monitoring the sensor measurements in the gasification unit and for modular 

instrumentation.  The NI CompactDAQ provides the plug-and-play simplicity of USB to 

sensor and electrical measurements on the bench top, in the field, and on the production 

line.  It provides fast and accurate measurements in a small and simple system.  Table 1 

shows the different modules for the NI CompactDAQ used for this system.  This system 

will be appropriate for research type pilot equipment.  A dedicated programmable 

integrated system, programmed on a microchip may be appropriate for commercial 

systems. 

 

Table 1.  Modules used for CompactDAQ. 

CompactDAQ Module Function 

NI 9211  Thermocouple Input Module -for K-type thermocouple readings 
NI 9203  ±20mA Analog Input Module -for pressure transducer readings 
NI 9205  ±200mV to ±10V Analog Input 
Module 

-for optical sensor reading 

NI 9263  ±10V Analog Voltage Output Module -for AC and DC motor controller 
-for optical sensor supply 

 

A  LabVIEW (short for Laboratory Virtual Instrumentation Engineering 

Workbench) program was developed for the NI CompactDAQ to process all the electrical 

signals into readable values which were then used to control the factors that might 

influence the operation of the system.  LabVIEW uses graphical programming to develop 

the measurement, test and control for the operation of the gasification system.   



 12 

Feasibility of the Instrumentation and Control Process Program 

Preliminary tests were conducted to determine the feasibility of the measurement 

and control system installed in the gasifier using the program developed.  Sorghum was 

used as the feedstock to maintain a constant operating temperature while attempting to 

vary the air to fuel ratios.  The effect of continuously switching the feedstock was also 

evaluated using wood chips, switchgrass and manure fed into the gasifier one after the 

other.  The operating temperature was maintained with proper adjustments in the fuel feed 

rate and air flow rate.  Performance was analyzed based on the resulting operating 

temperature profiles. 

RESULTS AND DISCUSSION 

Control Process Program Development 

The process control program was developed for the proper operation of the 

fluidized bed gasifier after the installation of the monitoring and control devices.  A user 

interface was designed and a software program was developed for measurement and 

control of the parameters during the gasification process. 

Interface Development 

 The interface design for the program indicates quick control of the processes, 

displays all important information and indicates faulty operation.  Figure 4 shows the main 

interface of the program indicating the gasification system and the important parameters 

during operation.  The gasifier temperature, air flow rate, fuel feed rate and the air to fuel 

ratio which are the fundamental information needed in monitoring the gasification system 
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are all indicated in the interface.  A main control panel was included to control the blower 

and feeding system and put the fundamental parameters to the desired settings. 

Maintaining a constant gasification temperature is very complex and with these controls,  

 

Figure 4.  Main interface of the gasification process control program. 

 

an operator can easily achieve this goal.  In addition, a feed indicator is added to warn the 

operator of unexpected clogging in the screw conveyor and decide on the necessary 

actions.  An emergency button is also included to shutdown the whole system when serious 

problem occurs. 

 The gasifier interface displays the detailed information on the measured parameters 

in the gasifier (Figure 5).  This includes temperature and pressure readings at different 
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points in the system.  With the limited number of input channels for the existing system, an 

option to add exhaust temperature (see Figure 3) was included.   

 

Figure 5. Detailed gasification system interface. 

 

 The last part of the interface is the display of air and fuel properties (Figure 6).  The 

interface provides a list of the solid biomass fuel that may be used in this research.  It 

specifies the bulk density and loading factor for each of the biomass.  This interface also 

includes the screw conveyor dimensions and its measured speed during operation.  

Calculated mass flow rates are indicated and the amount of air supplied into the system and 

the instantaneous air to fuel ratio are also shown.  
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Figure 6.  Air and solid fuel properties interface. 

Software Program Development 

 The software program was developed after the graphical user interface had been 

established using the LabVIEW.  The program would make the computer interact with all 

the instruments installed in the gasification unit and allow the measurement and control of 

the identified parameters.  With the LabVIEW, the program consisted of two sections 

using a timed loop: the Input Section and the Control Output Section (Figure 7).  The input 

section includes all the data from the gasification system which are measured every 3 

seconds.  Different DAQmx tasks were made to gather these data readings.  The gasifier 

profile task gathers the temperature and pressure readings from the thermocouples and 

pressure transducers, respectively.  The air flow rate, in kg/min, was approximated using 

the ideal gas law and the volumetric flow rate obtained from the laminar flow element.   
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Figure 7.  LabVIEW gasification system program. 
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FUEL PROPERTIES 

 

BLOWER AND FEEDER CONTROLLER 
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The bulk density of the solid fuels, such as sorghum, cotton gin trash, manure and 

woodchips was obtained from earlier analyses using ASTM E873 (Test method for bulk 

density of densified particulate biomass fuels).  The mass flow rate of solids in the feeding 

system using a regular helicoids flighting screw conveyor was determined following the 

equation of Woodcock and Mason (1987) shown in eq. (1) below.  

άί= ”ὦ
1

4
“Ὀίὧ

2 ὈίὬ
2 Ὧ‗ὔ 

where    ”ὦ, bulk density 

  Dsc, trough of flight diameter 

  Dsc, shaft diameter 

The measurements of the screw conveyor that are used in the equation are described in 

Figure 8.  The loading factor, which should be generally between 0.15-0.45, depends upon 

the nature of the material to be conveyed (Woodcock and Mason, 1987).  For this system, 

the loading factor   

 

Figure 8.  Capacity of a screw conveyor (Woodcock and Mason, 1987). 

 

values for each of the biomass that would be used in the study are summarized in Table 2.  

For other solid fuels not included in the list, the operator can use an appropriate bulk 

density and a safe loading factor.   

(1) 
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Table 2.  Bulk density and loading factor. 

Biomass Bulk Density(kg/m3) Loading Factor 

Sorghum 163 0.0942 
Manure 264 0.4876 

CGT 189 0.1621 

 

A separate task and loop was made in the program to determine the speed of the 

screw conveyor.  The optical sensor provides a negative output pulse signal each time the 

reflective tape passes and a waveform was produced.  The fundamental frequency of the 

waveform was determined to obtain the number of revolutions per second of the screw 

conveyor.   An algorithm was developed to calculate the mass flow rate of the solid fuels 

through a screw conveyor.  Calibration measurements were then made on each available 

feed stock. 

The air volumetric flow rate, in cfm, was calculated using a calibration data sheet 

provided.  The operator must specify the current air density, lb/ft
3
 of the surrounding air to 

obtain the mass flow rate of air.  In this research, psychometric chart was used to obtain 

this property based from the current temperature and relative humidity.  The program also 

had an option to save all data measurements into a file for future analysis. 

The output section of the program provides control for the blower and feeding 

systems.  The motor controllers installed for the two systems have the capability of 

regulating the speed of the motor by an external 10V analog voltage.  Tasks were created 

to vary the voltage supplied to the motor controllers.  Also included in this section are the 

supply voltage for the optical sensor and a stop button to shutdown the gasification system 

and the computer program. 




