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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 Bafios, 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 monitoringasification temperature and pressure, air flow and
biomass éeding rates. A process control program was also developed and employed for
easier measurement and control. The gasifier was then evaluatedasifieation of
sorghum, cotton gin trash (CGT) and manure and predicting the slagging and fouling

tendenats of CGT and manure.

The expected stattp 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/miline pocess control program

considerably facilitated its operation which can now be remotely done.

The gasification of sorghum, CGT and manure showed thattreggined high
amounts of volatile component matter and camaple yields of hydrogen, carbon
monoxice and methane. &hure showed higher ash content whidegbum yielded lower

amount of hydrogen. Their heating values and gas yields did not vary but were considered



low ranging from only 4.09 to 4.19 MJ/rand from 1.8 to 2.5 ffkg, 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 b&secid ratio indicated fouling and
slagging tendencies of manure and CGT dugasjfication. 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 marfsicanning kectron
microscopy (SEM) images showed relatively omi 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 convehand 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 sooe kealized.
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Al- Alkali Index
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LCV- Low Calorific Value

LFE- Laminar Flow Eement
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NI- National Instruments
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PLC- Programmable Logic Controller
Rui- Base taacidratio

R¢ Fouling ratio

Rs Slagging ratio

SEM- Scanning Electron Microscopy
VM- Volatile Matter
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CHAPTER |

INTRODUCTION : IMPORTANCE OF THE RESEARCH

After decades of growth in energy consumption arapidly increasing energy
demandthe fossiloil and gageserveswill continue to decline in a rapid pat#&ohansson et
al., 2006) The airrent sources of energy are obtained primarily from fossil fuels but they
are non renewable and their supply will becdiméed (LePori and Soltes, 1985)

According tothe British Petroleum (BP)Global statistical reviewtheworld primary energy
consumption was 11,295 million tones oil equivalent (448 quadrillion BTU) in 2008, which
is 1.4% higher than the last-{@ar averageEnergy consumption in the US fell by 2.8% at
2299million tones oil equivalent (91 quadrillion BTU) in the year 2QB®, 2009)

In Texas, theapid 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 mirofiL@rb%00f
therequirementn 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 andyepdaad

can be a good alternative source of enétgyori and Soltes, 1985FEven though raw

This thesis follows the style of tAigansactions of thASAE.



biomass has significantly less energy content than petroleuisypply is renewablkend
with adequateeserves.The supply of heat and combined heat and power, as well as other
energy forms such as electricity, liquid and gaseous fuels are some soercgs that can

be satisfiegartly by biomass. Irorder toaddresshe most efficient transformation of

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

physical and chemical differences between biomassires® is neede®verend and
Wright, 2008)

Agricultural wastes, such as wastes produced during harvesting of creeryday
wastes from animal industry, can be used as fuel for viestrergy facilitiesIn Texas, an
estimated 3.9 million MWh of electrical energy can be produced from agricultural wastes
each year using waste-energy plant¢Bullock et al., 2008) The most suitable use of
these biomass is by gasification on smaller s@dkthieu and Dubuisson, 2002)

Thermochemical processes hdlepotential to converhiomass into a gas or liquid
intermediate suitable for furthegfining to valuable product¥Gasification is one of the
thermahemical processes that can convert biomass into a useful product known as
synthesis gasWithout compete combustion of the fuel, conversion occurs in an oxygen

deficient (partial oxidationgonditionat high temperatures. The partial oxidation process

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

combustible gses consisting of carbon monoxide (CO), hydrogehdkd traces of
methane and somehar products like tar and ch@ajvanshi, 1986) In biomass
gasification, the reactor types commonly used are the fixed bed and fluidized bed (Figure

1).



Gas

Figure 1. Fluidized bed (left) andfixed bed (right) reactors (Warnecke 2000)

One significant advantage of the fluidized bed diaeffixed bed reactois theuse
of broad size particle distribution (Warnecke, 2000). In addition, fluidizeddzedors
providegood mass and heat transfer rate between the fluid and the pdFicksd Liu,
2007) The turbulent, fluidized state of inert particles in the bed createaraisothermal
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 conversionatéans and allows introduction of fuels

having wide variations in composition and paetisize (LePori and Soltes, 1985

Large scale projects for gasification have been envisioned to address alternative
energy sources and yet many of those have rechan@e 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, tfet@rconversion of the



generated wastes into useful productaild 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 foreigil while generating new businesses in the farm.

Thelong 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 réises and wastes. The specific objectives are to:

1. Develop an appropriate instrumentation for the process caystdm foran

onsite gasificatiortechnology
2. Evaluate the synthesis gas production of the-stadinted fluidized bed

gasifier using sorghum, manure and cotton gin trash as the biomass feedstock.
3. Determinethe slagging and fouling behavior of ashes flwef cattlenanure

and cotton gin trash (CGBNd predict their deposit formation tendencies to

identify possible solution to the problem



CHAPTER Il

INSTRUMENTATION AND PROCESS CONTROL PROGRAM FOR A

FLUIDIZED BED BIOMAS S GASIFICATION SYSTEM

OVERVIEW

The conversion of biomagsto energy (alscalled bioenergygncompasseside
range of different types arsburces of biomasspnversion options arehduse
applications These can be done through eitthrermochemicabr bio-chemical/biological
process technologieshermochemical conversion messoptionsinclude direct
combustionpyrolyss, and gasifiation(McKendry, 2002a)

Gasification is a process for converting carbonaceous matetials combustible
or synthetic gasuch add,, CO,andCH.. In generaljt involves thereaction of carbon
with air, oxygen, steam, carbon dioxide, or a mixture of these gabggh tenperatures,
typically in the rangéetweerB00 900°C to produce synthesis gas. Synthesisogarbe
used to provide electric power and higatindustriesor can serveas a raw materidor the
synthesis of chemicats liquid fuels. It may be used to genergéseousuels such as
hydrogenand methaneAs a process, gasification involves a number of steps and
conditions to be mdb achieve the desired produd better understanding of these steps

and conditionsvould provide the sound basis for further technology development.



INTRODUCTION

Theconversion of biomass intoc@mbustible gas mixturey the gasification
process occurs throughe partial oxidation abiomass at high temperatured/ith air as
gasifying medium alow calorific value LCV) gasof about4i 6 MJ/m® (1007 160
Btu/ft®) may be producefLee, 2007) This gasan be burnt directlgr used as fuel for
gas engines and gas turbin€asification is an ideal biomass thermal conversion process
asmany biomass fuelsontained high amounts agh with low melting points.

Gasification technologies have been commercially apjpli¢ige production of
both fuels ang¢hemicaldor more than a centuryf.heir application and further technology
advancement are expected to continue consideringithent trends in power generation
industries Thereareanincreasing number of applicationgsynthesis gas ithe basic
manufacture o€hemicals.In addition, the technology has thitractive featuref being
ableto produce a consistent product that barused for the generation of electricity or as
primarybuilding blocks fothe manufactire oftransportation fueldMoreover, it hashe
ability to process a wide range of feedstaakludingcoal, heavy oils, petroleum coke,
heavy refineryresiduals, refinery wastes, hydrocarbon contaminstiiés] biomass, and
agricultural wastes.

The ability to reliably measure a variety ghsification inpuparametericluding
compositiorml analysis of the feedstock ¢ontrol thegasifier would be most useful.
Instrumentation and advanced control systema gasifieare considered key areas to
furtherimproveits development. A number of parameters can be controlled to

differentiate the varioueedstockconversion processes and obtain the desired end



product. These include heating rate, final temperature, residence time at certain
temperature, @sence or absence of air or oxygen, fuel particle size, and fuel moisture
content.

In their study on the development of a loensity biomass gasification system for
thermal applications using sugarcane leaves and bagasse, dm@Rajvanshi (1997)
enployed a Programmable Logic Controller (PH&3sed 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 operatoulble
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 systemasursthe controlled variables, compare the
actualmeasurements 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 maintain&t the desired standard valasderson, 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 donvers

This particular study explored the feasibilityaof appropriate instrumentation for a
fluidized bedbiomass gasification system to facilitate measurenopeat,atiorandcontrol.

The specific objectives of the study include: (a) identifportantoperationaparameters
to monitor (b)install measuring and control devige$ developa process control program

to properly operate thgasifiercontinuously



MATERIALS AND METHODS

The Pilot Scale Gasification System

The pilot scale gasification systamed was a fluidized bed gasifier develd@tTexas
A&M University at College Station, Texas andginally protected under US Patent No.

4848249LePori and Parnell, 1989)t is a 305mm (&t) diameter skiedmounted fluidized

bed gasification unit with an avage throughput of 70 kg/hr (150 lbs/hr) and can comvert

il

variety of biomass residuéBigure 2).

Figure 2. Pilot scale fluidized bed gasifcation unit

Figure3 describes thetages obperation of the fluidized bed gasification system.
The bed material at first heated in the reactor. The biom#ssnplaced in the fuel bin
and fed into the fluidized bed gasifier through the screw conveyor system (auger). The
gasification processccurs at the fluidized bed reactonere partial oxidtion of biomass
occurs Herethe combustible gases gmoduced Thetwo-stage cyclones separate the

char particulates from trmombustiblegas.



FLUIDIZED- BED,
GASIFIER

BIN

BLOWER

Figure 3. Operation of the fluidized bed gasifie(LePori and Soltes, 1985)

Instrumentation for Measurement of Important Control Parameters

The gasification system was instrumented to conveniently measure and rtienitor
important parameters that may affect the operaifahe 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 818C (1300 to 150fF) during itsoperation to produce the desired quality of the
synthesis gas. Monitoring the pressure across the bed in the reactor is netessary

operation ashis indicatesthefluidization behavior of the bed materiallhe differential
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pressure from the laminfiow 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 agggithe amount of feedstock
introducednto the gasifier.

To measure and monitor the temperature in the gastfiiN-14U K-type
thermocouples (Omeg&tamford, CTwere installed at different locations. Differential
pressure transducengere used to record the pressure readings taken aediffgoints in
the gasifier and displayed using Magnehelic differential pressure gages. The air flow rate
was regulated using an AFO0 Mini AC motor controller (Grainger, Bryan, TX) for the 5
hp motor blower air system. To regulate the biomass feediaghrough 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 MonarcMR&p8cal sensor with 3
strips of reflective tape placed at the shaft of the screw conveyor.

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

subsequent sections.
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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. Th&ll CompactDAQ provides the pleandplay simplicity of USB to
sensor and electrical measurements orbémeh topin the field, and on the production
line. It provides fasandaccurate measuremeisa smalland simplesystem. Tablel
shows the ifferent modules for th&ll CompactDAQ sed for this systemThis 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 -for optical sensor reading

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

A LabVIEW (short for Laboratory Virtual Instrumentation Engineering
Workbench)rogram was developed for the CompactDAQ o process all the electrical
signals into readable values which were then used to control the factors that might
influence the operation of the systefrabVIEW uses graphical programming to develop

the measurement, test and control for the operatioreajdhification system.
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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 feedstotikmaintain a constant operating temperatunde attempting to
vary the air to fuel ratiosThe effect of continuously switching the feedstock was also
evaluated using wood chips, switchgrass and manure fed into the gasifieteorleeaf
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 Develpment

The process control programas developetbr theproperoperation 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 parametediiring the gasification process

Interface Development

The interface design for the program indicates quick control of the processes,
displays all important information and indicates faulty operatléigure4 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 theagdmih 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 gbe fundamental parameters to the desired settings.

Maintaininga constant gasification temperature is very complex atidthese controls,

- AgriLIFE RESEARCH

Main Gnslﬁerl Fuel and Air Properties

MAIN PANEL

Data Aquisition
=

Blower Control

CYCLONE 2

7 FUEL
| reeorate

0 AIR BLOWER

Feed Indicator
2 —

Texas A&M Gasification System

AIR{FUEL

Figure 4. Main interface of thegasification process control program

anoperator can easily achieve this goal. In addition, a feed indicator is added to warn the
operator of unexpected clogging in the screw conveyor and decitie oecessary
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 [Figure5). This includes temperaiiand pressure readings at different
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points in the system. With the limited number of input channels for the existing system, an

optionto addexhaust temperatufeee Figure 3) was included.

AgriLIFE RESEARCH

Toxas AGM System

Figure 5. Detailedgasification systeminterface.

Thelast part of the interface is tlksplay of air and fuel properti€sigure6). The
interface provides a list of the solid biomass fuel thaybe used in this research. It
specifies the bulk density and loading factor for each of the biomass. tEnfage 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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@ RESEARCH

oo AGM Systorn

== e

SORGHUM = | o

Figure 6. Air and solid fuel properties interface

Software Program Development

The software program was developed aftergtaghical user interfadead been
established using tHeabVIEW. The program woulthake the computer interact with all
the instruments installiein 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 Seé€ligure7). The input
section inalides 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
pressurdransducers, 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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The bulk density of the solid fuels, such as sorghum, cotton gin trash, manure and
woodchips was obtained from earlier analyses ua®gM E873 Test method for bulk
density of densified particulate biomass fuelBhemass flow rate of solids in the feeding
system using a regulaelicoidsflighting screw conveyor was determined following the
equation of Woodcock and Mason (1987) shanveq. (1)below.

6= "ag Qo T @

©4
where " & bulk density
D, trough of flight diameter
Dsc, shaft diameter
The measurements of the screw conveyor that are used in the equation are described in
Figure8. The loading factor, which should be generally between-0.45, depends upon

the nature of the material to be convepdtbodcock and Mason, 1987)or this system,

theloading factor

- nominal area
Ap=k x of trough

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

values for each of the biomass that would be used in the study are summafizdd i
For other solid fuels not included in thst] the operator can use an approprmtk

density and a safe loading factor.
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Table 2. Bulk density and loading factor

Biomass Bulk Density(kg/n) 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 conveyof€alibration measurements were then made on each aeailabl
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,’Ibffthe surrounding air to
obtain the mass flow rate of air. In this research, psychanosiart was used to obtain
this propertybased from the current temperature and reldtiwraidity. The program also
had an option to save all data measuremertts anfile for future analysis.

The output section of the program provides control for thevét 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. Alsauted in this section are the
supply voltage for the optical sensor and a stop button to shutdown the gasification system

and the computer program.






