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Abstract

Flash Carbonization™ (FC} is a nox-fel procedure by which biomass is converted to bio-
carbon (i.e. charcoal) q‘{liCkIy and efficiently. To begin this process, a canister containing a
packed bed of feedstock is placed within a pressure vessel, compressed air is used to charge
the system to an initial pressure of ~1-2 MPa, and a flash fire is igrlited at the bottom
of the bed. After approximately two minutes, air is delivered to the top of the bed and
the biomass is converted to a high-yield bio-carbon. This technology has progressed to the
point that a commercial-scale demonstration reactor is currently being assembled on the
campus of the University of Hawaii, Manoa. The adaptation of the technoi:)gy from the
lab-scale reactor to the larger pilot plant is the underlying theme of this thesis. Specifically,
the subjects of ignition behavior and air delivery are explored in detail.

In lab-scale tests of the FC process, some fuels have been obsérved to ignite violently,
resulting in a sudden drastic pressure rise (AP~1 MPa within 2-3 seconds}. Because
this event could be potentially hazardous, a study of this phenomenon was undertaken
in preparation for the scale-up of the FC process. The influence of initial pressure, feed
moisture content, and ignition heater power were examined following a 23 full factorial
experimental design approach. It was determined that the violence of the ignition is related
to the moisture content of the feedstock and the operating pressure of the process. The
information gained from this study was used to size the emergency venting components
of the pilot plant. Additionally, tthis work details the impact of compressibility effects on
previously published air-to-biomass ratios (ABRs)—a value used to indicate the optimum
level of air delivery for an individual biomass feedstock.s As a result of this study, the

accuracy of the ABR values were improved for all feedstock types.
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Chapter 1

Introduction

1.1 Background

M is a novel method of charcoal production. In this

The technique of Flash Carbonization”
procedure a packed bed of biomass is placed within a vessel at elevated pressure, a flash fire
is ignited within the bed, and the biomass is converted to biocarbon (i.e. charcoal) quickiy
and efficiently. The Flash Carbonization™ process was developed by Dr. Michael J. Antal,
Jr. and his assistants at the Renewable Resources Research (R®) Laboratory!. Most of the
previous research related to the development of this process employed various incarnations of

M reactor

a device referred to as the “laboratory-scale” (or “lab-scale”) Flash Carbonization”
{(see Figure 1.1).

The technology of Flash Carbonization™ has now matured to the point where it is
possible to deploy the process on a commercial scale. To demonstrate the feasibility of this
transition, a pilot plant has been constructed on the campus of the University of Hawaii
at Manoa (see Figure 1.2). The adaptation of the technology behind the lab-scale reactor
to the larger pilot plant, hereafter referred to as the “demonstration reactor” (or “demo-

reactor”}, is a primary theme of this thesis. Specifically, ignition behavior and air delivery

requirements of the process will be explored in detail.

1.2 Objective of Thesis

The objective of this thesis is to merge a variety of work preformed to support the scale-
up of the Flash Carbonization™ process. In the initial chapter “Production of Charcoal
from Biomass: An Overview” the fundamentals of charcoal production will be examined,

traditional charcoal manufacturing techniques briefly explained, and the improvemcents

'Located on the campus of the University of Hawaii at Manoa, the % labaratory is a division of the
Hawaii Natural Energy Institute (HNEI).



M

Figure 1.1 The laboratory-scale Flash Carbonization™ reactor.

M

Figure 1.2 The demonstration-scale Flash Carbonization™ reactor.



offered by the Flash Carbonization™ process described. This chapter will be followed by a
descriptiorl of the device used to study the Flash Carbonization™ process in a laboratory
setting—appropriately entitled “The Laboratory-Scale Flash Carbonization™ Reactor”.
These two initial chapters should provide the reader with the basic knowledge needed

to understand the fairly unique process of Flash Carbonization™.

This foundation of .
information will then be expanded upon in the subsequent chapters.

“Airflow, Compressibility, and Deviations from Ideal Gas Behavior in the Accumulator
System” “details the first original study conducted for this thesis. In this chapter, the
reader will sec how this work expanded the understanding of the air delivery requirements
of the lab-scale process, and explained the mysterious behavior of the rotameters used to
monitor airflow. The following chapter, entitled “Deflagration Fundamentals” is essentially
a literature review designed to provide a backg_round for the next chapter—“Violent Ignition
Behavior of Pressurized Packed Beds_ of Biomass: A Factorial Study”. This ignition study
was conducted in order to experimentally examine the sudden drastic pressure rise which
has been observed to occur during the ignition phase of the process?. In the fina! chapter
a few brief examples will be given to demonstrate how the information gained through the

experiments described in the previous chapters was applied, along with some additional

calculations, to size various components of the demonstration reactor.

2This type of ignition behavior occurs only in select feedstock types, as will be discussed in the following
chapters.



Chapter 2
Production of Charcoal from Biomass: An

Overview

2.1 Introduction

Biomass is a broad term used to encompass a wide variety of materials including crop and
forest residues, animal byproducts, and some municipal wastes. In the United States,
biomass currently supplies approximately three percent df the total energy consumed‘
per year, and recently surpassed hydropower as the largest domestic source of renewable
energy [1]. Globally, biomass provides approximately eleven percent of the world’s supply
of primary energy [2]. The numerous advantages of using biomass as an energy source
include sustainability, CO2 neutrality, waste reduction, and reduced dependence on fossil
fuels. This chapter will attempt to provifle a broad overview of the field of biomass-to-
energy conversion, with a specific focus on the advantages of bio-carbon (charcoal). Basic
concepts related to biomass fuel use and charcoal manufacturing will be discussed, a global
perspective on charcoal use will be briefly presented, and the traditional methods of charcoal

production will be contrasted with the Flash Carbonization™ process.

2.2 The Biomass Resource in the United States

In a recent report created jointly with the U.S. Department of-Agriculture, the U.5.
Department of Energy (DOE) estimated that ~368 million dry tons of biomass could
potentially be removed in a sustainable! fashion from U.S. forest land for energy use, and

that an additional ~998 million dry tons could be continnally removed from agricultural

't should be noted that ‘“sustainability” is a very important concept for any biomass resource
development ptan. In order for biomass combustion to be a truly COg neutral process, an equal amount
of biomass must be re-planted for every unit of biomass removed for fuel use. Additionally, the machinery
used for harvesting and processing the biomass should be powered by biofuel.

4



land. This figure associated with agricultural biomass is somewhat surprising when one
considers that currently more than seventy-five percent of the biomass consumption in
the U.S. is derived from forest sources. However, the authors of the DOE report predict
that the much ‘higher level of management intensity inherent to agricultural land use, if
properly administered, could lead to a biomass resource of great potential. To put these
numbers in perspective, the amount of biomass currently available from agricultural lands is
~194 million dry tons/year, of which corn stover is the largest single source at ~75 million

ton/year [1].

2.3 Derivation of Fuels from Biomass

™

Most basic forms'qf biomass have very low bulk energy density compared to fossil fuels {2].
Therefore, transporting a given volume of biomass (i.e. one truck full of wood) is not nearly
as effective (on an energy basis) as transporting the same volume of fossil fuel (i.e. the
same truck full of coal). These inefficiencies lead to increased transportation and processing
costs per unit of energy generated. 'bue to this fact, a wide variety of techniques have been
developed to convert raw biomass sources into more compact fétms of energy. These bio-
fuels—such as ethanol, biodiesel, and charcoal—approach energy densities comparable to
those of fossil fuels. Additionally, the incrgased fuel uniformity achieved by these processing
techniques allows bio-fuels to be used in a n;uch wider variety of combustion devices than the
raw biomass feedstock. Figure 2.1 shows a summary of some of the feedstock and processes
used to create an assortment of these bio-fuels. Each of these methods has advantages and
disadvantages beyond the scope of this work. The following discussion will focus on the
process of pyrolysis, and specifically the production of charcoal as the preferred product of

this process.



Methods of Production for Solid, Liquid, and
Gaseous Energy Carriers from Biomass Feedstock

—— -
I

' | [Pubverged Fust
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Figure 2.1 Processes used to create a variety of bio-fuels from biomass (Adapted from {2]).



2.4 Basic Terminology and Definittons Related to Charcoal Production

2.4.1 Moisture Content

Because plants rely on water to survive, the mass of moisture present in a biomass sample is
usually a significant portion of the overall sample mass.. However, due ta changes in ambient,
conditions (i.e. temperature, humidity), the amount of moisture present in the sample
can change fairly easily. These factors, as well as the structure of the tissues composing
the specific biomass in question, combine to determine the rate, and amount, of moisture
released from a biomass sample by transpiration and evaporation [2]. Frequently, due to
this variation in moisture, the sample mass can not be regarded as a constant value for any
significant period of time. Therefore, a supplementary moisture content analysis is often

preformed whenever a mass measurement of a sample is made.

3
The moisture content of a sample of biomass is determined by drying the sample in an

oven until no more moistuie remains (the mass of the sample stops changing). Specifically,
the method followed in the R® laboratory is based on ASTM E 1756-85 [3]. This process
involves the following steps: First, the beaker which will contain the sample is placed in an
oven at 105°C for at least an hour. The beaker i then removed from the oven and allowed
te cool in a desiccator for at least one hour. The mass of the empty beaker is recorded using
a balance accurate to one hundredth of a gram {Mettler Toledo PB3002). The sample is
placed inside the beaker, and the combined mass value is obtained. The sample and the
beaker are placed into the oven for at least three hours but not longer than seventy-two
hours. Following this period, they are placed in a desiccator and allowed to cool for one
hour. The combined mass is then recorded. This process is repeated with one hour heating
and cooling increments until the mass stops changing. The difference between the initial
and the final mass values is equal to the mass of the moisture removed from the feed. Using
this value, moisture content values can be reported on either a dry or a wet basis as shown

in Equations 2.1 and 2.2 [2].



MCywg =820 o 100% (2.1)
MBio,Wet

M0
M Bio, Dry

MCpp = x 100% (2.2)

Where mgao is the mass of moisture removed, mpiowes is the mass of the biomass

before drying, and ma;sa pry is the mass of the biomass after drying,

2.4.2 Proximate Analysis

Proximate analysis is an analytical technique used to separate a charcoal sample into three
components—volatile matter (V M), ash (ASH) and fixed carbon (#C). The proximate
analysis procedure employed in the R? laboratory follows ASTM method ASTM D 1762-
84 [4]. In this analysis, the charcoal sample is heated in a covered crucible to 950 °C and
held at this temperature for six minutes. The mass lost by the sample during this period
is attributed to escaping volatile matter, while the solid mass remsaining in the crucible
is referred to as “carbonized charcoal”. The percentage of VM may then be determined
by using Equation 2.3. This procedure is followed by ash content analysis, in which the
remains of the sample are placed in an uncovered crucible, heated to 750 °C, and held at”
this temperature for six hours. The material which remains in the crucible following this
extended period of heating is defined to be ash as shown in Equation 2.4. The fixed carbon
contept of the charcoal is the portion of the sample removed during this six hour period as

indicated by Equation 2.5.

(mchar - mcc)

VM = x 100% (2.3)
Metiar :
ASH = et 100% (2.4)
2 - Mehar

8



FC =100% - VM — ASH (2.5)

Where mighge i the initial dry mass of charcoal, m,. is the dry mass of carbonized
charcoal (remaining after the six minutes of heating at 950 °C), and mygsp, is the dry mass

of ash (which remains following combustion of the carbonized charcoal at 750 °C).

Naote that the definition of a high quality charcoal varies based on the desired final use.
For example, charcoal appropriate for cooking typically contains 20-30% volatile matter,
while charcoal intended for metallurgical purposes often contains 10-15% (or less) volatile
matter [5]. Proximate analysis provides a fairly qliick and easy method to analytically
characterize charcoal samples. Ideally, a charcoal manufacturing process would be able to
produce charcoal suitable for a variety of applications b:y controlling the volatile matter,

fixed carbon, and ash contents of its product.

2.4.3  Various Definitions of Yield

Although, to some extent, it is hard to directly compare charcoal manufacturing techniques
due the difficulties in defining a universally “good” produect, it is still beneficial to develop
some common metrics for overall process efficiency. Beyond the proximate analysis discussed
above, two yield values are commonty used to characterize a charcoal manufacturing process.
The first value, the charcoal yield, y.por, as defined in Equation 2.6, may be employed to give
a qu_ick understanding of the efficiency of a given charcoal making process. Unfortunately,
because charcoal is not a well delined chemical compound, this definition is very vague.
Some charcoals are nearly pure carbon, while others have only been partially pyrolyzed,
and still contain significant amounts of oxygen and hydrogen [6]. A more uscful value is
the fixed-carbon yield, yro, which takes into account the compositions of the sample—
determined from proximate analysis—as shown in Equation 2.7. Note that fixed-carbon
vield demonstrates the efficiency of conversion from the ash-iree feedstock into the fixed-

carbon of the final charcoal product [7]. Finally, if the higher heating values of the feedstock
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and the charcoal are known, the energy conversion efficiency, nepar, may be calenlated using

Equation 2.8 [5].

. m
Ychar = char_ (26)
M Bio,Dry
FC
o J— 2 .7
UrC = Ychor 100% — ASHp;, ( }
HHV par (2.8)

Hehar = ycharm

Where H HV,, and H HV}p;, are the higher heating values of the charcoal and biomass

respectively and ASHp;, is the percentage of ash in the biomass feedstock?.

2.5 Combustion and Pyrolysis

2.5.1 General Information

Although, as discussed previously, & wide variety of biomass to bio-fuel conversion processes
are available, direct combustion of biomass is still responsible for over 97% of the world’s
bio-energy production [9]. Therefore, a brief description of the complicated multi-phase
processes required for biomass combustion to occur is worth mentioning here. Additionally,
a cursory understanding of biomass combustion is essentially a prerequisite for anyone
seeking to understand Flash Carbonization™™ systems,

It is important to recognize that three primary steps occur any time a solid biomass fuel
is consumed by combustion [2, 10]. First, the moisture is driven out of the biomass through
evaporation. Secondly, pyrolytic reactions generate fuel gases, tarry liquids, and char.

Finally, the fuel gases are combusted®. These three steps are all occurring simultaneously

2Gee the appendix for a discussion of estimating HHV from proximate analysis, ASHg;, is determined
using ASTM E 1755-95 [8].

3Although separating combustion reactions from pyrolysis reactions in an aclual system is very difficult
if oxvgen is present, a clear distinction between these two processes from a theoretical point of view is
desirable. Therelore we will define combustion as rapid exothermic oxidation [11}. In contrast, pyrolysis
will be defined as the transformation of a compound into one or more other substances by heatl alone (i.e.
without oxidation) [12].
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in any biomass combustion system. The key to understanding this process is that the fuel
gasses burn and release the majority of the heat produced by the process. Heat is usually
consumed during the drying and volatilization (pyrolytic) processes? [9]. As the overall
process continues, the liquid produced by pyrolysis evaporates and combusts. Similarly,
most of the components of the solid char (i.e. carbon) may also eventually be combusted.
Following complete combustion of a biomass fuel, the components of the biomass which
cannot burn edsily (primarily minerals) remain as ash.

The air delivered during the Flash Carbonization™

process allows for combustion of
some volatile gases to occur. This limited combustion produces sufficient heat to assist the
prrolytic reactions in propagating throughout the bed of biomass. However, if too much air
is delivered, some of the desired charcoal product will eventually be consumed. The;efore,
the rate of air de!ivery is carefully controlled, and the desired amount of volatile components”
of the biomass can be removed, leaving only a fairly uniform, high-yield®, bio-carbon. Thus
the Flash Carbonization™ process is alternatively referred to as flaming, or air-assisted,

pyrolysis. Also note that the rate of air delivery ensures that combustion always occurs in

an oxidant lean environment and at fairly low temperatures.

2.5.2 Emissions Produced During Combustion and Pyrolysis of Biomass

Ideally the products of biomass combustion are only carbon dioxide and water. Equation 2.9

shows a simplified model for the stoichiometric combustion of cellulose®.

CeHi1pOs 4+ 602 — 6CC02 + 5H20 (2.9)

Additionally, one equation used to represent the pyrolysis of cellulose is Equation 2.10 [5].

CeHi1p0Os — 3.74C + 2.65H,0 + 1.17C'Ca + 1.08C' Hy (210)

4This is a simplification. Wood pyrolysis transforms from endothermic to exothermic at temperatures
above ~280 °C. Increased pressure causes the total heat of cellulose pyrolysis to shift from endothermic to
exothermic (5],

51n this case the Lerm “high-yield” refers to fixed-carbon yield.

5Cellulose may be used as a representative compound for a wide variety of biomass feedstocks [13}.
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Alternate forms of Equation 2.10 include carbon monoxide as one of the products.
Note that in the case of the oxidant starved combustion which occurs during the Flash

Carbonization™

process, we expect carbon monoxide as well as unburned hydrocarbon
products such as methane to be present in the exhaust stream. To put it another way, the

fuel rich combustion case approaches pure pyrolysis with decreasing availability of oxygen.

Therefore, from an emissions standpoint, particulate matter (PMyg, PMas), carbon
monoxide, and volatile organic compounds (VOCs, including unburned hydrocarbons) are
the criteria pollutants of concern when charcoal is manufactured. The same pollutants
are produced when charcoal is combusted for fuel uses. Oxides of nitrogen (NQ.)
and oxides of sulfur ($0,) are not usually a major probléem for well designed charcoal
manufacturing processes. The temperatures involved in the process are usually too low to .
produce thermal NO,, and the amount of fuel bound sulfur and nitrogen is negligible
in most blomass fefzds [5, 14]. As expected, when gas samples of the exhaust from

the lab-scale Flash Carbonization™™

reactor were analyzed by gas chromatography the
species detected included Hy, €O, CHy, Na, Oz, CO; and some unidentified organic
compounds [7]. When the catalytic afterburner is provided with sufficient secondary air, the

Flash.Carbonization™ process emits significantly less pollution than traditional charcoal

production methods [15]".

2.6 A Global View of the Charcoal Industry

0Of the techniques mankind has developed to convert biomass into more useful forms of
fuel ‘only the process of the charcoal production reaches back to prehistoric times [17].
However, despite the thousands of years man has worked to improve charcoal manufacturing
methods, current industrial technologies remain slow, dirty, and inefficient. This section will

describe why charcoal derived from biomass is an important commodity in both developed

" Drastic reductions in CO, Hg, and (CH4 have been documented when the proper amount of secondary air
is provided to the catalytic aftefburner. Levels of pollutants produced by the Flash Carbonization™ process
per unit mass of charcoal have been found to be significantly less than the accepted EPA emission [actor for
charcoal producticn {16]. The catalytic afterburner is described in the following chapter.
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and developing nations, and briefly explain some of the common methods of charcoal
manufacturing currently employed around the world.

2.6.1 Charcoal’s Role in Developed Nations

£

In most industrial applications, especially in developed nations, charcoal must compete with
natural coal, petroleum coke and lignite. The advantages of charcoal over these alternatives
include: low sulfur content, high carbon to ash ratio, relatively few and unreactive inorganie
impurities, specific pore structure with large surface area, good reduction ability, and little
to no smoke produced during combustion [18]. Because of these unique properties, charcoal
is often used as a metallurgical reductant [6, 5]. For example, in Brazil during 1991 over
one million tonnes of wood charcoal were consumed to smelt iron ore [19]. In the form of
activated carbon, charcoal is used for a wide variety of air and water filtration systems [20].
In*domestic settings, charcoal is used as a cooking fuel, as a soil amendment, and as a

digestive aid [21, 5].

2.6.2 Charceal’s Role in Developing Nations

In the developing world charcoal serves as a primary fuel, chiefly used for cooking, and is
preferred by many consumers over alternatives such as firewood and agri_cultural residues
because charcoal is clean, safe, and easily storable for long periods of time [1l8]. Additionally,
the levels of indoor air pollution (i.e. fine particulate) produced from charcoal cook stoves
are considered to be less harmful than those produced by firewood use [22, 23, 24, 25]. For
example, it was recently estimated that a rapid shift in the primary fuel choice from wood
to charcoal could prevent 2.8 million premature deaths—due to lower respiratory infections

and chronic obstructive pulmonary disease—in Africa alone by the year 2030 [26].

2.6.3 Traditional Methods of Charcoal Production

The oldest and simplest methods for producing charcoal are the charcoal pit and the
earthmound kiln. A charcoal pit is recessed into the earth, while an earthmound kiln is built

up around a pile of biomass (see Figure 2.2). Both of these technologies involve covering
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Figure 2.2 A traditional charcoal earthmound kiln.

the feedstock with soil in a specific fashion in order to allow a controlled amount of air
to enter during carbonization. The earth covering serves to keep out excess oxygen and to
insulate against heat loss. Although extremely simple from a technological standpoint, both
of these processes require a great deal of operator experience, and in developing nations the
“secrets” of proper use of these techniques is often passed down from father to son. Slightly
more modern small scale charcoal producers employ portable kilns created by modifying
discarded oil drums in a variety of ways [18]. Unfortunately, fixed-carbon yield values are
not available for the majority of these processes, so it is difficult to attempt head-to-head

comparisons with more advanced technology.

Larger scale techniques include kilns made of concrete or brick. Internally heated
processes of this type include the Missouri kiln, the Argentine Kiln, and the Brazilian
Beehive Kiln. These devices usually employ thermocouples mounted at several places within
the kiln which allow operators to determine how to properly adjust the airflow. Charcoal
yields, Yehar, from a Missouri kiln are typically on the order of 20-30% and require an
operating cycle of 25-30 days [27]. A wide variety of factory scale charcoal production
techniques currently exist. Most of these techniques, such as the Reichert Process, have

operating cycles on the order of 20 hours with charcoal yields on the order of 33-38% [27, 18].
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2.7 Advantages of the Flash Carbonization™ Process

Unfortunately, due to the fairly slow, low-yield, traditional methods described above
charcoal production is known to contribute to deforestation in many tropical countries,
and intensify global warming [22, 28]. In contrast to the majority of processes

described previously, the novel process of Flash Carbonization™

is highly efficient.
Themochemical equilibrium calculations set a limit on the maximum yield of carbon
that can be obtained from any given type of biomass feedstock [5]. The process of
Flash Carbonization™ produces fixed-carbon vields which approach—and in some cascs
obtain—this thermochemical equilibrium limit, after reaction.times of as little as 20 to
30 minutes [13]. This is most likely due to the elevated operating pressures unique to
this process®. It is theorized that, when exposed to elevated pressure, the unstable tarry
vapors produced by pyrolysis are more likely to decompose on the surface of existing
charcoal, producing a type of secondary charcoal. This phenomenon is believed to be
responsible for the increase in fixed-carbon yields {at the expense of tar production)
observed at elevated pressures [27]. Additionally, the fact:that elevated pressures have
been experimentally observed to favor exothermicity and a reduction in onset temperature
of pyrolysis for a variety of biomass feedstock helps explain the sueccess of the Flash
Carbonization™ technique [5]. Typical yields from the Flash Carbonization™ process

may be expressed as charcoal yields ranging between 29.5 and 40.0%, or as the more nseful

fixed-carbon yield values ranging from 27.7 to 30.9% [13)%.

Although interesting from a scientific perspective, these increased yields are not
perceived as the primary advantage of the Flash Carbonization™ process. Instead, the
true benefit lies in the reduction in processing time when compared to all other existing
methods. This is due to the fact that, providing the biomass feedstock is plentiful, length

of carbonization time and labor cost, not yields, are what govern the economics of charcoal

T

8Far example, as pressure was increased from 0.4 MPa to 3.3 MPa, the fixed-carbon vield of macadamia
nutshell charcoal was found to increase from 31.9 to 35.7% (Ychar increased from 40.5 to 51.0%). This result
was observed in a precursor of the Flash Carbonization™ system [19].

9For feeds such as Leucaena wood, oak wood, corncob, and macadamia nutshells.
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production [5]. In this area, the Flash Carbonization™ process shows its true merit..
Because of the high combustion rate of the secondary vapors in the presence of oxygen at
elevated pressure, and mass-transfer limitations which inhibit oxygen from reacting with
the surface of the carbon, Flash Carbonization™ exhibits conversion times that far surpass

any competing process without loss of process efficiency (13].

%,
RS
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Chapter 3 '
The Laboratory-Séale Flash .

Carbonization™ Reactor

3.1 Description of Apparatus

3.1.1 Overview

As shown . in Figure 3.1 the lab-scale reactor consists of a pressure vessel into which a
canister containing biomass is ,_l_Qwered. (Once the pressure vessel is-sealed, an electric heater
is employed to ignite the contents of the canister. Primary airflow for the process is supplied
from the air accumulator system. A catalytic afterburner may be attached to the outlet
of the process to reduce pollutants in the exhaust stream. When desired, secondary air
from a separate compressed air cylinder can be provided to improve the performance of the
catalytic afterburner.

Using; the lab-scale reactor, the Flash Carbonization™ process has been used to produce
fixed-carbon yields that attain the thermochemical-limit [6, 13]. Alternatively,.charcoal
with other desirable properties can be produced for specialized applications. Examples
include low ash charcoal, which is desirable for metallurgical applicatio-ns, and low resistivity
charcoal that could potentially be used as a fuel in a carbon fuel cell [29]. A complete
understanding of the laboratory-scale reactor offers many insights into the basics of the
Flash Carbonization™ process. Therefore, a detailed description of this device will be

&

presented in this chapter.

3.1.2 Details of the Air Accumulator

The air accumulator, which is used as the source of primary air, is composed of a system

of three high-pressure vessels (see Figure 3.2). These vessels are connected as shown
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A, air accumulator, BPV, back-pressure control valve; C, compressor; CI,
canister with insulation; CM, catalyst monolith; DDV, downdraft valve,
F1, funnel with insulation; GSP, gas sampling port; H, electric heater; IV,
isolation valve, MMV, micrometer valve, G, oxygen analyzer, PG,
pressure gauge; PT, pressure transducer, PV, pressure vessel, R,
regulator; RM, rotameter; SRD, safety rapture disk; T, air tank, TC,
thermocouple;, UDV, updraft valve, WT, water trap.

Figure 3.1 Owverall schematic diagram of the lab-scale flash carbonization reactor and the
catalytic afterburner (Figure created by Dr. Teppei Nunoura).
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Figure 3.2 The accumulator system used to deliver primary airflow in the lab-scale reactor.

schematically in Figure 3.3. Valves allow for individual sections of the system to be
pressurized as desired. The micrometer valve facilitates precise control of airflow. The
pressure regulator ensures a constant pressure drives the flow. The maximum safe operating

pressure of the accumulator system is 34.58 MPa (5000 psig).

3.1.3 The Carbonizer

The term “carbonizer” is used to designate the pressure vessel in which the

M

Flash Carbonization™ process occurs (see Figure 1.1). In the lab-scale Flash

Carbonization™

reactor, the vessel is rated at a maximum operating pressure of 6.10
MPa (870 psig) and consists of a pipe! welded to two flanges. These flanges may be sealed
using gaskets and 12 bolts per flange. The top flange must be removed to facilitate loading
of biomass into the carbonizer, and resealed prior to the beginning of each experiment?.

The biomass feedstock is placed within an insulated stainless steel canister with an inner

diameter of 9.5 cm and a length of 97.5 cm. The feedstock rests on a 1 mm thick stainless

!This pipe is 133 cm (52.4 in) in length with an inner diameter of 14.7 em (5.79 in). The volume of the
lab-scale carbonizer is therefore ~0.0226 m®.

?See the safe operating procedure manual of the lab-scale reactor (included in the appendix of this work)
for more details.
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Figure 3.3 Detail of the accumulator system.

steellgrate at the bottom of the canister. This canister is lowered into thre pressure vessel and
rests on a spacer above the electric heater. Once the canister is ioaded, the distance from
the bottom grate of the canister to the electric heater is 3 cm. An air-tight lid, equipped
with an inlet air fitting, is mounted on the top of the canister. This lid is connected to
the top flange of the pressure vessel by a short flexible tube. This configuration allows the
primary airflow to be directed into the canister, an:i assures that the airflow will be forced

to flow through the canister from top to bottom?.

3.1.4 The Catalytic Afterburner 4

The purpose of the catalytic afterburner is to reduce the amount of criteria pollutants

M process in order to satisfy federal and state

produced by the Flash Cérboqiza.tionT
emission requirements. The exhaust gas which cxits the carbonizer enters the bottom of the
afterburner, flows through the catalyst, and exits from the top. As a result of the presence of-
the afterburner, a variety of exhaust species (primarily CO, VOCs, and PM) are combusted
and transformed into more benign products. Secondary air may be added in order to assist

this process. It should be noted that during a Flash CarbonizationT™ experiment, the

catalytic afterburner operates at the same pressure as the carbonizer. An electric resistance

3The Flash Carbonization™ reactors are also occasionally referred to as “downdraft carbonizers” due
to this flow orientation.
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heater, similar to the ignition heater in the carbonizer, is employed to preheat the catalyst

M

prior to initiating a Flash Carbonization™ experiment.

Two catalytic afterburners currently exist. The first model was developed for eventual
use in the demonstration reactor, but was tested with the lab-scale system for an extended
period of time. This afterburner, which will be referred to as the “large afterburner”, is
shown in Figure 3.4. The large afterburner was recently moved to the demonstration reactor
and a “small afterburner” was constructed. Both afterburners employ the same type of
catalyst, which is composed of a mixture of palladium and platinum sugpended in a binding
agent, and supported on a monolith structure made from mullite extrudate. In the large
afterburner, the catalyst is used in the original configuration supplied by manufacturer
(Condar Company, CC-001), which can be described as cylindrical, honeycomb-type
monolith disks. The diameter of one of these disks is 14.3 cm, the height is 3.81 cm,
and the monolith has square channels with a density of 3.88 cells per square centimeter. To
construct the large afterburner, eleven of these disks were set in a galvanized steel cylinder
angd funnel and then wrapped in insulation. This assembly was housed inside a pressure
vessel as shown in Figure 3.1. In t}}e'small afterb.urner, one of these disks was crushed into
smaller pieces and assembled into a packed bed configuration: The mounolith pieces were
placed within a stainless steel mesh pill and the pill housed within a 2 in (5.08 cm) hastelloy
pipe as shown in Figure 3.5. Either of these afterburners can be removed or added to the
lab-scale system fairly easily. Some lab-scale experiments described in future chapters were
conducted without any afterburner (during the périod when the small afterburner was being

constructed).

3.1.5 The Electric Heaters

The electric resistance heater used to ignite the feed (ARi BXX-19B-45-5T) is located at

the bottom of the carbonizer pressure vessel. This heater has been bent into a flat-spiral
&

configuration and mounted to the bottom flange as shown in Figure 3.1. The distance from

the electric heater to the bottom of the packed bed of biomass is 3 cm. This model of heater
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Figure 3.4 The large afterburner, designed for use with the demonstration reactor.

Figure 3.5 The small afterburner, designed for use with the lab-scale reactor.
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is identical to the model of heater used in the demo-scale Flash Carbonization™ reactor?.

Similar heaters are employed to preheat the catalyst monclith in the various incarnations

. 1
of the catalytic afterburner as discussed above®.

3.1.6 Variable Autotransformers

A variable auntotransformer (also referred to as a VariAC) is a device which, when supplied
a given AC input voltage, allows the user to vary the output voltage. There are two sizes
of variable autotransformers currently employed in the lab. The first, (STACO 3PN1010,
hereafter referred to as the “Small VariAC”) provides the user with the ability to transform
an input voltage to a’variable lower voltage value. The second (Powerstat 1296D, hereafter
referred to as the “Large VariAC”) is similarly capable of stepping the voltage down,.but
may also be employed to boost the input voltage above its initial value. Both VariACs
employ percentile dials to allow the user to control the output voltage. As indicated in
Table 3.1, the Large VariAC is designed to accept an input voltage of 240 Volts, and has
the ability to increase the voltage up to 280 Volts. Currently, we have the Large VariAC
connected to aj 208 Volt source. A ratio comparing the rated values to the operational values
was used to establish that the Large VariAC is able to provide a maximum output voltage
of 242.7 Volts. The large VariAC is used to deliver power to the primary ignition heater.

The simall VariAC is used to control the power delivered to the catalytic afterburner heater.
&

3.1.7 The Oxygen Meter

The sensor employed to monitor the concentration of oxygen gas present in the exhaust

M process is the Bacharach Oxor II. This device,

stream of the Flash CarbonizationT
which is based around an electrochemical cell, is capable of monitoring Os concentrations
between 0-25% with an accuracy of plus or minus 0.8%. The response time of this

device is ninety percent of the final value within 40 seconds. The maximum rated

temperature for probe exposure is 538 °C. The exhaust sampling line of the lab-scale Flash

*For more details see Table 7.4 and the demonstration reactor chapter.
5The model number of the heater used in the large*afterburner is ARi BXX-19B-50-11T.
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Small VariAC Large VariAC
STACO 3PN1010 Powerstat 1296D
Operational Values

Input Voltage 120 Volts 208 Volts
Output Voltage 0-120 Volts 0-242.7 Volts
Fuse Amperage 10 Amps 40 Amps

Rated Values

Input Voltage 120 Volts 240 Volts
Output Voltage 0-120 Volts 0-280 Volts
Fuse Amperage 12 Amps 40 Amps

Table 3.1 Comparison of two variable autotransformers available in the lab.

Carbonization ™

reactor runs from the exhaust pipe of the catalytic afterburner to the
‘sensor. This configuration requires that the exhaust valve to be open for the oxygen sensor
to provide any information. Therefore, during the ignition phase of the process (when the
exhaust valve remains closed) oxygen conceniration data cannot be taken. Once the exhaunst
valve is opened (following the initiation of primary air delivery), values of Gy concentration

in the effluent of the process may be recorded. See the following section for more details of

how a typical experiment is conducted.

3.2 Standard Experimental Approach

Prior to a' normal Flash CarbonizationT

experiment, the canister containing biomass
is lowered into the reactor pressure vessel. The compressor is employed to charge the
accumulator tanks to approximately 31.13 MPa (4500 psig). The compressor is then shut
off, and the pressure regulator on the air accumulator is set to a value on the order of 3.55
MPa (500 psig). Air is délivered from the accumulator to the reactor until the system has
been charged to the desired operating pressure (usually within the range of 1.14 MPa to
2.17 MPa (150 to 300 psig)). Airflow is then halted and the system is monitored for 10
minutes to verify no leakage is occurring.

To hegin the experiment, power is supplied to the electric heater and a flash fire is ignited

within the packed bed of biomass. Approximately two minutes after the heater is switched
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on, a steady flow of primary air is delivered from the accumulator®. Over the course
of the experiment, the accumulator pressure falls from its initial value to approximately
13.79 MPa (2000 psig). As the flash fire propagates upward through the bed, the biomass
feedstock is efficiently transformed into a high-yield bicmass charcoal. A typical experiment
using the lab-scale reactor lasts somewhere between‘twenty‘and sixty minutes. The exact
reaction time required depends strongly on feedstock type and primary air flow rate. For

each feedstock used, an air-to-biomass mass ratio (ABR) is established as explained in the

following section.

3.3  Air-to-Biomass Ratios

Two types of air-to-biomass ratios will be discussed. The first, the delivered ABR, does not
include the amount of compressed air initialfy present in the canister prior to initiating air
delivery. The second type of ABR, the total ABR, includes both the air initially present
in the canister and the air delivered during the experiment. These two types of ABRs are

shown in Equation 3.1 and Equation 3.2 respectively.

ABRdeHvered = Mgirpri /mb,;o (31)
ABRyotar = Mairygrs T Mair init (3.2)
MMhio

Where 4y pri is the mass of the primary air delivered, maqir inis is the mass of air initially
present in the canister, and mu;, is the dry mass of the biomass in question. For example,l
delivered ABR values established by previous researchers include 1.16 kg/kg for corncobu
and 1.28 kg/ke for macadamia nutshell [13].

The amount of air delivered strongly effects how well the biomass is carbonized. ABR

values for experiments in which the feedstock is over-carbonized would tend to be larger

6The inlet air How rate is not cxactly constant. In fact, due to compressibility effects, the mass flow
rate increases slightly throughout the run. The details related to this phencmenon, and its effect on ABR
values, will be explained in the chapter “Compressibility and Deviations from Ideal gas Behavior in the
Accumulator System”.
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than values established for under-carbonized runs. Also note that the ABR values are only
valid for a given set of operating parameters. For example, even if all other variables of

a Flash Carbonization™

run remain constant, if the operating pressure is increased, the
total ABR value decreases [7]. The representative ABR value established for each specific
ifeedstock is assumed to be derived from the most successful run to date for that feedstock

and a given set of reactor operating parameters’ .

3.4 Properties of Common Feedstock Types

The types of feedstock which have been successfully subjected to the Flash

. v, u - v .
M process include: a wide” variety of biomass -(i.e.  woods, nutshells,

Carbonization”
cobs, hulls), pure chemicals (i.e. fructose, cellulose), and petrochemical waste products
(tires). Only two of the most successful agricultural waste feeds—macadamia nutshells and
corncobs—will be discussed here. Examples of these wastes, and the carbons produced
following Flash Carbonization™, are shown in Figures 3.6, 3.?, 3.8, and 3.9. Ultimate
analysis of representative corncob and macadamia nutshells are shown in Table 3.2, typical
yield and proximate analysis values of the charcoal produced by these feedstock are shown
in Table 3.3 [13]. Macadamia nutshell holds special promise as a feedstock because an
abundance of this feed is produced as agricultural waste in the Hawaiian Islands. Similar
arguments may be made with respect to the vast amounts of corncob available in other parts
of ther United States (as mentioned in the previous chapter). Additionally, for corncob, the
fixed-carbon yield can obtain the thermochemical equilibrium limit {13]. A cross-section

of a typical corncob is shown in Figure 3.10. Noticeable compositional differences exist

between the relatively dense woody ring and the less-dense coarse chaff, fine chaff and

-

pith. Chemically, corncobs are primarily composed of cellulose (~ 41%) and hemicellulose
(~ 36%) |30]. These details will be relevant to the forthcoming discussion of the ignition

properties of the Flash Carbonization™ process.

"The most successful run is usnally determined by comparing the fixed-carbon yield for a variety of runs
with sirnilar feedstock and operating conditions, then selecting the run with the highest value.

4
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Figure 3.6 Typical macadamia nutshell feedstock.

Figure 3.7 Typical macadamia nutshell charcoal.

Ultimate Analysis (% dry mass basis) HHV
Feed Type 6, H O N S ash (MJ/kg)
Corncob 4342 6,32 '46.69 0.67 DOT 23 174
Macadamia Nutshell 52.28 5.65 42.33 0.29 0.06 0.58 20.7

Table 3.2 Ultimate analysis of typical corncob and macadamia nutshell [13].

Proximate Analysis (%) ¥char ¥sc HHV
Feed Type VM FC ASH (%) (%) (MJ/kg)
Corncob 13.6 83.7 A g 33.1 28 30.9
Macadamia Nutshell 9.8 89.3 0.9 345 309 33.3

Table 3.3 Proximate analysis of charcoal produced from typical corncob and macadamia
nutshell [13].
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Figure 3.8 Typical corncob feedstock.

Figure 3.9 Typical corncob charcoal.
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Figure 3.10 Cross-sectional view of a typical corncob.
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Chapter 4
Airflow, Compressibility, and Deviations from

Ideal Gas Behavior in the Accumulator System

4.1 Introduction -

As we have seen in previous chapters, proper control of air delivery is vital to all methods
of charcoal production. In the Flash Carbonization™ process properly prescribed levels
of primary and secondary air delivery are critical not only to contro! the carbonization
process but also to eliminate pollutants in the catalytic afterburner. Additionally, in order
to accurately evaluate the ignition properties of tiie Flash Carbonization™ process, it is
necessary to fully understand the initial amount of air present in the reactor. Therefore,
a variety of studies were undertaken to determine how to accurately monitor and regulate
airhow in the lab-gcale reactor. The effect of compressibility in the accumulator system on
air delivery was evaluated, and the previous method of determining __air—to—biomass ratios
(ABRs) improved. In this chapter a few fundamental gas flow concepts will be discussed,

followed by the results and implications of the air delivery studijes.

4.2  Gas Fundamentals

4.2.1 Theldeal Gas Law

One form of the ideal gas equation of state often used to describe the behavior of gases is

shown in Equation 4.1.

PV =mRT (4.1)
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Where P is absoluie pressure, V is volume, m 1s mass, R is the gas constant of the gas
examined, and 7 is absolute temperature [31]. As we shall see in this chapter and in future
chapters, this fundamental relationship-is a very useful tocl, which forms the basis for a

wide variety of calculations.

422 Correcting Measurements to Normal Temperature and Pressure

When performing gas measurement experiments it is"often necessary to simultaneounsly
examine data taken at different conditions. To facilitate comparison between different data
sets, all values must be convérted to a common reference state. Two commonly used states
are Standard Temperature and Pressure (STP) and Normal Temperature and Pressure
(NTI?). STP is defined as a temnperature of 273.15 K and a pressure of 101.325 kPPa (14.696
psia). The condition of NTP (also referred to as Standard Ambient Temperature and
Pressure) is defined as a temperature of 298.15 K and a pressure of 101.325 kPa (14.696

psia) [32). For example, to correct a measured volume of gas, which was recorded at room

conditions, to NTP Equation (4.1) can be manipulated to arrive at the following expression.

VRoom PRoom InTP (4.2)
TReom  PnTP

Vyrp =

Unless specifically stated otherwise all reported gas data in this work has been corrected

to NTP.

4.3 Gas Flow Measurement Devices

43.1 The Wet Gas Meter

The “wet test” or “wet gas” meter employed for airflow tests in the R? lab is the Shinagawa
Wet Gas Meter W-NK-0.5A. This device is a net-volume integrating flowmeter that consists
of a rotating drum immersed in a seal fluid through which the sample gas is passed. The
wet gas meter allows volume measurements to be taken irrespective of the specific gravity
and viscosity of the gas examined. Deionized water is used as a seal fluid to reduce corrosion

inside of the meter. The wet gas meter’s primary function is to measure the total volume

31



of gas that flows through it. However, the meter can also be used in conjunction with a
stopwatch to measure volumetric flow rate,

The volumetric flow rates normally employed in Flash CarbonizationT™

experiments
are much larger than the maximum flow rates the wet gas meter can tolerate!. Therefore,
direct measurement of airflow rate during flash carbonization experiments was not possible
with this device. However, gas fow experiments conducted at lower flow rates were
successfully employed to study the accumulator system iﬁdividually.' Prior to conducting
these experiments with the wet test meter a comparative calibration was conducted to

ensure it was functioning properly. This was accomplished by employing the soap-film

method as detailed in the following section.

4.3.2 The Soap-film Meter

The device used for the soap-film method will be referred to as the soap-film meter. It
consists of a graduated vertical glass tube through which airflow can be routed. Af the
b‘gttom of the tube is a soap and water solution contained within a rubber bulb reservoir.
When the bulb is squeezed, it releases a soap film into the cylinder, which rises at the
sarne speéd as the flowing gas, and may be timed between two fixed points. If high
accuracy is critical, photoelectfic detectors may be employed to reduce errors associated
with timing [33]. However, in the case of the wet gas meter calibration preformed for this

work a stop watch was used for the sake of simplicity.

1)
In order to perform the comparative calibration, the wet gas meter and the soap-film
]

meter were cohnected in series, and'a steady flow of air was passed through the system.
Fifteen data points were taken. The mean wet g§as flow meter value was 4.6840.034 L/min,
while the mean soap-film meter value was 4.73+£0.119 L/min. A Student’s t-test was
performed on this data, and it was found that the null hypothesis could not be rejected.

Thercfore, the values reported by the wet gas meter and the bubble test meter could not

*The volumetric flow rate measurement range for this meter is from 1 to 300 L/h.
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,be said to differ significantly (90% confidence). This implies that the wet gas meter was

functioning. correctly.

4.3.3 Rotameters

The simplestar_otameter design, which is also referred to as the “ball-and-tube” design,
consists of a ball float located inside of a vertically mounted clear tube. The tube is slightly
tapered in bore, with the diameter decreasing downwards, so that the airflow travels along
the axis of the tube and suspends the float until a point where the downward force created
by the weight of the ball is balanced by the upward force of the airflow. The type of
rotameters employed in the R® lab (Matheson, FM-1050) are of the ball-and-tube design

and have two balls in each tube. The first.ball is stainless steel and the second is glass.

Although rotameters of this type are useful for qualitatively indicting volumetric flow
rates, it is difficult to take accurate flow measurements with these devices in pressurized
systems. This is due to the fact that manufacturers commonly supply a calibration table
comparing the reading of the rotameter to a given flow rate of a specified gas (i.e. air)
at NTP. If -the operating pressure of the system is not atmospheric, the rotameter must
be re-calibrated. Additionally, a sphere is not considered to be the ideal shape for a
rotameter float because the type of flow past a sphete is liable to change suddenly in a
narrow Reynolds-number range [33]. The unsteadiness which results from this problem, as
well ag the ability of the balls to rotate about a horizontal axis, have been observed in the
rotameters employed in the R* lab, These types of problems contribute to the difficulty in

taking accurate measurements with these rotameters.

In addition to the commonly recognized difficulties mentioned above, the use of
rotameters in the lab-scale Flash Carbonization™ has additional problems. Unexpectedly,
during lab-scale experiments the primary airflow rate indicated by the rotameter increased
as the experiment progressed—despite the fact that the rate-of-change of pressure in the
accumulator was maintained at a constant value. Initially this was attributed to the

rotameter deficiencies mentioned previously. However, after multiple experiments in which
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Figure 4.1 Experimental setup employing the wet gas meter. This setup was used to measure
the volume of the accumulator, and for measurements related to compressibility.

1
the indicated volumetric flow rate was observed to consistently increase, an investigation
of this phenomenon was initiated. The reasons for this behavior will be explained in the

subsequent parts of this chapter.

4.4  Accumulator System Volume Measurement

In order to measure the total volume of the accumulator, the system was initially charged
to a low pressure (approximately 75 psig). The wet gas meter was attached directly
downstream of the micrometer valve as shown in Figure 4.1. The gas in the accumulator
was allowed to escape and the volume of escaped gas Vios nqted. The room temperature
Trovm and room pressure Proom were also recorded. The temperature at the wall of the
accumulator was monitored by a type-K thermocouple during this experiment and was
found to always be equal to room temperature.

Equation (4.1) can be manipulated to calculate the equivalent mass of gas mpgs that

passed through the wet test meter as follows.

ProomViwvam

(4.3)
Rhwonm

Mlost =

Vivwr s the volume of air that was recorded passing through the wet gas meter. Proom

and Ty eras are the pressure and temperatures recorded at the wet gas meter. For air, R has

a value of 287";:;“ [31]. The volume of the accumulator Viaecym can then be found using

the following equation.

RTg,0
Viteoum = M Lost Room (4'4)

PLost
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Where P,z is the change in pressure in the accumulator. Using this method the total

volume of the accumulator system was found to be 9.33 L.

4.5 Compressibility’s Effect on Mass Flow Rate

For the pressure and temperature range commonly employed in the air accumulator?
interactions between individual molecules have a significant effect on the behavior of air.
The resulting intermolecular repulsfive’ forces lead to a lower air density than would be
predicted by the ideal gas law. Introducing a compressibility factor Z compensates for this

deviation from ideal gas behavior as shown in Equation 4.5 [34].

PV =mRTZ (4.5)

4

From this relationship, a method to determine the mass flow rate leaving the accumulator
can be developed. First, it is assumed that the dccumulator volume is constant, and that
the temperature of the gas in the accumulator does not change significantly (T =~ Tnrp).
The compressibility factor can then be said to vary only with pressure. If this is true,
rearranging and taking the derivative of the above equation with respect to pressure yields

Equation 4.6.

@_Vaccum Z_ng% (46)
dP  RT z? '

The motivation for manipulating the relationship in this fashion is that once we have

values of Z, P, dZ/dP, dP/dt, and Equation 4.6, we can use Equation 4.7 to detérmine an

approximate mass flow rate.

. dm _ drmdP

=% - apda (47)

231.13-10.45 MPa (4500-1500 psig), close to 300 K.
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Figure 4.2 A second-degree polynomial fit was applied to accepted values for the
compressibility factor of air at 300 K [11].

Note that in previous Flash Carbonization™ experiments dP/dt was held
approximately constant in an attempt to hold mass flow rate constant. Alsc note that

a well known constant rate of air delivery promotes reproducibility of experiments and is

desirable for modeling considerations.

4.5.1 Curve Fitting of Accepted Compressibility Values of Air

A table of accepted values for the compressibility factor of air was referenced [11]. A
second-degree polynomial fit was applied to these referenced values over the pressure range
of interest (see Figure 4.2), and an empirical relationships for Z as a function of pressure
was developed. A parity plot (see Figure 4.3) demonstrates the validity of this fit. The
form of the relationship is shown in Equation 4.8. Differentiating this equation with respect

to pressure yields Equation 4.9.
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Figure 4.3 A parity plot compares the accepted values for the compressibility factor of
air [11] to the interpolated values.

Z=aqy+a P+ ap P? (4.8
dz
P a1 + 2az P (4.9)

{

Combining Equations 4.6, 4.8, and 4.9 yiélds Equation 4.10. The constant coefficients
{aq, a1, and a2} determined by the fit are shown in Equation 4.11. The unit of pressure

used for this fit is the Pascal.

(4.10)

d_m i Vaceum ap — a2P2
dP = RT \({ap+ a1P + axP?)?

ap = 0.98954 a; = —1523 x 1077 ay = 1.837 x 1071° (4.11)
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Substituting back in to Equation 4.7 ylelds an expression which allows us to calculate the
mass How rate at any accumulator préssure within the normal operating range, providing

we choose to maintain a constant known value of dP/dt.

dm ﬁvamm( ag — ag P? ) (4.19)

dt  dt RT \(ag+aiP + aaP?)?

By once again employing the ideal gas law, Equation 4.12 can be manipulated to give

an expression for the volumetric flow rate corrected to NTP.

_ 2
= ﬁ _ Evaccum (( ag — azP ) (4.13)

dt ~ dt Pyrp \(ag+ a1 P + azP?)?

As shown in Figure 4.4, the volumetric flow rate of air delivered increases as pressure in
the accumulator decreases. Therefore, during a typical Flash Ca'i-rbonizationTM experiment
the mass of air-per-unit-time delivered at the beginning of the run is less than the mass of air-
‘per-unit-time delivered near the cnd of the run. As discussed in the following sections, the
failure to account for ,t};ese compressibility effects led to slight errors in previously reported

air-to-biomass ratios. Additionally, the unexpected behavior of the lab-scale rotameters can-

now be fully explained.

4.5.2 Experiﬁ;ental Validation of Interpolated Compressibility Values

It is now understood that—as a result of compressibility effects in the accumulator system—
increased volumetric flow rates occur as a lab-scale Flash Carboniztion™ experiment
progresses toward completion. In order to fully illustrate that the increase in rotameter
values discussed previously is solely a result of this fact, let us examine a representative
lab-scale experiment ¢onducted on February 27, 2004. As shown in Table 4.1, using a
measured change in aceumulator, pressure ‘over a one minute time interval, an approximate
mass flow rate can be calculated for each time point (accounting for compressibility as

described above). Setting the first value as a point of comparison, a normalizing ratio may
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Figure 4.4 Due to compressibility effects, the volumetric flow rate of the air delivered”
will increase at lower accumulator pressures (assuming dP/dt is held constant}. The
three constant dP/dt rates shown here are values commonly employed in prior Flash
Carbonization ™ experiments.

39



Time Period (min from heater power on} 10-11 28-29 43-44 54-55
Initial Gauge Pressure (psig) 4050 3146 2450 1850
Final Gauge Pressure (psig) 3997 3096 2401 1793
Approximate dP/dt (psi/min) 53 50 49 52
Approx. Mass Flow Rate (kg/s) 4.74E-04 5.21E-04 5.58E-04 6.26E-04
Rotameter Value (glass ball) 31 34 37 42
Normalized Mass Flow Rate 1.00 1.10 1.18 1.32
Normalized Rotameter Value 1.00 1.10 1.19 1.35

Table 4.1 Data from a representative Flash Carbonization™ experiment (conducted

February 27, 2004). These values demonstrate that the unexpected rise in rotameter values,
which initiated this compressibility investigation, can now be explained.

be cstablished for each mass flow rate. When compared to a similar ratio established for the
glass ball of the rotameter, we can see fairly good agreement between the rotameter values
and the calculated mass flow rate®. It is also interesting to note that, although the desired
flow rate was 50 psi/min, the actual rate-of-change of pressure in the accumulator varied
from 49-53 psi/min. This result is typical, and demonstrates the difficulties associated with

maintaining a perfectly constant dP/dt in the accumulator using the micrometer valve.

Additionally, the following experiment was performed to further confirm that the method
of interpolating Z values presented above accurately represents the actual properties of air-
flow from the accumulator system. Initially, the air accumulator was charged to a value of
29.06 MPa (4200 psig). The wet gas meter was connected in the same conﬁgt:ration used to
measure the volume of the accumulator (see Figure 4.1). The air was ailgwed to escape the
accumulatar in increments of 1.38 MPa (200 psi) until a final value of 13.89 MPa (2000 psig)
was reached. The volume and temperature of the gas were recorded at the wet gas meter.

A stopwatch was used to insure the volumetric flow rate did not exceed the acceptable limit

of the wet gas meter.

It was found that, as expected, the volume of air lost for each 1.38 MPa (200 psi)
increment increased as the overall accumulator pressure decreased. By assuming a value of

7 at the midpoint of the pressure values recorded, values of Z for all other data points may

3The glass ball appears to give more accurate results than the steel ball in this case. The normalizing
ratios are employed because the rotameter has not been calibrated for the operating pressure of this run.

40



Comprenlbility Factor Z vs. A il Preuure

113 —
1 e
i
it
T
1
~
] LT
]
)
& e laerpolaied
H
1.0%
= Experimenat
104
4
e
(A2 §mmmmmmnna B
(K1)
1
2]
asE T
0.00E 100 3.00E-04 VOB ) S0EerT zooR+a? 2508-07 190807 1 s0psa1

Accumalstor Fresre (Ps)

Figure 4.5 A comparison of interpolated and experimentally determined values of air's
compressibility factor for the pressure range commonly employed in the accurnulator system.

be calculated from this data. These experimental values are compared to the interpolated
values in Figure 4.5. Note that Figure 4.5 shows fairly good agreement between the
interpolated and experimentally determined values of Z for the majority of data points

examined.

4.6 Lab-scale Reactor and Canister Void Volume Measurement

One advantage of accurately knowing the amount of air delivered for any given change in
accumulator pressure is the ability to easily estimate the apparent void volume of the entire
lab-scale Flash Carbonization™ system. Although the _‘_voi.d volume varies—depending on
what type of biomass is used as a feedstocky and whether or not an afterburner is attached
t'6 the system—an approximate value is still a useful number to know. With this in mind the

M

following measurements were taken prior to the lab-scale Flash Carbonization™ experiment

conducied on April 12, 2005%, The pressures in the accumulator and the lab-seale reactor

1The feed loaded into the canister for this run was corncob (0.82 kg) and’a metal beaker containiog
Inulin, \
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Pressure in Accumulator Pressure in Lab-Scale System
2603 psig 1 psig
2217 psig 150 psig
2093 psig 200 psig
1853 psig 300 psig

Table 4.2 Reactor and accumulator pressures used to calculate an approximate system void
volume for the lab-scale Flash Carbonization™ reactor.

system (without the afterburner) ‘were recorded at four different states as shown in Table 4.2.
Using the method described above to account for compressibility effects, the mass of
air which left the agculﬁulator was determined. Using this mass value and the known
temperature and pressure of the lab-scale system, a void volume value was determined for
each state. The mean of these three values (Vioia,106=23.2 L) will be used to approximate
the void volume of the lab-scale reactor (when the canister is filled with corncob) in future
discussions.

A void volume of the lab-scale canister must be determined for each Flash
Carbonization™ experiment in order to know the amount of air initially available to react
with the biomass, Mgy inse. From this value, and assuming a known amount of delivered
air, a total ABR value may be calculated (see Equation 3.2). The canister void volume
calculation is accomplished by determining the apparent packed bed density of the biomass
feedstock. This value varies depending on the feedstock employed in the experiment.
Estimates of apparent packed bed densities for a variety of feedstock types have been
determined by previous R lab researchers. Once the apparent packed bed density of the
feed is known, a void veolume for canister, V4., may be determined by subtracting the

valume occupied by the feed from the known volume of the empty canister.

4.7 Previous Method of Determining ABR Values

The method employed by previous researchers in the R3 lab to determine air-to-biomass
ratios was developed without accounting for compressibility effects in the accumulator
system. Examples of ABR values with errors of this type are those reported in the paper

“Flash Carbonization of Biomass” [13] Because the source of this error is directly related to
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the amount of air delivered from the accurmulator during the experiment, we will focus on the
delivered ABR. values instead of the total ABR values. The previous method of calculating
the initial amount of air present in the system needs no correction because it was based on
the fairly low operating pressures of the lab-scale reactor, for which compressibility effects
are negligible. To put it another way, the total ABR values are still in error, but only due

to the errors in the air-delivered component®.

Previously, to cstablish delivered ABR values, the initial pressure and temperature® of

M experiment.

the accumulator system was recorded prior to each Flash Carbonization®
Once the run was concluded, the final accumulator temperature and pressure were also
recorded. Using these values and an older estimate of accumulator volume’, the total mass
of air delivered was determined using the ideal gas law. When divided by the dry mass of
the fuel, a delivered air-to-biomass rati‘o was egtablished as shown in Equation 4.14.
PiVog _ Eflad
Mairdetiv _ Mairg = Mairf _ "R FT;

ABRgetiv ol = =
Mhio Mhio Mpio

(4.14)

Where the subscripts ¢ and f designate the initial and final states of the accumulator

respectively.

4.8 Updated Method of Determining ABR Values

By applying the knowledge gained from studying the effects of compressibility in the
accumulator system, a more accurate way to calculate ABR values has been established.
The first improvement was to measure the volume of the accumulator system in a more
rigorous fashion as discissed above®. Secondly, by including a value of Z (determined using

Equation 4.8) for both the initial and final state of the accumulator system, the delivered

“Recall, ABRiotar = Toindebiet Moirinit,

% As recorded at the outer wall of the accumulator systerm.

7The volume of the accumulator system was previously estimated to be 8.23 L using experiments similar
1o the ones described in the “Accumulator Volume Measurement” section of this chapter. However, in these
ptevious experiments high accumulator pressures (~3000 psig) were used to make this measurement and
compressibilily effects were not accounted for.

8The improved value for accumulator volurie is 9.33 L.
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Feedstock LW LW LW ow ow cC M3
Run Date 020214 020930 020311 020221 020327 020404 (20510

+ Dry Mass of Blomass (kg) 1231 0898 1170  1.183, 1.247 0437  1.100
Initial Guage Pressure (psig) 3041 3183 3078 3124 3107 3032 3175
Final Guage Pressure {psig) 1651 1537 2161 2203 2081 2270 1069
0Old Delivered ABR (kg/kg) 0.76 1.22 0.53 « 0.53 0.55 1.18 1.28
New Delivered ABR (kg/kg) 0.78 1.26 0.54 0.3 0.55 1.18 1.35
Percent Error (%) 3.26 3.07 0.73 0.12 0.73 0.21 4.99

Tablé 4.3 A comparison of the updated and previous methods for determining air-to-biomass
ratios. Feedstock types: LW leucaena wood, OW oak wood, CC corncob, MS macadamia
nut shell.

ABR wvalue can be reported with greater accuracy. A summary of this approach is shown
~In Bquation 4.15.

RT Z; RTZy

Myio

ABRdcliv,new = (4-15)

-

4.9 Comparison of the Updated Method to the Previous Method

To compare the results of delivered ABR values calculated using Equation 4.14 and

Equation 4.15, it is useful to determine a percentage error value by using Equation 4.16.

PE = (ABRdeliﬂ,new - ABRdEliU,Ofd

ABRdeliv,new ) (100%) (4-16)

As shown in Table 4.3 we see that the old method always underestimates the amount of
alr leaving the accumulator system, and therefore reports a smaller delivered ABR than the
new method. As should be expected, the amount of error increases with the amount of air
delivered. While the error associated with the old method is not very large (maximum ~5
% for the cases considered), the improved method of caleulating ABR values offers increased

accuracy for minimal additional computational effort.
. v

L
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Chapter 5

Deflagration Fundamentals

5.1 Introduction

Perhaps tile most dangerous form of combustion, the threat of explosion is present in many
industrial and scientific applications. The potential for costly structural damage and loss
of human life associated with even small incidents makes the field of explosion control and
prevention a very large and complex area of study. An in-depth understanding of the
parameters related to explosions is vital to ensure safe design and operation of any process

in which an explosion could potentially occur.

Unfor%unatcly, explosion behavior is exceedingly difficult to predict, and currently no
universal model for explosion phenomena has been developed. Therefore, engineers entering
the field of explosion prevention and control can quickly be overwhelmed by the wide variety
of theoretical, semi-empirical, and empirical studies available, most of which are valid only
for very specific conditions [35, 36, 37, 38, 39]. Due to the fact that, under certain
circumstances, the ignition properties of the Flash CarbonizationT™ process resembles
an explosion, the goal of this chapter is to provide an overview of one subsection of the
field of explosions—the study of deflagrations in closed vessels—and to summarize the
basic information available in the literature regarding this topic. In later chapters we will
compare and contrast these types of deflagrations to the ignition behavior of the Flash

Carbonization™ process.
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5.2 Classification of Explosions

In order to fully classify’explosions as a unique type of combustion phenomenon?

, an effort
must be made to illuminate the characteristics which separate explosions from normal fires.
The mwajor distinction between fires and explosious is the rate of energy release. In a normal
firc energy is released relatively slov?ﬂy from the fuel. In an explosion the release of energy
oceurs suddenly, typically on the order of microseconds. Additionally, the consequence of
an explosion is a rapidly moving pressure or shock wave, resulting from the rapid expansion
of gases, which is large enough in magnitude to be potentially harmful [40].

Explosiens can ;e classified based on the speed at which they propagate as either
deflagrations or detonations. The reaction front of a deflagration proceeds at a speed
less than the speed of sound. The reaction is propagated primarily by conduction and
diffusion of energy and free radical species into the unreacted fuel oxidant mixture. A
detonation procceds at a speed greater than the speed of sound, and propagates through
comp;essive heating of the unreacted mixture. In general, detonations are more dangerous
than deflagrations because they produce higher peak overpressures [41]. The focus of this
chapter is deflagrations; detonations will only be mentioned in passing. This limited focus
is due to the fact that steps may be taken to mitigate the potentially harmful results of a
_deflagration, primarily through the use of venting techniques. In contrast, it is impossible
to successfully vent a detonation [42, 43]. Additionally, under some conditions, the ignition

behavior of the Flash Carbonization™ process closely resembles slow deflagration behavior.

5.3 Experimental Techniques for Evaluating Deflagrations

The most common experimental setup used to study deflagrations is shown in Figure 5.1 and
Figure 5.2. This apparatus consists of a 20-liter sphere connected to a gas supply system.
Prior to a test the sphere is evacuated, and a desired gas mixture and initial pressure is

set. The gas concentration values are converted to partial pressures, and solenoid operated

!Explosions also occur without combustion. An example of a mechanical explosion occurs when an
automaobile tire blows out. Rapid phase changes can also create explosions, such as when a vessel containing
a liquefied gas stored above its boiling point is ruptured.
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Figure 5.1 A 20-liter sphere used to test the deflagration properties of gaseous mixtures.

20-Liter
Sphere  oniter
Gas Data
Mixing Acquisition
System System
Gas High Speed
Mixing Pressure Transducer
Device

Vacuum

Figure 5.2 Schematic representation of the test apparatus shown in 5.1 [41].

valves—controlled by feedback from a high speed pressure transducer—inject the proper

amount of gas to establish the initial experimental conditions.

A magnetic stirrer is used to ensure a homogonous mixture. Following a short delay to
allow turbulence to dissipate once the mixer is stopped, the mixture is ignited through the
vaporization of a thin strip of wire (similar to a fuse) or by spark ignition [44]. The pressure

behavior of the system as a function of time is then recorded.

5.3.1 Results of Deflagration Experiments

A typical pressure vs. time curve resulting from the experiment described above is shown
in Figure 5.3. Multiple experiments of this type may be conducted to determine the upper

and lower flammability limits of the mixture in question. Two very important parameters
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Figure 5.4 The cubic law indicates that a constant deflagration index Kg may be
established [40].

b
used to characterize the behavior of combustible gas systems result from this type of

pressure data. The first, Pugz, describes the maximum pressure observed. The second
is the maximum slope of the curve (dP/dt)maz. Unlike the maximum explosion pressure,
which is not significantly affected by changes in vessel volume, (dP/dt)mae does depend on
the size of the vessel.

However, as shown in Figure 5.4, a plot of the log of the maximum rate of pressure
change versus the log of the test vessel volume frequently produces a‘straight’. line with a
slope of -1/3. This trend is known as the “cubic law” [40]. The cubic law leads to the

establishment of a value referred to as the deflagration index, K. For a given gas mixture

and set of initial conditions, K¢ is a constant defined by the following equation.
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Maximum Pressure Deflagration Index
Ppaz {barg) K¢ (bar-m/sec)
Chemical | NFPA 68 Bartknecht Senecal | NFPA 68 DBartknecht Senecal
Hydrogen 6.9 6.8 6.5 659 550 638
Methane 7.05 7.1 6.7 64 39 46

Table 5.1 Reported optimum (greatest) values for deflagration indices and maximurmn
pressures of hydrogen and methane in air from three sources. There is good agreement -
for values of Ppaz, but the deflagration index is more difficult to consistently measure
(Adapted from [41]). '

K¢ = (dP/dt)mazV* (5.1)

K¢ is a very important parameter for the design of safety systems; a larger K¢ value
indicates a more violent explosion, with less time available for venting measures to take
effect. Unfortunately, K¢ is not a physical property of the fuel in question. Instead this
value is Senfitive to the composition of the mixture, the mixing within the vessel, the shape
of the reaction vessel, and the energy of ignition source. Therefore, if the K value is to be
used as a design parameter it is very important that experimental conditions mimic those of
the intended application as close as possible (the spherical test vessel shown above may not
be appropriate) [40]. In fact, the value of K commonly differs between rescarchers [44];
some of these values are shown in Table 5.1, However, K values determined in identical
test vessels can be compared to indicate which gas mixture exhibits the most dangerous

explosion characteristics. H

5.3.2 Effect of Initial Conditions

There are many parameters which affect the outcome of a deflagration. An increase in initial
pressure leads to a linear increase in both P, and (dP/dt)mae:. However, an increase
in initial temperature creates an inverse change in the maximum pressure attained. As
shown in Figure 5.5, the initial composition of the mixture also has a significant influence
on the pressure characteristics of the system. Normally, the optimum (largest) values

of Prer and (dP/dt)mer are observed near stoichiowmetric concentrations. Iowever, the
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Figure 5.5 The effect of concentration of the fuel on Pper and (dP/dt)maz [40].

optimum values for both of these indices do not necessarily occur at exactly the same
concentration. Initial turbulence in the gas mixture leads to a somewhat higher maximum
pressure and significantly higher rates of pressure rise. In addition, turbulence is created
diiring a‘deﬂagra,tion as gases move past any obstacles present in the enclosure. This helps

facilitate a phenomenon known as deflagration to detonation transition [40].

5.4 Deflagration to Detonation Transition

It is possible for a deflagration to develop a large enough velocity head {ramming pressure} to
transition to detonation behavior. This behavior occurs when sufficient energy accumulates
in the deflagration pressure wave to create a high level of adiabatic compression. This
¢ompression leads to autoignition and detonation. As shown in Figure 5.6, this can
be observed by irregularities in the curve when the pressure indices are plotted vs.
concentration. Under the experimental conditions used to create Figure 5.6 the propane/air
mixture begins to transition to detonation for a mixture which is approximately 5 percent
propane by volume [45]. Deflagration to detonation transitions are most common in

.pipelines due to the geometric properties of pipes and channels [41].
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Figure 5.6 Characteristics of a fuel which shows the beginning of deflagration to detonation
transition at certain concentrations [45].

Figure 5.7 Silo explosions are an example of the highly combustible properties exhibited by
many dusts.

5.5 Dust Deflagrations

A dust is defined as a finely divided solid 0.016 in or less in diameter. The dusts of
most solid combustible materials, if dispersed in air and exposed to an ignition source, can
burn extremely rapidly leading to an explosion [41]. Dust explosions are most common
in the flour milling, grain storage and coal mining industries. Grain explosions in silos
can be especially devastating as shown in Figure 5.7. The deflagration index for dust,
Ky, is defined in an identical fashion to K. However, experimental determination of the
explosion characteristics of dusts involves some slight modifications to the experimental

procedure discussed above. This topic is covered in the following references [45, 41, 42].
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Chapter 6
Violent Ignition Behavior of Pressurized Packed

Beds of Biomass: A Factorial Study

6.1 Introduction

In laboratory-scale Flash Carbonization™ experiments some fuels have been observed to
ignite violently, resulting in a sudden drastic pressure rise (AP ~1 MPa within 2-3 seconds).
This type of behavior has been observed for corncob and a variety of wood feedstocks,
with corncob demonstrating the most violent behavior of any feed yet examined. Other
feedstock types, such as macadamia nutshells, do not exhibit this type of ignition behavior.
Additionally, this sudden pressurc rise has not been observed for experiments conducted
at reactor operating pressures below 1.14 MPa. Because this event could potentially be
hazardous, a study of this phenomenon was undertaken in preparation for the scale-up of

the Flash Carbonization™ proeess.

6.2 Factorial Experimental Design

In order to examine this violent ignition behavior, an experimental design technique referred
to as the “two-level full factorial method” was employed. This method is especially useful for
indicating basic trends and showing interactions. Each variable or “factor” to be considered
is assigned two levels, the higher value is designated with the “4” symbol, while the lower

L

value is indicated with the sign. The total number of experiments necessary is equal
to 2%, where k is the number of factors to be examined. In this study the influence of
the following three factors are examined: reactor chamber pressure, feed moisture content,

and supplied heater power. Additionally, each experimental condition was duplicated once,

making this approach a 23 full factorial design with replication [46]. Primary advantages of
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this method include: construction of plots that clearly display main effects and interactions

between effects, and ease of statistical analysis.

6.3 Establishing the Factors

6.3.1 Moisture Content

The feed moisture levels employed in this study were achieved using two different
pretreatments—oven-drying (-) and air-drying (+). Air-dried feed was simply removed
from the storage container and allowed to equilib}"ate with the laboratory environment for
one day prior to carbonization. Qven-dried feed was placed in a mechanical convection oven
(Lindberg/Bfue M01440A-1) at a temperature of 105 °C for a minimum of two days prior
to carbonization. Following this pretreatment, the cobs appeared noticeably dehydrated;
the exterior of the cob darkened somewhat from a reddish-orange color to a light brown,
and the overall size of the cob decreased slightly. Samples subjected to oven-drying are
designated “dry”, while samples subjected to air-drying will be referred to as “wet”. The
moisture content of both dry and wet feedstock was determined as discussed in previous
chapters. The mean moisture content {wet-basis) of the dry feedstock employed in this work !
was 1.540.67 %, while the wet feed had a mean moisture content of 11.440.42 %. The feed
moisture content values for each of the experiments individually is shown in Table 6.1. The
mass of the feedstock was recorded for each run immediately prior to the loading of the

canister.

6.3.2 Pressure

Two different initial pressure levels were examined in this study—the “low” (-) value
employed was 1.48 MPa (200 psig) and the “high” (+) value was 2.17 MPa (300 psig).
These two values were selected based on prior expe;imental experience suggesting that these

levels would produce significantly different system responses. Reactor chamber pressure was

monitored using a high-speed pressure transducer (Omega PX602) connected to a SCXI
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' Moisture Content(%)

Run # Date Conditions® Wet Basis Dry Basis
1 1/27/05 --- 14 1.4

2 4/25/05 --- 1.0 1.0

3 2/18/05 +-- 1.5 1.5

4 4/12/05 o+ - - 3.1 3.2

5 3/9/05 -4+ - 11.1 12.5
il 5/18/05 -+ - 11.9 13.5

7 10/18/04 ++- 11.5 13.1

8 4/5/05 + + - 10.8 12.1

9 3/2/08 --+ 1.1 1.1
10 5/16/05 --+ 1.3 1.3
11 6/20/05 +-+ 1.3 1.3
12 5/24/05 + -+ 1.2 1.2
13 6/14/05 -+ + 11.1 12.5
14 1/14/05 -+ + 11.7 13.2
15 6/2/05 + + + 11.2 12.6
16 3/22/05 + + + 11.9 13.5

) %See Table 6.2 for a description of these conditions

Table 6.1 Moisture content on both a dry and wet basis for the experiments conducted for
the ignition study.

data-logging system (National Instruments) which was set to sample at a rate of 100 signals

per second during the ignition phase of the experiment.

6.3.3 Heater Power

*

As discussed previously, by changing the settings of the VariAC a range of voltages may be
supplied to the ignition heater in the carbonizer. Using a set voltage value, and the known
resistance of the electric heater element at room temperature (5.4 Q at 25 C), an initial
value of apparent electrical power value may be calculated. For this study, two apparent
electrical power levels of 1.8 kWe and 1.4 kWe were émployed. From the known heated
surface area of the heater (170.97 cm?) these values may also be reported as 10.52 W/cm?

and 8.19 W/ em?. These heater power settings will be referred to as “high” (+) and “low” (-

} respectively. Note that in past Flash Carbonization ™ experiments similar electric heaters

have failed when the level of voltage supplied was too large. The high value of heater power
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Figure 6.1 Temperature profiles of the electric heater at the two power levels examined.
Note that these tests were conducted in open air.

was chosen to prevent this type of burnout, and the low value was chosen to ensure that
ignition occurred within the first two minutes of every run (to allow for comparisons to prior
work). As shown in Figure 6.1, in open air tests conducted at atmospheric conditions, these
two heater power settings produce a maximum difference in heater temperature of ~90 °C
within one minute, and stabilize to a final temperature difference of ~50 °C in roughly three
minutes. A summary of the three factors examined in this study—initial reactor pressure,

moisture content, and supplied electric heater power—is shown in Table 6.2,

6.4 Other Experimental Details

6.4.1 Basics

As mentioned in previous chapters, a wide variety of biomass feedstocks have been subjected

to the Flash Carbonization™ process. However, for this study corncob was the sole feed
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Factor Level
- - +
A, Reactor Pressure 1.48 MPa 2.17 MPa
B. Moisture Content * Oven-dried Air-dried
(Mean Values on a Wet-Basis) (1.5 £ 0.67%) (11.4 = 0.42%)
C. Heater Power 819 W/ecm?  10.52 W/cm?

Table 6.2 High and low levels for the three factors examined in the ignition study.

used. This limited choice of feedstock is due to the fact that, as mentioned above, the
sudden pressure rise observed during the ignition phase of corncob experiments is most
dramatic of any feedstock encountered thus far. The experimental apparatus employed in
this study is similar to the setup described in the lab-scale reactor chapter. Therefore, only
details relevant to the ignition process will be mentioned here. The catalytic afterburner
was not attached to the system for these experiments. '

To conduct a typical experiment for this study ~0.8 kg of corncob was placed within
the canister. The lowest portion of the canister (approximately 15 em in depth) was filled
with cob which has been broken apart into smaller pieces, approximately 3 cm long by
1 em in width and depth. The remainder of the canister was filled with whole corncobs.
The practice of creating a bottom layer of broken pieces of corncob is a carryover from the
method used by this laboratory to conduct prior corncob experiments. This procedure is

believed to assist in the ignition of the reaction by ircreasing the amount of surface area of

feed in close proximity to the electric heater.

6.4.2 Truncated Experiments

In most experiments preformed for this study, the Flash Carbonization™ process was
aliowed to continue until the bed was fully carbonized in a fashion similar to the method
described in previous chapters. However, during some experiments, the electrical heater was
turned off immediately following the sudden pressure rise. The reactor was then rapidly
purged with nitrogen gas to preserve the biomass bed in the statc at which it existed
immediately following the violent ignition. These truncated experiments were conducted in

an attempt to visually examine the effects the violent ignition has on the feed. For these
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Run # Date Feedstock - Mass of Corncob® (kg)
1 1/27/20056 Corncob, Pistachio Nutshell 0.79
2 4/25/2005 Corncob, Glucose 0.75
3 2/18/2005 Corncob, HMF, Fructose 0.80
4 471272005 Cornceb, Inulin 0.82
5 3/9/2005 Corncob, Inulin, Lignin 0.81
6 5/18/2005 Corncob, Sucrose® 0.82
7 10/18/2004 Corncob, Sucrose® 0.85
8 4/5/2005  Corncob, Macadamia Nutshelt, Oat Hulls 0.56
9 3/2/2005 Corncob, Lignin, Indulin 0.75
10 5/16/2005 Corncob, Sucrose 0.84
11 6,/20/2005 Corncob 0.88
12 5/24/2005 Corneob 0.84
13 6/14/20035 Corncob 0.89

14 1/14/2005 Corneob, Tire 1.01

15 6/2,/2005 Corncob 0.88
16 3/22/2005 Corneob, Kraft Lignin 0.86

Moist mass

b Ammonium phosphate doped

“Boron doped

Table 6.3 Masses of corncob for the ignition runs (and a list of the additional materials
added to these runs for purposes not associated with this study).

runs, the mass of the feedstock after the experiment (following one day of stabilization
to allow equilibration with laboratory conditions} was recorded, and a difference from the
initial value was calculated. As shown in Table 6.3, occasionally a small amount of additional

feedstock was added to the canister for special interests not associated with this study.

6.5 Method of Characterizing the Ignition Response

6.5.1 A Typical Response

A typical pressure-time curve is shown in Figure 6.2, a detail of the ignition period is shown
in Figure 6.3'. The sudden pressure increase, which begins at approximately 56 seconds in
this case, is attributed to the ignition of the biomass feedstock, The flame initiates at the
hottom of the packed bed, near the location of the electric heater, and propagates quickly
to the top of the bed—rapidly blackening the outer layer of each individual corncob—within
a period of approximatcly five seconds (a simple mechanism describing this process will be

proposed in subsequent sections). The sudden rise in pressure associated with this ignition

'This data is from the run conducted June 2, 2005 (Run #15).
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Figure 6.2 A typical pressure profile observed during the violent ignition phase of the Flash
Carbonization™ process (0 sec = ignition heater on).

is preceded by a much more gradual pressure rise, and followed by a decrease in pressure.
This gradual pressure rise is likely due to the heating of the compressed air initially present
in the reactor chamber, and the generation of some gaseous products due to pyrolytic
reactions. Similarly, the pressure decrease, which follows the period of violent combustion,

is associated with cooling of the gases in the system.

6.5.2 Defining the Response Parameters .

From a plot of the type shown in Figure 6.2 three parameters, or system responses,
of importance may be determined. The basis of the first parameter is the maximum
pressure achieved, Fpgr. This peak pressulie may be used to properly select future reaction
vessels, and to determine set-points for automated venting devices. However, to facilitate
comparisons between runs conducted at different initial pressures, it is often more convenient
to represent P, as a change-in-pressure value, APn,.;. This value is established by

simply taking the difff:_f\ence between Fra, and the'initial pressure. The second parameter
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Figure 6.3 Typical values of pressure and (dP/dt) during the violent ignition phase of the
Flash Carbonization™ process (0 sec = ignition heater on).

<
of interest is the maximum rate of pressure rise, (dP/df)maz, Which can be viewed as
characterizing the violence of the combustion phenomenon. The larger the maximum slope
of the pressure vs. time curve, the less time available for safety measures—such as venting
devices—to act. An approximate value of (dP/dt) was determined from the pressure data

using the forward difference equation shown in Equation 6.1.

dP_ Pn+20“Pn“

B 6.1
dit tnt20 ~ tn ( )

Where P represents a pressure data point, £ a time data point, and the subscript denotes
the index of the point in question. Becausc the sampling data rate was 100 signals per
second, the time interval in the depominator of Equation 6.1 is equivalent to (.2 seconds.
The third parameter of interest is the period of time prior to the onset of ignition. This
system response-—which will be referred to as “time-to-ignition” —is measured from the

moment of electric heater activation to the beginning of the sudden pressure rise. The
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beginning of the pressure rise, which will also be referred to as the “point of ignition”, is
defined as the time at which the second dérivative of the pressure vs. time curve reaches
its maximum value. It should be notegl that some elements of the method described above
have been adapted from the field of gas and dust explosion protection as discussed in the
previous chapter. Specifically, the first two parameters mentioned, (dP/dt) oz and Pres,
are identical to the parameters used to characterize the sudden rise in pressure produced
by gaseous and dust deflagrations in closed vessels. Because these parameters are borrowed
from this specialized field of study, a brief discussion of the similarities and differences
between gaseous/dust deflagration behavior and the ignition of the large pieces of solid

biomass fuel in the Flash Carbonization™™ process is warranted.

6.6 Comparison to Deflagration Behavior

As discussed in the preceding chapter, the experimental methods for studying the pressure
rises produced by dust and flammable vapor deflagrations in enclosed vessels are fairly well
established. In order to examine a desired gas or dust mixture, known amounts ofthe
fuel and oxidant are ignited within a specialized spherical pressure vessel, and the pressure
response of the system is recorded by a high speed pressure transducer [45, 44]. With
the exception of the shape of the vessel, this experimental procedure is fairly similar to
the one used for this ignition study. However, note that the typicalf-time to reach the
maximum pressure in a gaseous aeﬂagrat.ion or dust explosion is on the order of 25 ms and
the peak pressure generated is on the order of eight times the initial absolute pressure [41].
Even during the most violent ignitions of the Flash Carbonization™ system the maximum
pressure is reached much more slowly than in a deflagration (~2-3 sec from ignition to P
in a typical Flash Carbonization™ experiment) and the maximum pressures observed are
at maximufn only ~1.6 times the initial absolute pressure of the system. Also note that the
expected maximum rate of pressure rise in a grain deflagration of corncob grit is reported to
be on the order of 21 MPa/s [47], while the maximum (dP/dt)y,q. recorded in this study was

1.21 MPa/s. Regardless of the differences which exist between the violent ignition behaviar
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observed in the Flash Carbonization™ process and explosive deflagration behavior, the
parameters mentioned previously, (dP/dt)maz and Prmaz, are still useful for studying the

Flash Carbonization™ ignition process.

6.7 Results of the Ignition Tests

Table 6.4 shows the results of the experiments conducted for this study. Recorded values of
(dP/dt)mar varied from 0.34 MPa/s to 1.21 MPa/s. For all runs, ignition occurred within
69 seconds (after power was delivered to the heater), and the values of AP, ranged
from (1.42 MPa to greater than 1.31 MPa. Unfortunately, the safety devices which protect
the laboratory ree‘u:tor from hazardous overpressures are designed to maintain the reactor
pressure below 3.48 MPa. The first line of overpressure protection is a solenoid activated,
pneumatically powered, ball valve (Marwin '7333RGS), controlled by the reactor pressure
transducer. thn pressures in excess of 3.48 MPa are achieved, this pneumatic valve opens,
and the reactor chamber pressure decreases. Due to this necessary venting, when the violent
ignition of the feed would have created pressures in excess of this upper system pressure

value (runs #4 and #12) F,,; was not accurately recorded.

6.8 Interpreting the Factorial Experimental Design

The influences of the three primary factors on the mean values of the system responses are
shown gr;.Lphically in Figure 6.4. In the case of (dP/dt)mar, an increase in initial pressure®
created an increase in the maximum rate of pressure rise. Additionally, moving from a wet
feed to a dry feed similarly increased the violence of the ignition. For the case of AP,
parallel trends to those of (dP/dt)q. exist—an increase in initial pressure or a decrease
in moisture content led to a greater maximuin change-in-pressure value. Unfortunately, no
clear trend exists for the time-to-ignition data. The mean AP,,,; values shown in Figure
6.4b include the runs in which venting prevented accurate determination of APp,.. To
determine the mean values shown, a value of 1.31 MPa was substituted for all unknown

A Ppoc values. These values are preceded by a greater-than sign to indicate this uncertainty.
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Factor Response
Run#  Date A®* B? C° (dP/d)max Pmaz APnee  Time-to-
(MPa/s) (MPa) (MPa) Ignition(sec)

1 1/27/05 - - - 0.37 1.96 0.48 21
2 4/25/05 - - - 0.46 2.12 0.64 56
3 2/18/05 4+ - - 0.81 3.09 0.92 44
4 4/12/05  + - - 1.05 >»3.48% >1.31 69
3 3/9/05 -+ 0.34 1.9 0.42 52
4] 5/18/05 -+ - 0.35 2.01 0.53 ob
7 10/18/04 + + - 0.44 2.78 0.61 18
8 4/5/05 + + - 0.41 2.62 0.45 34
9 3/2/05 - -+ 0.39 1.96 0.48 29
10 5/16/05 - -+ (.46 2.14 0.66 46
11 6/20/06 + - + 0.96 3.42 1.25 46
12 5/24/06  + -+ 1.2t >3.48¢ >1.31 47
13 6/14/06 - + + 0.43 1.99 (.51 40
14 1/14/06 -+ + 0.36 1.94 0.46 40
15 6/2/05 + + + 0.77 321 1.04 56
16 3/22/0  +  +  + 0.57 2.98 (.81 37

¢ Initial Pressure “4+7=2.17 MPa “-"=1.48 MPa ‘

¥ Moisture Content “4”=Air Dried (11.4::0.42%) “-"=Oven Dried (1.5::0.67%)

¢ Heater Power “47=10.52 W/em? “"=8,19 W/cm?

4 Necessary venting prevented accurate measurement of Pr,o.

Table 6.4 Reaction conditions"and experimental results of Flash Carbonization™ ignition
experiments.
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Table 6.5 quantitatively shows the influence of the three primary factors, their
interactions, and the associated standard errors, for both the maximum rate of pressure
rise and the time-to-ignition responses. Two primary factors, initial reactor pressure (A),
and feed moisture content (B), as well as the interaction of these two factors (AB), have
significant influence on (dP/dt}mq. (99% confidence interval). Note that the response
of APpygx was not evaluated because of the two experiments in which venting prevented
aceurate recording of Prgz. No trend appears to exist in the time-te-ignition data. Table 6.5
was constructed using the fundamentals of factorial experimental desigx}, analysis of variance
(ANOVA) techniques, and the F-statistic. Recall that the F-statistic employs mean square
values from an ANOVA table to determine whether the null hypothesis can be accepted or
rejected for each factor or interaction. Under the hypothesis that the influence of a main
effect or interaction is zero, the corresponding F-value should be close to 1 (since both the
numerator and the denominator of the F-value are estimating only the error variance in this
case). However, if the null hypothesis is false, the numerator mean square will tend to be
larger than the error mean square, and a large F-value will result. Based on this reasoning,
F-values larger than a specified Fecritical value lead to the rejection of the null hypothesis

L3
for a chosen confidence interval [48].

In the case of (dP/dt)maz, it can be determined that the interaction between the initial
pressure and feed moisture content is significant (F-value>F-critical, 99% confidence).
Therefore, although the primary factors of both initial reactor pressure and feed moisture
content clearly influence (dP/dt}maz, they should not be examined separately [46]. Instead,
the effect of these two factors ought to always be considered simmitaneously in order to
properly anticipate the maximum rate of change in pressure of the system. Heater power,
as well as all of the interaction terms in which heater power is involved, cannot be said to

significantly affect {df/dt)maz-

Table 6.5 shows that statistically no trend can be said to exist in the time-to-ignition
data, reinforcing the conclusion reached graphically above. The lack of a clear influence of

heater power on any of the system responses may be due to inadequate differences between
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(dP/dt)max Time-to-Ignition
Effect+Standard F-Value® EffectxStandard F-Value®
. Error (MPa/s) Error (sec)
Primary Factors?
A 0.3840.05 52.26 1.38+6.58 0.04
B -0.25+0.05 22.71 -3.13+6.58 0.23
C 0.11+0.05 4.44 -1.13+6.58 0.03
Two-Factor
Interactions
AR -0.21+0.05 15.13 -12.134-6.58 3.39
AC 0.08+0.05 242 6.38+6.58 0.94
BC 0.03+0.05 0.42 4.38£6.58 0.44
Three Factor
Interactions
ABC 0.01x£0.05 0.05 10.884-6.58 2.73
2F-Critical (99% confidence) = 11.26
®A=Initial Pressure, B=Moisture Content, C=Heater Power

Table 6.5 The influence of the three primary factors, and their interactions, on the maximim
rate of pressure rise and the time-to-ignition.

the high and low values of heater power selected for this study. Upon closer examination of
Figure 6.1, it appears possible that the two temperature profiles do not deviate drastically
enough within the first minute—the time period in which almost all ignitions occurred—to
create significantly different system responses. However, recall that the heater power choices
were initially selected with the goals of maintaining safe operating levels to prevent element
burnout on the “high” side of this factor, and of maintaining acceptable ignition times on the
“low” side. It was therefore unexpected to determine that the heater power factor, at the two
levels considered, does not demonstrate a significant effect on the time-to-ignition response.
However it is known that heater power does affect the rate at which carbonization proceeds
following ignition. Because the effects of electrical heater power on the carbonization process
have been perfected by the extensive studies detailed in prior work [13], it is unlikely that
heater powers lower than the “low” value considered in this study will be used for future
laboratory scale experiments of the Flash Carbonization™ process, and therefore the heater

power factor will not be examined further at this time.
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Overall, by examining the results of the factorial experimental design, it is clear that an
increase in pressure leads to more vigorous ignition—likely through increased local oxygen
concentration available for combustion—which leads to increased AP, g, and (dP/dt)ma-
Additionally, an increase in feegl moisture content leads to decreased combustion due to
absorption of heat through vaporization of the water present in the feed. Note that both
of these trends mirror those of dust explosions [49]. This factorial design approach has
allowed us to experimentally quantify the parameters of interest for the lab-scale Flash

Carbonization™ system, and to determine that the interaction between moisture content

and pressure is significant.

6.9 A Simple Model

As mentioned previously, occasionally a run was stopped immediately following the sudden
pressure rise, and nitrogen delivered, in an attempt to preserve the feedstock at the state in
which it exists immediately following ignition. In order to examine the sudden préssure rise
from a theoretical standpoint, we'will consider one such truncated experiment (Run #11
in Table 6.4) as a representative example. The results of this model will indicate that the
change of moles in the gas phase may contribute significantly to the pressure rige, and that
heat and mass transfer limitations of the system prevented the continued propagation of
the initial violent combustion, prior to either the fuel or the oxidizer being fully exhausted.

From elemental analysis {see Table 3.2) it is known that, for the type of corncob employed
in this study, the weight percentages of carbon, hydrogen, and oxygen are as follows C:H:0 =
43.42:6.32:46.69. Therefore, the apparent composition formula of corncob may be written as
CH; 74700806 (unit MW = 26.66), and a simple representation of the complete combustion

of corncob with a stoichiometric amount of oxygen is shown in Equation 6.2.

CH1_74700.306 4+ 1.03409 — CO5 + 0.87T4H50 (62)

Assuming that the water in the products remains in the vapor phase, this equation

implies that for every molar unit of corncob consumed, an increase of 0.840 moles occurs
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in the gas phase of the system. By manipulating the ideal gas equation of state, the total
molar amounts of gas present in the system both initially and immediately following the

sudden ignition may be determined from Equations 6.3 and 6.4.

F

EV,oid
N, = T Yvoi )
(= Pl 6:3)
1 V;m' .
Ny = QTJ" (APmax_Rm + Nsz) (6.4)

Where APpqer is the change in system pressure measured during the ignition, R is
the universal gas constant, Vg4 i3 the void volume of the reactor system (filled with
a full corncob canister}, N is the number of moles of all gaseous species, and T is the
temperature of the system. The subscripts ¢ and f indicate the initial and final states
respectively. Recall that, when filled with a full canister of corncob?, the void volume of the
entire laboratory scale Flash Carbonization™ system is known to be 2.32x10724:0.09x1072
m3. For the experiment in question APpq; was equal to 1.25 MPa. The initial and final
temperatures were taken from a thermocouple mounted on the exhaust line, close to the
bottom of the reactor. The exhaust was vented immediately following the ignition, and the
final temperature of the system (Ty ~172 °C) was cstimated from the mean temperature at
the exhaust line in the first three minutes of this venting (temperature sampling rate of 10
samples per min}. The initial temperature was measured by the same thermocouple to be
23 °C. It should be noted that this thermocouple is not actually inside of the reactor, and
therefore gives only an approximate idea of the range of temperatures within the reactor
following ignition.

For the run in question, Equations 6.3 and 6.4 indicate that initially there was a total
of 20.46 moles of gas (air) in the system, and following the sudden pressure rise there was
21.45 moles of gas. By subtracting the initial total molar amount of gas from the final total

amount, a total increase of 0.99 moles is calculated. From Equation 6.2 we know that for

Tt should be noted that this value changes slightly between runs with similar feedstock and more
drastically with different feedstock types.

67



—

¥
every 0.840 moles of excess gas produced, one mole of corncob is consumed. Therefore,

Equation 6.5 may be used to describe thé ignition of the representative experiment.

1.18C H1 74700306 + 4.300; + 16.16 N3 — 1.18C (2 + 1.03H,0 + 3.0805 + 16.16 N, (6.5)

Note that, following the sudden pressure rise, we expect to see an oxygen concentration
of 14.36% by volume. As anticipated, when the reactor was vented immediately followin
ignition, the oxygen analyzer detected a fairly high level of oxygen (~15% initially, which
decreased as combustion continued and N was delivered) present in the exhaust stream of
the process. This fairly high oxygen concentration following ignition is typical, and when
the biomass is examined after such an abbreviated experiment it is clear that only a small
amount of the fecd has beén consumed. In fact, the biomass from this run appeared only-
lightly' blackened as shown in Figure 6.5. In this representative case, after nitrogen was
delivered, the system depressurized, and the feed removed from the canister, a total change
in feedstock mass of 138.46 g was measured. Although this value does not compare too
closely to the 31.44 g predicted by Equation 6.5, note that it is likely that the combustion
reaction continued for a brief period of time—but at a slower rate-—following the violent
ignition, after the heater was shut off, and prior to the nitrogen gas delivery. Additionally,
as can be seen in Figure 6.5, a good amount of fine charcoal dust is produced during
a truncated experiment. The amount of this dust which cannot be collected (ie. lost
during unloading of the canistcr and setup for the picture) certainly accounts for some of
the difference between the experimentall_‘); recorded mass values and that predicted by the

model.

Additionally, recall that for the combustion of simple hydrocarbon gases in air, an
increase in pressure of the system is almost solely a result of the increased temperature
of the products [11]. For example, no increase in moles of gas in the system occurs when

methane is combusted with a stoichiometric amount of air, but very high temperatures—
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Figure 6.5 The visual appearance of the corncob after a truncated experiment. This
particular picture is of the run used to develop the basic model (Run #11 conducted June
20th, 2005). Other truncated runs produced similar results.

and therefore large changes in pressure— result from this reaction. In contrast, following
the combustion of solid biomass during the type of violent ignition examined in this study,
this model indicates that the increase in the number of total moles of gases in the system
has a significant effect on the pressure of the system, although pressure rise still occurs
primarily through the increase in system temperature. For example, if this reaction had
proceeded isothermally, say at a constant temperature of 97.5 °C (the mean value of the
initial and final temperatures) the pressure rise would have been ~0.13 MPa. Therefore,
the generation of excess product gases is responsible for approximately ten percent of the
total pressure rise in the system, a much greater percentage contribution than in systems

involving the combustion of gaseous hydrocarbons.

This conclusion is highly sensitive to the final temperature value, Ty. The very
large thermal gradients in this highly dynamic system following ignition make Ty the
largest source of uncertainty in Equation 6.4. Although no thermocouples were present
inside of the reactor for any experiments conducted for this study, previous workers
have monitored the ignition temperatures of a bed of corncob subjected to the Flash

M

Carbonization™ process [13]. Figure 6.6 gives an idea of the large differences in

temperature observed at different locations inside of the canister. Possible values of Ty
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Figure 6.6 Measured centerline temperature profiles during a typical corncob experiment
(conducted for a previous study) [13].

for the specific representative case for this study (Run #11) can be seen by plotting the
final number of moles in the gas phasc against a range of possible values for Ty as shown
in Figure 6.7. This sort of plot sets the boundaries of possible Ty values. A minimum
value of Ty occurs in the isothermal case—where the pressure rise is solely a result of molar
increase in t-%lle product gases—which occurs at a T of 23 °C. Similarly if the pressure rise
;s only due £0 change in temperature, the final moles in the gas phase are equal to the
initial number of moles, and the maximum value of T} is 192 °C. From this analysis our
approximate experimental value of 172 °C seems to be a plausable estimate of 1.

An energy balance may be employed in order to further check if the value of Ty used
in the above section is reasonable. As a first assumption, the properties of corncob will
*be approximated by those of cellulose. For stoichiometric combustion of cellulose 467 kJ
of heat are released for every mole of Oz combusted [13]. As shown in Equation 6.5, in
the case being considered 1.22 - mol of Qg is assumed to be consurned_. Therefore, 570 kJ

of heat would be released. If we assume all of the heat goes to heating the gas in the
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system and that the specific heat® of the final gas mixture may be approximated by that of

Ny (Cp,n,=0.02958 kJ/(mol-K)) [50], the following equation may be used to calculate the

change in temperature.

570 kJ
= = K 6.6
AT'= 5145 mol)(0.02958 b7/ (mol - K)) 0% ©9

If we assume that the heat is also dissipated into the biomass (Cpeen=1.38

kJ/(kg-K) [13]) the following equation would be true.

570 kJ

AT = [(21.45 mol)(0.02058 kJ/(mol - K)) + (0.88 kg)(1.38 k.J/(kg - K))]

=308 K (6.7)

Finally if we assume the heat is dissipated into the gas, the biomass and an unknown

4

amount of iron?, we can use Equation 6.8 to predict the amount of iron which must be

heated to produce ~150 °C change in temperature.

T Fe

1 (570 kJ

- _0.634 kJ/K — 121 kJ/K | = 3.91 & 6.8
0.5 kJ/(kg - K) \ 150 K / / ) g (68

From this rough calculation it is clear that the energy generated by combusting the

*corncob would be sufficient to raise the system temperature. somewhere close to the

approximate value of Ty used in the above discussion. Although these calculations involve

a high degree of uncertainty, they serve to generally explain the sudden pressure rise

observed during the violent jgnition of the Flash Carbonization™ process, and indicate

that heat and/or mass transfer, as opposed to the complete exhaustion of fuel or oxidant,
A 4

is the limiting factor preventing combustion from continuing at the vigorous rate it initiatly

exhibits. ‘

3All specific heats in this dnalysis are assumed to be constant.
“Which represents the steel in the canister and the pressure vessel. Cp iron=~0.5 kJ/(kg-K} [11].
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6.10 Implications of Visual Evidence

The pictures shown in Figures 6.5 and 6.8 visually support the conclusions reached above.
It appears that during the ignition of the Flash Carbonization™ process, the exterior of
the corncob?® is fully combusted or partially carbonized by the initial violent reaction. This
process creates a carbonized exterior layer surrounding the outside of the cob, which may
Timit mass transfer and inhibit the redction from continuing ai the same vigorous combustion
rate responsible for the initial sudden pressure rise. When compared to other common types
of biotnass fuels (i.e. woods, nutshells), corncob’s layer of fine chafl intuitively appears well
suited to this sort of quick combustion. Interestingly, the pith in some cob samples was
also partially or fully carbonized during the ignition phase of the run. As mentioned in the
chapter entitled “The Laboratory-Scale Flash CarbonizationT™ Reactor”, the pith is similar
chemically to the chaff, and is n(inticea.bly less dense when compared to the woody ring. At
higher pressures it is plausible thlat a significant amount of air can penetrate through the
fairly porous pith, reducing mass transfer limitations, and creating a condition which would
increase the amount of fuel available for the initial violent combustion. Therefore, it is not
surprising that this section of the cob is also partially reacted during the initial ignition,
despite being located in the center of the cob. In general it may be said that an increase in
pressure leads not only to increased local Qs concentration, but also, in the case of porous
feeds, to increased surface area available for reaction. This argument is supported by the
fact that the piths of the cob pieces were observed to be less carbonized in the abbreviated
experiments conducted at the lower pressure level. As the Flash Carbonization™ process
continues, it is likely that the chaff and the pith are fully carbonized prior to the complete
carbonization of the woody ring. Thus, carbonization occurs from both the inside and the
outside of the corncob simultanecusly. The resulting increased amount of simultaneously
reacting surface area of this fuel may explain why the most violent initial system pressure
rises are observed in corncob experiments. For a denser, less porous feedstock, such as

macadamia nutshell, the ability of the pressurized air to make additional surface area

5The majority of fine chaff and some coarse chaff (see Figure 3.10).

73



Figure 6.8 The progression of corncob carbonization. From left to right: an un-carbonized
cob, a cob subjected to the ignition stage only (pith partially carbonized), cob subjected to
the ignition stage only (pith fully carbonized), fully carbonized cob.

available for reaction would be reduced. Consequently, it would be more difficult for
ignition to occur in the violent fashion observed in corncob experiments. Similar arguments
could be made to explain the relatively short reaction time required for the complete Flash

Carbonization™ of this corncob when compared to other feedstock types.
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Chapter 7
The Demonstration-Scale Flash

Carbonization™ Reactor

7.1 Introduction

The demonstration reactor (see Figure 12) is similar to the laboratory-scale systems in
most respects. However, the few exceptions to the preceding statement have made the
task 9f a,sse:mbling the demo-reactor quite challenging. The most obvious difference is the
scale—the pressure vessel used for the carboniZer in the demonstration system has an inner
diameter of 0.91 m (36 in) and a height of 2.74 m (108 in)!. An additional difference is
that the demonstration reactor does not have an accumulator system, but instead relies on
a compressor to deliver air directly to the process. A third factor is that, because no power
from the electrical grid is available at the site of the demo-reactor, all electronic equipment
must be run off of a gasoline-powered electric generator. A schematic of the demonstration
reactor is shown in Figure 7.1. This chapter will describe how the knowledge gained from
the siudies detailed in previous chapters has been applied to select components of the demo-
reactor, and how elements of the Flash Carbonization™ process have been adapted to fit
thi_s commercial scale pilot plant.

7.2 Relief Vent Sizing

.

7.2.1 Introduction and Relationship to the Ignition Study

As a result of the ignition study described in the preceding chapter, we now have a fairly

good idea of what sort of (dP/dt),nq, values can be expected from violent ignitions in the

!Therefore the volume of the demo-reactor carbonizer is ~1.80 m?®, about eighty times greater than the
lab-scale eounterpart. This ratio is actually a bit of an underestimate due to the hemispherical top and
bottom of the demo-reactor carbonizer were not accounted for in this approximate volume calculation.
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Figure 7.1 A schematic of the demonstration reactor (Figure created by Dr. Teppei
Nunoura).
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laboratory scale reactor. In this section this information will be used to examine the pressure
relief requirements of the demonstration reactor. While it is encouraging to note that, in
the case of gaseous and dust deflagrations, when all other parameters are held constant, an
increase in vessel size leads to a decrease in (dP/dt)mq, (see Equation 5.1), at this time we
do not have sufficient experimental information to determine what type of scaling law?, if
any, would be applicable to the sudden violent pressure rise observed during the ignition
of the Flash Carbonization™ process. Instead, we currently assume that the (dP/dt)max
values which could potentially occur in the demonstration reactor system are on the order

of those observed in the laboratory-scale system?®.

7.2.2 Description of Rupture Disks

The desired method of venting hazardous overpressure in the demonstration reactor involves
the installation of rupture disks* similar to the one shown in Figure 7.2. These disks consist
of a lightweight metal that will, when activated, disintegrate or be ripped open and blown
away, allowing pressure in the system to decrease. Currently two of these types of devices are:
installed on the demonstration reactor in the locations shown in Figure 7.1. Both of these
disks have a rated set pressure of 2.92 MPa (409 psig)—when the system pressure exceeds
this' value these disks will burst and the system will vent. This phenomenon has already
*occurred once during preliminary tests of the demonstration reactor system. Both disks
ruptured and the overpressure was successfully vented without any damage to the system.
A photograph showing the results of this occurrence is shown'in Figure 7.3. Although it
was encouraging that the current safety system operated as intended, as a result of the
ignition study detailed in the prior chapter, and the following calculations, we currently

plan to increase the amount of overpressure protection by adding additional rupture disks.

2For [urther informalion see the “cubic law” description in the chapter entitled “Deflagration
Fundamentals”.

*Therefore, the highest value of {dP/dt)maez observed in the ignition study, 1.21 MPa/s, will be used for
the following analysis.

* Also referred to as burst diaphragms.
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Figure 7.2 A typical rupture disk.

Figure 7.3 Following the burst of the rupture disk mounted on the top of the demonstration
reactor (housed in the hexagonal casing), a plume of smoke and a shower of tarry vapors
vented quickly, resulting in the dark stain shown in this photograph.
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723 A Model for Rupture Disk Venting

Flow of gas through a rupture disk is described using an orifice equation similar to the
one shown in Equation 7.1 [40]. Specifically this equation models adiabatic discharge of an
ideal gas through a frictionless nozzle, when the flow is choked, from a large chamber where

velocity is effectively zero [11].

) 2 (k+1)/(k—1) kM,
m= APO\/(m) (RTD) (71)

Where m is the exit mass flow rate, P, and 7, represent the pressure and temperature

at the stagnation conditions inside of the large chamber, A is the cross-sectional area of the
orifice, % is ratio of specific heats for the gas in question, M, is the molecular weight of the
gas, and R is the universal ideal gas constant. The choked flow condition may be checked

using Equation 7.2 [40].

2 )k;{k—l)

P :P"(JH-I

(7.2)

Where P* represents the greatest downstream pressure which permits maximum flow
through the orifice for a given P, value®. In the case we will consider, the pressure of
the surroundings to which the rupture disk vents will be atmospheric (101.325 kPa) .
Additionally, because the exhaust gas would be -;Qmposed primarily of nitrogen (a diatomic
gas) we assume a value of k=14 [51]. Therefore, as long as P, >191.80 kPa the flow will be
choked and we may employ Equation 7.1. If we also assume that the temperature inside of
the chamber (carbonizer vessel) does not change during venting, we may use the follgwing

version of the ideal gas law to relate a rate of change-in-pressure to a rate of change-in-mass.

e dP VM,
" dt RT,

(7.3)

5P* i5 referred to as the choked pressure.
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Equating Equations 7.1 and 7.3 and solving for vent area yields Equation 7.4.

1/2 (k+1)/(k-1)\ ~1/2
A= G2V (ML AL i) (7.4)
dt P, \RT, kE+1

In order to model a worst case scenario, we make the following assumptions: venting *

occurs at the rated pressure of the rupture disks cwrrently installed on the demo-reactor®
of (2.92 MPa), the exhaust gas has a molecular weight similar to that of air (28.97
kg/kmol) [52], and that the largest (dP/dt)mar observed in the ignition study (1.21 MPa/s)
must be vented. This example may be considered a worst case situation for a variety of
reasons. First, consider the fact that, in the ignition study, (dP/df} was never observed to
sustain large values for any significant' period of time (see Figure 6.3). Additionally, when a
full canister of biomass is present in the demo reactor the volume available to be filled with
gas will decrease, which should decrease the required vent area as indicated by Equation 7.4.
Finally, because of the knowledge gained as a result of the ignition study, the low-moisture-
content,/ high—operatiné-pressure’ situations which created the largest (dP/dt)ma, values in
the laboratory ‘will intentionally be avoided in demonstration reactor experiments. In fact,
as a result of this study it is unlikely that the demonstration reactor will ever be operated
above 1.48 MPa (200 psig).

Equation 7.4 may be plotted‘as a function of gas temperature, 7, as shown in Figure 7.4.
Examining this figure we note that, if venting cccurred at a 7, equal to room temperature
(298 K), 2 maximum vent area of 3.72x10™% m? would be reduired. Although ignition
resulting in a sudden pressure rise at this temperature is highly unlikely, the pair of 'u.ne
inch? rupture disks currently installed on the demo-reactor have a combined vent area of
only 7.05x107* m?, This area is not sufficient to vent the desired dP/dt even at the highest

gas temperature considered®. Therefore, the current protection is not sufficient to handle

®Recall that the demo-reactor has a volume of 1.8 m®.

"The inner diameter of a nominal one inch pipe used on the demo-reactor is 0.834 inches (0.0211 m).
This value was used to calculate the vent area of the one inch rupture disk lines.

8 A high temperature value of ~700 °C was observed to occur during Flash Carbonization™ experiments
by prior researchers working with an alternate version of the lab-scale reactor. This previous model of the
lab-scale reactor was equipped with thermocouples inside of the carbonizer {13].
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Figure 7.4 Required vent area as a function of gas temperature,

the venting requirements of this worst case scenario. As a result of this study the best

method of adding additional rupture disks is currently being evaluated.

7.3 Demonstration Reactor Rotameter Evaluation

73.1 Introduction

An experiment was conducted in an attempt to evaluate the accuracy of the rotameter
(Flow-Alert™ Flow Switch HLIT 219) currently installed on the demonstration reactor.
This rotameter is of the variable area based piston-and-spring configuration, as opposed
to the ball-and-tube devices employed on the lab-scale reactor. The techniques used
for this study are similar in some respects to those discussed in the chapter “Airflow,

Compressibility, and Deviations from Ideal Gas Behavior in the Accumulator System”®.

®However, because no accumulatar system is used at the demo-reactor, no part of the system experiences
pressures high enough to warrant consideration of the compressibility factor, Z.
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7.3.2 Experimental Procedure

In preparation for this experiment, the two valves which isolate the afterburner from t,he_i
carbonization vessel were fully closed, and the compressor'? (Ingersol-Rand 2475F15GIR)
was turned on. As soon as the primary-air ball valve was opened and the compressor began
delivering air, the following values were recorded every twenty seconds: system pressure,
temperature of the pipe wall at the inlet of the rotameter, and the volumetric flow rate
indicated by the rotameter. As shown in Figure 7.5, following an initiaII jump, the system
pressure was observed to increase linearly with time. The temperature at the wall of the
pipe also increased throughout the run, although in a less uniform fashion than system
pressurc. Noticeable fluctuations in the temperature value, due to convection, occurred

whenever a strong gust of wind was observed.

7.3.3 Analysis of Results

Using the ideal gas law, an average change in moles of gas, AN, was calculated for each 20

second period using Equation 7.5.

ViIiPh P
AN=N;g-Ni=—= |~~~ — 7.5
-m=5 (27 (7.5

These molar flow rate values were translated to equivalent volumetric flow rates'! at
normal temperature and pressure. Using the recorded data, and the temperature and
pressure correction factors supplied by the manufacturer, a corrected volumetric flow rate
was calculated for each indicated rotameter value. A plot of the indicated, corrected, and
calculated volumnetric flow rate values as a function of time is shown in Figure 7.6.

Clearly, there is not a good agreement between the corrected rotameter value and the
values calculated using the ideal gas law. There is some error in the ideal gas calculation

due to the underestimate of the system volume; an increased system volume value would

124 variety of compressors have been tested for this application, the final selection has nat, yet been made.
1 standard cubic feet per minute (SCFM), centered at the midpoint of each 20 second time interval.
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cause the ideal gas flow values to increase!?. However, when the flow rates in Figure 7.6
are compared to the value the compressor is rated to deliver (25 SCFM), the ideal gas
calculation appears to be more accurate than the corrected rotameter values. This result
suggests that the rotameter is malfunctioning. This hypothesis is supported by the fact.

that the rotameter occasionally sticks and must be hit on the side to resume functioning.

Possible reasons for erronecus rotameter readings include: the presence of the primary
air valve fairly close to the rotameter, back pressure created during runs in which we
attempted to maximize secondary air, and general fatigue due to weathering and lack of
use. It is stated in the rotameter mannal that high magnitude pressure spikes, created by
fast-acting (i.e. ball) valves, can damage the internal components of the meter, resulting in
inaccuracies or malfunctions. Alternatively, these inaccuracies may be a result of instances
where too much sec‘onda,ry air was employed. lf, as a result of this increased secondary air
flow, the pressure in the carbonization chamber was greater than that before the inlet of
the rotameter, a backpressure would result. This situation would cause the rotameter to
act as a check valve, which the manual states can cause an excessive pressure differential.
Large differentials of this sort can damage internal meter components. As a result of this
study, it was determined that the rotameter is currently only useful to indicate flow in a

very qualitative sense, and that it should be replaced by a more robust model.

7.4 Adapting the Ignition and Electrical Systems

Properly selecting the electric heaters used to initiate the reaction in the demé-reactor was
an important step in the scale up of the Flash Carbonization™ process. The primary
criteria for selection of the new electric heaters was that they reach 700 °C fairly quickly.
Once the electric heaters were selected, an electrical generator was sized around these

heaters. Note that this work was preformed prior to the ignition study.

12 systemn velume of approximately 4 m® creates fairly good agreement with the corrected rotameter
values.
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Afterburner Heater Spring-Coiled Heater
Manufacturer ARI ‘ ARI
Part Number (Both Custom) BXX-19B-50-11T BXX-19B-40-11T
Diameter 3/16 in 3/16 in
Heated Length 50 in 40 in
Cold Length: 11 in 11 in
Approx. Surface Area 29.45 in? 23.56 in2
Resistance £.3 Ohms 4.8 Ohms

Table 7.1 Information from two heaters used in experiments conducted to establish the
required power density of the demonstration reactor heaters.

7.4.1 Establishing the Required Power Density of the Demonstration Reactor Heaters

In order to determine which electric heaters should be purchased as the source of ignition

. v
in the demonstration reactor's carbonizer, we performed the following tests on two heaters
which were available in the lab. The first heater had been used previously in the catalytic
afterburner and will therefore be referred to as the “afterburner heater”. It was bent in a
flat spiral-like shape. The second heater will be referred to as the “spring-coiled heater”
because it was bent into a helical spring-like shape. The details of these two heaters are
shown in Table 7.1.

Thermocouples were attiched in similar locations on both heaters (approximately 17
from the tip). The necessary voltages were calculated to achieve-equal power densities in
both heaters (for two separate power densities 59 W/in? and 69 W/in®)13. The hcaters
were connected to the small VariAC and the desired voltages supplied. The maximum
temperature observed and the necessary time to reach the peak value were recorded. The
final stabilization temperature remained close to (within 20 °C) of the peak value in all
experiments. The results of these tests, as shown in Table 7.2, indicate that maximum
temperature is almost directly related to power density. The slight differences in the
temperatures reached, and in the time nceded to reach those temperatures, can be accounted
for by the geometric differences of the heaters, precision of thie VariAC, and the location of
thermocouples,

The power density, PD, of both test heaters was calculated using Equation 7.6 [53].

13 hese values were selected based on listed power densities of heaters we were considering purchasing.

86



Afterburner Heater Spring-Coiled Heater

Power Density = 59 W/in?

Voltage Supplied 104.63 Volts 81.68 Volts
VariAC Percent Setting 87.20% 68%
Temperature 643 C 640 C
Time to Temp. 6 min 30 sec 8 min
Power Density = 68 W/in?

Voltage Supplicd 113.15 Volts 88.33 Volts
VariAC Percent Setting 94% 4%
Max. Temperature 660 C 687 C
Approximate Time to Temp. 6 min - T min

Tablée 7.2 Temperature response of the test heaters to different power densities.

PD=

T (7.6)

+Where V is voltage supplied, I is the measured resistance when the heater is cold,
and Ay is the approximate surface area of the heated portion of the heater (circumference
times length). Note that we expect the resistance of the heater to decrease with increasing
temperature, this fact decreases the accuracy of the simple method of approximating power

density shown in Equation 7.6. However, this method is still acceptable for our purposes.

The goal of the next set of experiments performed was to determine the minimum
voltage (and therefore power density) that would allow each heater to reach 700 °C. For
each run, the VariAC was set at an initially guessed voltage.. The VariAC was switched on,
and the heater was allowed to reach peak temperature. The VariAC was then switched off,
and adjustments made before the next run. If the temperature was too low the voltfige was
increased, if it was too high the voltage was decreased. The voltages needed are shown in

the Table 7.3.

The results of these experiments indicate that a power density greater than 76 W/in?
was desirable for the heaters purchased for the demonstration reactor. With this in mind, a

heater with a power density of 94 W/in? was selected. The full specifications of this heater
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Afterburner Heater Spring-Coiled Heater
Final VariAC Setting 97% TT%
Voltage 116.4 Volts 92.4 Volts
Power Density 73.03 W/in? 75.5 W/in? .

Table 7.3 Voltages needed to reach the desired temperature of 700 °C for two test heaters.

, Heater Purchased

Manufacturer ARI
Part Number BXX-19B-45-5T
Power at 115 Volts 2500 Watts
Power Density at 115 Volts 94 W/in?

} Heated Length 45 in
Diameter 3/16 in
Cold Length 5in

Table 7.4 Specifications of heaters purchased for use in the demaonstration reactor.

are shown in Table 7.4. Note that this model of heater was also installed in the carbonizer

of the lab-scale reactor.

7.4.2 Electrical System -

After establishing which sort of electrical heaters we needed for the demonstration reactor!?,
it remained to be determined if the generator we were planning to purchase (VOLTmaster
LR150V) would be able to supply the total power needs of the system. Table 7.5 and
Figure 7.7 were created in order to ensure that the selected generator would be sufficient.
The components whose power needs are listed as “Unknown™ are considered to require
negligible amounts of power when compared to the demands of the electric heaters, or are
never in operation at the same time’as the heaters. It should be noted that the rated
power of the generator is only slightly more than the maximum power requirements of the
system. However, because the exact amount of power needed for the afterburner heater
was unknown at the time the generator was purchased, a maximum value was used in these
calculations. In practice, a VariAC is used to supply the afterburner heater with less voltage

than listed in Table 7.5.

1 The electrical heaters were assumed to consume the most power of any electrical required for operation
of the demo-reactor.
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Vaoltage Amperage Power
During Operation
3 Primary Tgnition Heaters 120 V 22.68 A (Each) 8,164.8 W {Total)
Temperature and Pressure Gauges 120 vV Unknown Unknown
Vacuum Pump 120 v 36 A 432 W
Automatic Release Valve 120V Unknown Unknown
Data Monitoring System 120V Unknown Unknown
Afterburner Heater (with VariAC) Max 120 V. Max 22,68 A Max 27216 W
Total Power >11,3184 W
Total Rated Power of Generator 12,000 W
Maximum Power of Generator 15,000 W
During Setup and Loading
Hoist 120V 6.21 A T45.7T W
Hydraulic Pump Unknown Unknown Unknown

Table 7.5 A power balance used to determine if the selected generator will be able to meet
power demands. '

I Power Distribution from Generator

Used During Operation Used DLﬁ'ing Setup and Loading
—

Primasy Ignhtion 1eaiers

(e ) —| " I %
Temporaturc and Prossure 8 J_. &0
Gauges 20 Amp 0Amp 50 Amp

20 Amp

240 Volis

Autematic Release Yalve O O i

30 Amp 50 Amp S

@ VOLTwaser LRISOY Generatar

? Hydrsulic Pump
Afterbumer Heater .

120 ¥olis

—

Data Munitaring Sysicm

Figure 7.7 Details of the supply of power from the generator to components of the
demonstration reactor system.
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Appendix A
Developing a Correlation for Higher Heating Value

from Proximate Analysis

A.1 Introduction

Higher heating value (HHV) is defined as the amount of heat released when a fuel is burned
in stoichiometric proportions of air in a steady-flow process, such that the reactants are
initially at a standard reference state (i.e. NTP) and the products are returned to the same
standard reference state [51]'.

It is useful to be able to determine the HIIV of a charcoal sampile using the results of the
simple proximate analysis tests conducted in the R lab [4). A variety of HHV correlations
based on this type of test currently exist in the literature. However, subtle differenc:,s in the
methods used by different researchers to conduct proximate analysis may lead to significant
variations in the reported percentage values of fixed carbon (FC), volatile matter (VM),
and ash (ASH). Assuming this is. true, a correlation éstablished using a small number of
data points taken with the proximate analysis methods employed in the R? laboratory could
potentially predict the higher heating value (HHV) of all our samples with greater accuracy

than correlations based on more detailed studies.

A.2  Previous Correlations

Two previous correlations for HHV from proximate analysis available in the literature are
those developed by Cordero et. al. [54] and Parikh et. al. [55] (as shown in Table A.1).
It should be noted that the equation developed by Cordero was created for lignocellulosics

and carbonaceous materials, while the correlation developed by Parikh is valid for a wide

L4

!Note that at NTP water is in the liquid phase.
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Correlation for HHV (M.J/kg)
Cordero HHV = 0.3543FC + 0.1708VM
Parikh  HHV = 0.3536FC + 0.1558VM - 0.0078ASH

Table A.1 Correlations for HHV from proximate analysis developed by previous researchers.

R3 Lab Correlations for HHV {MJ/kg)
Correlation 1 HHV = (.3495FC + 0.1725VM
Correlation 2 HHV = 0.3511FC+0.173VM-0.0842ASH
Correlation 3 HHV = 35.10-0.1784VM-0.4292A5H

Table A.2 Correlations for HHV from proximate analysis developed for the R® lab.

variety of solid fuels. The study conducted by Cordero employs 24 data points to establish
the correlation and 17 points to validate it. The study conducted by Parikh employs 450
data points to establish the correlation and 100 points for validation. In both cases, least
squares analysis of the data was the basic tool used to establish the correlation in question.
In addition, Parikh developed an algorithm to determine the optimum form of the algebraic
cquation*to be employed. This algorithm considered ten different possible forms of the
equation and concluded that, as shown in Table A.1, the best form includes a coeflicient
for the ASH percentage value. Because the FC value is coupled to the other two variables
(recall FC=100%—ASH-VM), this increase in accuracy may simply be the result of having
an additional coefficient. If this assumption is true, similar results should be obtained with

an equation in an intercept form (i.e. HHV=a1bASH+cVM).

A3 Developing a New Correlation

To establish a correlation based exclusively on the proximate analysis method used in the R®
laboratory, a system of simultaneous linear equations was developed based on the six samples
we recently had tested by Huffman Laboratories. Using multiple regression techniques, a

\ .
solution in a least squares sense was established for this over-determined system?. Three

2The system was solved using Matlab’s backslash operator. The backslash operator is an algorithm
designed to solve systems of equations of the general form AX=B with improved accuracy using QR
decompeosition with pivoting [56].
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different possible forms of the algebraic equation were considered. The equation of the
form which is similar to Cordero (HHV=aFC+bVM) shall be referred to as Correlation 1,
Corgalation 2 is of the form proposed by Parikh (HHV=alF C—I—bVM-{-cAl“SH)-’, and Correlation
3 is of the intercept format (HHV=a+bASH+cVM}). The correlations developed as a result

of this analysis are shown in Table A.2.

A4  Analysis of Results

As shown in Tables A.3 and A4, as well as in Figures A.1-A.5 , our correlations seem

to fit our data slightly better than the correlations from the literature. The percent error
appears to be on the same order as the previously established correlations, and the maximum
absolute error and the average absolute error is the lowest for our three correlations. Where
percent error, PE, and average absolute error, AAE, are defined as shown in Equations A1

and A.2 respectively. Absclute percent error is defined as the absolute value of Equation A 1.

The'maximum absolute error indicated in Tables A.3 and A.4 includes all of the data points.

HHVPredicted - HHVA’Ieasured)
PE = 100% Al
( HH VM easured ( 0) ( )

- T

) 1
AAE:EZ

i=1

HHVPredz'cted - HHVMcasurcd
HHVMeasured

(100%) (A.2)

To some extent these promising results may only be a reflection of the fact that the
first six data points were used to create the correlations. However, the graphs shown
in Figures A.1-A.5 seem to indicate that our correlations} offer a better fit for this data
(for example Cordero’s values practically all have positive errors). It is also interesting to
note that Correlation 3, the intercept form, has the smallest average absolute error. This
equation offers a good adjusted R-squared value of 0.974, These facts, as well as the physical
motivation mentioned above, leads to the conclusion that Correlation 3 should be the form

employed for future work in this lab.
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Parikh
33.885 (+ 0.55)
32.744 (+ 0.62)
32.405 (- 0.51)
31.145 (+ 1.60)
30.589 (+ 0.25)

27.754 (-1.74)

33.596 (+ 0.12)
31.225 (+ 0.41)
31.696 (+ 2.42)
33.097 (- 0.73)

Values of HHV (MJ/kg) and Errors (%)
Experimental Cordero

33.699 34.046 (4 1.03)
32.543 32.940 (+ 1.22)
32.571 32.671 (4 0.31)
30.655 31.465 (+ 2.64)
30.513 30.994 (+ 1.58)
28.245 28.334 (4 0.32)
33.5 33.762 (4 0.81)
31.1 31.583 (+ 1.56}
30.9 31.978 (+ 3.34)
33.3 33.313 (- 0.08)

Max. Abs. Error (%) 3.34

Avg. Abs. Error (%) 1.27

2.42
0.89

Table A.3 Calculated values (and the percentage error) of HHV from the different

correlations developed by previous researchers.
L

Values of HHV (MJ /kg) and Errors (%)

Experimental Correlation 1 Correlation 2 Correlation 3
33.699 33.608 (- 0.27) 33.693 (- 0.02) 33.686 (- 0.04)
32.543 32,522 (- 0.06) 32.391 (- 0.47) 32.399 (- 0.44)
32.571 32.281 (- 0.89) 32.350 (- 0.68) 32.341 (- 0.71)
30.655 31.104 (+ 1.47) 31.006 (+ 1.15) 31.008 (+ 1.15)
30.513 30.668 (+ 0.51) 30.768 (+ 0.84) 30.754 (+ 0.79)
28.245 28.091 (+ 0.55) 28.049 (- 0.69) 28.041 (~ 0.72)

33.5 33.329 (- 0.68) 33.353 (- 0.61) 33.386 (- 0.51)
31.1 31.235 (- 0.44) 31.330 (+ 0.74) 31.317 (+ 0.70)
30.9 31.599 (+ 2.11) 31.513 (+ 1.83) 31.515 (+ 1.84)
33.3 32.901 (- 1.32) 32.973 (- 1.10) 32.965 (- 1.13)
Max. Abs. Error (%) 2.11 1.83 1.84
Avg. Abs. Error (%) 0.83 0.81 0.80

Table A.4 Calculated values (and the percentage error) of HHV from the different
*correlations developed for the 3 Laboratory. It should be noted that the first six data

points were used to establish these correlations.
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Figure A.1 Comparison between measured and predicted HHV using Cordero’s Correlation.
Note that almost all error values are positive, indicating a systemic error of some sort.
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Figure A.2 Comparison between measured and predicted HHV using Parikh’s Correlation.
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Figure A.3 Comparison between measured and predicted - HHV using Correlation 1. Note
that six of the plotted values were used to create Correlations 1-3.
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Figure A.4 Comparison between measured and predicted HHV using Correlation 2. As
should be expected, correlations which employ three coeflicients fit the data better than
those with only two.
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Carrelstion 3 (HH V=35 10-8.1 T84V M-.4192ASH)
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Figure A.5 Comparison between measured and predicted HHV using Correlation 3, Because
this intercopt form is the most accurate {(as well as the most physically practicat), it should
be employed in future work conducted at the R® laboratory.
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Appendix B
Safe Operating Procedures for the

Laboratory-Scale Reactor
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INTRODUCTION AND PURPOSE

Currently research is being conducted in the R? laboratory at the
University of Hawaii in which the process of “Flash Carbonization” is
used to produce charcoal from biomass. In this novel procedure a packed
bed of biomass is placed within a vessel and exposed to elevated
pressures. When a flash fire is ignited within the bed, the biomass is
converted to biocarbon (i.e. charcoal) quickly and efficiently.

The apparatus currently used to study this process is referred to as the
“lab-scalc™ flash carbonization reactor (to differentiate it from a
commercial-scale demonstration reactor, that is also being developed). As
shown in Figure 1 the lab-scale reactor consists of a pressure vessel into
which the canister containing biomass is lowered. Once the pressure
vessel is sealed an electric heater is employed to ignite the contents of the
canister. Primary airflow is supplied from the air accumulator. The
exhaust gases from the combustion process are treated to reduce pollutants
in the catalytic afterburner. When desired, secondary air from a separate
compressed air cylinder can be provided to improve the performance of
the catalytic afterburner.
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» R’ Laboratory OPS-NO-001 Rev. 3
Hawalii Natural Energy lastitute Operating Procedure

LABARATORY SCALE FLASH CARBONIZATION REACTOR
SAFE OPERATING PROCEDURES MANUAL

Introduction and Purpose (cont.)

‘This manual provides the necessary instructions for the safe operation of
the lab-scale reactor, including details related to setup, sampling, data
acquisition, maintenance, disassembly, and known hazards.

s
I

RM

MMV

T

Figure 1. Overall schematic diagram of the lab-scale Flash Carbonization Reactor and
the catalytic afterburner. A, air accumulator; BPV, back-pressure control valve; C,
compressor; CI, canister with insulation; CM, catalyst monolith; DDV, downdraft valve;
FI, funnel with insulation; GSP, gas sampling port; H, electric heater; IV, isolation
valve; MMV, micrometer valve; O, oxygen analyzer; PG, pressure gauge; PT, pressure
transducer; PV, pressure vessel; R, regulator; RM, rotameler; SRD, safety rapture disk;
T, air tank; TC, thermocouple; UDV, updraft valve; WT, water trap.

HAZARDS AND NEAR MISSES

Health Hazards Avoid breathing exhaust gases. Ensure adequate ventilation to prevent
asphyxiation and carbon monoxide poisoning. Verify that the exhaust
hood is working properly before the start of run. If a strong smell
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R’ Laboratory

OPS-NO-001 Rev. 3

Hawaii Natural Energy Institute Operating Procedure

LABARATORY SCALE FLASH CARBONIZATION REACTOR

SAFE OPERATING PROCEDURES MANUAL

Hazards and Near Misses (cont.)

Near Misses

of exhaust is detected during the run its source should be located and dealt
with in the appropriate fashion. If the leak is severe, air delivery should be
terminated and the run aborted.

Carbon monoxide is highly toxic when inhaled. Exposure can causc
death. Cumulative exposure to low levels is hazardous and may affect the
nervous system. Insure that the carbon monoxide detector is activated
prior to the start of the run.

If the catalytic afterburner is not employed, the exhaust gases are
flammable. Avoid exposure to potential ignition sources.

Pressurized vessels and pipes could potentially rupture. Safety glasses
must be worn at all times.

Electrical connections create the risk of shock or electrocution. Verify all
power sources are disconnected before modifications are made to the
system wiring. Ensure proper grounding of all equipment. Be
continuously aware of all possible elecirical hazards.

During the run many components of the system become hot. Avoid
contact until sufficient time has passed to allow cooling.

Clogged lines and valves present hazards. Maintenance of the system is
critical to prevent buildup (see appendix for details).

Nitrile gloves should be worn when handling charcoal.

Inhalation of charcoal dust is potentially toxic. Respirator masks should
be worn whenever significant amounts of small charcoal particles are
present.

The liquid collected in the reactor’s water traps is potentially hazardous.
Nitrile gloves should be worn when this liquid is handled and inhalation of
vapors should be minimized.

It is essential that when a new hazard is determined or a near miss occurs
it be recorded and the safe operating procedures be updated. The
Jollowing is a record of dangerous situations that have already been
observed and should be avoided in the future.
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Hawaii Natural Energy Institute™ _ Operating Procedure

LABARATORY SCALE FLASH CARBONIZATION REACTOR
SAFE OPERATING PROCEDURES MANUAL

Hazards and Near Misses (cont.)

Vacutainers have burst during gas sampling. The sampling needle has
come close to injuring operators. Always follow the safe gas sampling
procedure as detailed in the appendix.

When pistachio nuts were uséd as a feedstock, a flammable liquid pitch-
like substance collected at the bottom of the reactor. This liquid flowed
into the exhaust line causing the line to glow red hot. The run was aborted
immediately. Pistachio nuts should not be used as a feed.

PROCEDURE

Preparation and Loading

1. Examine Experimental Proposal Form
¢ Note purpose of experiment; consider what makes this run
different from prior work.
¢ Note feed type, pressure and dir delivery values, loading and
sampling specifics, and any other additional information indicated.
s Reference the prior work listed for more information.

2. Weigh and load feedstock

* Read notes regarding specific feedstock to be used (see Appendix).

o Take proper safety precautions. Depending on feed type this may
include wearing dusk mask and gloves.

» Ioad desired amount of feedstock into the canister. Maintain a
minimum of one inch spacing between top of the feedstock and the
top edge of the canister.

*  Weigh empty Nalgene containers (large, white, plastic beakers).

* Sort feedstock from the canister into three Nalgene containers.
One container should correspond to the top portion of the canister,
one to the middle, and one to the bottom.

» Label the containers with feedstock type.

* Set aside small sample from excess feedstock for moisture content
analysis.
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LABARATORY SCALE FLASH CARBONIZATION REACTOR

SAFE OPERATING PROCEDURES MANUAL

Preparation and Loading (cont.)

¥

Air Hole in Canister

Gasket

% Marking Notch

Figure 2. Proper orientation of canister gasket. The air hole in the gasket should be located on the
opposite side of the canister from the marking notch,

Let feedstock come to equilibrium with room conditions by
exposing it to the air in the lab for one day.

On the following day, measure the combined weight of the
containers and feedstock using the large balance.

Record weights, the date, and other important information on the
canister record sheet (an example of this sheet is in the Appendix).
Return the feedstock to the canister.

Place screen and weights on top of feedstock. Record bed height.
Ensure air hole is aligned properly as shown in fig. 2. Secure lid.
Attach wire used to load canister.

Reload Canister

Lift loaded canister with winch above pressure vessel.

Align rails of canister with slots mounted inside of pressure vessel.
Ensure air fitting is aligned properly.

Lower canister into pressure vessel.

Flange assembly. *

Remove old flange gasket, if possible save gasket for next run.
Use gasket scraper to clean remaining old gasket material from
flange faces.

Prepare new gasket if old gasket is no fonger functional.
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Hawaii Natural Energy Institute | Operating Procedure

LABARATORY SCALE FLASH CARBONIZATION REACTOR
SAFE OPERATING PROCEDURES MANUAL

Preparation and Loading (cont.)

» Ifnew gaskets need to be ordered contact “Industrial Gasket and
Supply Co.”, a Flexitallic gasket Licensee (phone # (310} 530-
1771). Order permanite ring gaskets (sheet # AF2100). These
gaskets should be 1/16” thick, have an outer diameter of 8 34" and
an inter diameter of 6 5/8”.

To Air Inlet

To Primary Vent Line
To Emergency Vent
Line

————————— Bolt Number 2

Figure 3. Proper flange orientation as seen from front of reactor.

* Paint graphite paste on bottom of gasket.

 Set gasket in place. Paint one half of the top of the gasket.

*  Verify that vent tubes are properly aligned.

» Attach quick connect fitting.

* Paint remaining half of gasket top.

s Lower flange into place.

» [nstall studs, nuts, and washers to finger tight.

* Bolts 1 and 2 (sce figure 4) are the bolts that always remain as
guides for the flange.

» Bolts 5,6,11,12 cannot accommeodate a bottom washer.

5. Tighten Flange Bolts
» Use the large adjustable wrench and socket wrench.
* Follow the bolt tightening order shown in the figure below (this
diagram is also located on the exhaust hood).
* Cycle through the order three times.
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Preparation and Loading (cont.)

11

7 —— Front of Reactor
(Toward Control Panel)

Figure 4. Bolt tightening pattern for the flange on the reactor pressure vessel, Repeat this order three
times.
Connections and Settings

1. Ensure ball valve at rear of reactor is closed.

2. Connect two venf lines and one air inlet line at the top of the reactor.
» Clean all fittings with alcohol prior to connection.

3. Afterburner connections (if afierburner is used).

o (Connect two 1” Swagelok lines to catalytic afterburner.

¢ Connect power cable to vacuum pump used in gas sampling, and
power for the afterburner heater.

o Connect the two green 10 gauge wires with the twist lock
connector. This wire is connected to the frame of the reactor and

then grounded to a cold water pipe.
e (Conncct thermocouples.

4. Attach large pipe reservoir for exhaust condensate.
* Install wood mount to support the reservoir.

5.- Comnect the power cords for the main heater transformer, the
compressor power, and the accumulator cart power. All connections
should be made with standard three-prong 120-volt extension cords to
the wall outlets. '

6. Charge Air Accumulator.
s Remove moisture from compressor reservoir.
o Ensure all accumulator valves are closed.

L4
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Connections and Settings (cont.)

10.

11.

Turn on compressor,

Open accumulator inlet valve,

Run air compressor until accumulator pressure is approximately
4500 psig. s

Close accumulator inlet valve.

Turn off compressor.

Note that the compressor’s dipstick should be checked monthly,
and the oil replaced when noticeably low or dirty (approximately
every six months).

Set the ignition heater and catalytic afterburner heater at desired
values.

Do not turn the heaters on yet.

Charge reactor vessel.

Set automatic pressure release system to desired pressure, (Note:
The maximum value this system should ever be set to is 400 psig.
If the set value is exceeded by 11 psi the automatic pressure release
valve will open). .

Open the accumulator outlet valve and atlow air from accumulator
to flow to the reactor vessel.

Wait until the reactor vessel reaches the desired operating pressure.
Follow procedure above to recharge accumulator to 4500 psig.

Connect data acquisition computer and prepare to record data (see
appendix).

Verify that the automatic pressure release is enabled and will act if
pressure limits are exceeded.

Attach Oxygen (O2) meter and Filter.

Attach O2 meter to C-clamp on side of reactor.

Set the particulate filter on the cart. Fill the reservoir of the filter
with ice and water. Connect the inlet and outlet tubing.

Attach filter thermocouple.

Tum on O2 meter approximately fifteen minutes prior to the start
of the run.

With the O2 meter inlét port exposed to room conditions, calibrate
using small screwdriver until display reads 20.9% (sce the figure
below).

Date Printed: 09/28/05
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Connections and Settings (cont.)

Outlet
Inlet

- N

20.9

Light
CIM rower

@ + Adjust

—

Figure 5. The oxygen meter. When exposed to room conditions the O2 level should be 20.9 %.

e Note that the value indicated by the O2 meter will drift lower as
the catalytic afterburner heater warms up. If the afterburner is not
being used and the value indicated by the O2 meter changes, repeat
the calibration immediately before the run begins.

»  Attach the sampling hoses to the O2 meter.

¢ The black hose attaches to the inlet of the meter, the white hose
attaches to the outlet.

e Ifany problems arise the manual is located where the meter is
stored in cabinet 11-5H (see lab layout).

12. Set the primary air micrometer valve to desired value.
e See prior experiments to determine micrometer valve setting for
specific pressure flow rates.
* This value should be on the order of 10-20 micrometer units.

13. Tum on the variable autotransformer (vartAC) that regulates power to
the catalytic afterburner heater.
» Insure the variAC is set at the value indicated on the experimental
proposal form,
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Connections and Settings (cont.)

* Do not begin run until temperature at the afterburner base is
approximately 300 degrees C (this should take approximately 30
min).

,14. Begin Taking Data
* Click “Run Task” within the computer program VI Logger as soon
as the catalytic afterbumer heater is tumed on.
¢ Insure that all desired data signals are recording correctly.

Operation

The following is an example of a typical procedure. The actual procedure will vary according to
the goals of the current research effort. The experimental proposal form provides details of the
exact procedure for each run.

1. At time t=0.

e Open ball valve at rear of reactor.

¢ Turn on power to main heater.

e Monitor pressure in reactor vessel,

. 'Begin recording the oxygen level (as indicated by the O2 meter)
every 30 seconds.
Maintain desired pressure value by opening down draft valve when
necessary. Continue to do so for the rest of the run.

2. At approximately t=2 min.
¢ Turn on primary air at the accumulator outlet valve.
e Open micrometer valve as necessary during the run to maintain a
constant change in accumulator pressure per unit time,

3. Pressure may cause automatic release valve to blow.
* Frequently there is a quick rise in pressure inside the primary
reactor vesse]l immediately following imitial combustion. When
- this pressure rise occurs allow the automatic release valve to blow.
This will cause the pressure in the vessel to fall below the desired
pressure.
* Do not attempt to compensate by opening the down draft valve or
increasing airflow rate, the desired operating pressure will
eventually be restored by the flow of primary air.

.
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Operation (cont.)

4., When the oxygen level falls to approximately 4% begin delivery of the
secondary air. -
¢ Open the secondary air micrometer valve (usually between one and
two full rotations initially).

e If the oxygen level continues to fall increase the flow of secondary
air.

¢ If the oxygen level rises above 5 percent decrease the flow of
secondary air.

e Continue this process until end of run. N

5. Take gas samples as desired if the afterburner is being employed (see
appendix). :

6. Run the reactor until feedstock has been fully carbonized. Indicators
that the run is complete include:
« The temperatures above the catalyst begin to fall quickly,
» Oxygen level rises steadily, as indicated by the O2 meter (this is
not necessarily a good indicator when secondary air is supplied).
e The amount of primary air supplied is comparable to that delivered
in an carlier, successful run,

Shut bown

1. Stop the flow of primary and secondary air.
e Close accumulator outlet valve, and secondary air micrometer
valve.
* Record the stop time.

2. Release pressure from reactor vessel
¢ Open the downdraft valve and slowly decrease the pressure in the

reactor vessel.

3. Let system cool overnight.

Unleading and Disassembly

1. Purge system with nitrogen.
s Insure gas can flow through the system (downdraft and ball valves
open).
¢ Connect nitrogen cylinder to primary air inlet. .
e Set regulator on cylinder to approximately 10 psig.

-
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Unloading and Disassembly (cont.)

» Let nitrogen flow through the system for approximately five
minutes.

2. Disconnect catalytic afterbumer.

3. Disconnect vent tubes and air inlet from the flange.

4. Undo bolts and use hoist to remove flange from reactor vessel.
¢ Remove bolts in the same order they were tightened in.
* Lower flange onto wood blocks on a cart.

5. Lift out canister
e Place cardboard mat on floor.
. » Use hoist to lift out canister
e Place canister on cardboard mat.
Fix ventilation duct tube over opened reactor.

6. Empty contents of canister.
+ Empty carbonized feedstock onto tarp!
» Split into three sections (top, muddle and bottom).
« Weigh each section.
¢ . Set aside sample from each section to determine moisture content.

Date Printed: 09/28/05 OPS-NO-00t Rev, | Page 12 of 18



R’ Laboratory OPS-NO-001 Rev. 3
Hawaii Natural Energy Institute Operating Procedure

LABARATORY SCALE FLASH CARBONIZATION REACTOR
SAFE OPERATING PROCEDURES MANUAL

Appendix
1) Feedstock Notes
2) Gas Sampling
3) Data Acquisition
4) Required Maintenance Schedule

3) Example Canister Record Sheet
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APPENDIX 1: FEEDSTOCK NOTES

¥

Corn Cob 1. Wear gloves when handling cobs.
2. Remove needed amount of cobs from large gray bin labeled “corn
cob”.
3. Break cobs into uniform pieces using hands and the vice.
4. Sort the cobs by size.
5. Remove and discard any remaining husks.
6. Place a 4-6 inch layer of small pieces in the bottom of the canister to
encourage inttial ignition.
7. Arrange six of the larger pieces of cob into a cylinder-like shape
approximately the same diameter as the canister.
8. Insert layers of cob in this fashion as shown in Flgure A.l,using a
stick to insure uniform packing.
9. Maintain a minimum of 1” clcarance on top of canister.
5 Canister Corn Cob
Figure A.1 Top view of canister and one layer of six large pieces of corncob.
Mac Shell 1. Wear gloves when handling macadamia nut shells (mac shells).

Separate desired amount of mac shells from the large gray bin labeled
. “macadamia nut shells”.
3. Ensure all shells chosen are broken and no full nuts remain.
4. Pour mac shells into canister.
5. Maintain a minimum of 1” clearance on top of canister.

APPENDIX 2: GAS SAMPLING

The following procedure may be employed to gather gas samples used to evaluate the effect the
catalytic afterburner has on emissions. Two gas sampling loops are mounted on the afierburner
cart. One loop samples the inlet of the afterburner, and the other the outlet.

1. The initial state of the valves before each sample should be: V1 =
closed, V2-V5 = opened, and a cover of the needle is removed (see
figure A 2 for valve numbering).

2. Set a vacutainer at the sampling port needle.

Turn on the vacuum pump and wait for a while (usually 1 minute).

4. Close V4 and V3. ’

(V8]
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Appendix 2: Gas Sampling (cont.)

5. Turn off the vacuum pump.

6. Follow one of the procedures below as determined by the operational
pressure inside the reactor pressure vessel.

7. If 75 psig £ P £ 150 psig: Close V3 — Open V1 — Close V1 — Open
V3 > Close V3 — Open V5 — Close V5

8. If 150 psig <P <300 psig: Close V2 and V3 — Open V1 — Close V1
— Open V2 — Close V2 = Open V3 — Close V3 — Open V5 —
Close V3

9. Remove the vacutainer.

10. Go back to initial conditions. Note that the procedure is identical for
gas sampling before and after the catalytic monolith. When the last
sample is finished replace cover on the needle of the sampling port.

_ Pressure Gauge
Gas Sampling  Vacuum Pump

Valve Valve g g— Inlet
Second Loop  Gauge Isolation Gas In Valve
: Isclation Valve Valve
Qutlet for Gas
Sampling .

Figure A.2 Gas sampling plumbing diagram. The valve configuration is identical for sampling both
before and after afterburner.

APPENDIX 3: DATA AQUASITION .

The following procedure details the steps necessary to prepare the laptop computer to record
data during a standard flash carbonization experiment.

1. Insert National Instruments Type II PC card (DAQCard-6062E) into
the laptop computer.

2. Turn on computer. v

3. Connect the two pressure transducers and all desired thermocouples
(usually 13-14) to the jack panel mounted on the rear of the cart.

4. Tum on the power on the chassis (where the Amplifier and Terminal
Block are mounted see the figure below).

5. Connect the output from the chassis to the PCI card.

A
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Appendix 3: Data Acquisition (cont.)

6. Open the computer program “VI Logger” (a data logging program
produced by national instruments).
7. Click on “VI Logger Tasks”
8. Click on “Copy of NI-DAQ Task
9. Ensure the desired channels are being monitored and that the sampling
rate is correct. (for more information please see the VI Logger
Manual)
10. Click the “Real Time Data” tab to prepare to monitor the data.
11. Open the computer clock by double clicking on the clock in the lower
right hand corner of the screen.
12. The screen should now appear as shown in the screenshot below.
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Figure A.3 Scr
experimental dat

Inputs from
Thermocouples
Pressure Transd

Figure

eenshot of the computer program “VI Logger™ as it should appear when
a is being recorded.

PC Card,
Computer

Jack Panel

and
ucers

Terminal Block,
Amplifier

A.4 Schematic of information flow for the data acquisition system.
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Appendix 3: Data Acquisition (cont.)

Location of PC Card Port
Laptop Computer (NI DAQCard-6062E)
Running “VI Logger” — .

Chassis (N1 SCXI-1000), with
| internally mounted Thermocouple

- U T Amplifier (NI SCXI-1102)
'\‘\

+

Power — |
Switch

\ Terminal Block

(NI SCXI-1303)

Figure A.5 Schematic of the data acquisition cart.

APPENDIX 4: REQUIRED MAITANENCE SCHEDUAL

The following describes the necessary tasks to maintain the lab scale reactor. Items that have
been included in other sections are repeated here for completeness. Records of proper
maintenance should be maintained on the “Laboratory Scale Reactor Maintenance Sheet”
posted on the front of the reactor.

1. Remove, examine, and clean all plumbing aftér a period of ten runs.

2. Visually inspect burst diaphragm whenever plumbing is removed
(once every ten runs).

3. Test spring release safety valve once every year. Record date tested
on the valve.

4. Clean fittings that are frequently removed (such as those on the top

/ flange of the pressure vessel) with alcohol before they are reattached.

5. Exercisc the downdraft valve by fully opening and closing it multiple
times prior to each run.

6. Empty water traps on the day following each run. Remove the plug at
the bottom of the water trap under the exhaust hood and thoroughly
clean after every ten runs.

7. Change oil in compressor when dirty or low (at least every six
months). .
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APPENDIX 5: EXAMPLE CANISTER RECORD & REACTOR MAINTENANCE SHEETS

SEE ATTACHED PAGES

Date Printed: 09/28/05 OPS-NQ-001 Rev. 1 Page 18 of 18



Appendix C
Safe Operating Procedures for the

Demonstration-Scale Reactor: Cold Flow Test

98



R3 Laboratory OPS-NQ-002 Rev. 3
Hawait Naturat Energy Institute _ Operating Procedure

DEMONSTRATION FLASH CARBONIZATION™ REACTCOR
COLD FLOW TEST SAFE OPERATING PROCEDURES MANUAL

CREATED BY: Sam Wade

APPROVED BY: DATE:

Table of Contents

INTRODUCTION AND PURPOSE. ...ttt et e 1-2
HEALTH HAZARD S e e 2
PROCEDURE. ... e e e 3-5
Preparation ........cooiiiiinienn JET ST POUPRRURRTORRRRRPOOS 3-4
L0511 = LT 1 4
UL DO L e e 4-5
AP PEN D K o e 6-12
Appendix A: Cold Flow Tests Experimental Proposal Forms....................os 6-9
T O O P PO 7
Test #2. o RO 8
L P S 9
Appendix B: Cold Flow Test Record Sheet............ooi e 10
Appendix C: VI Logger Settings..........oooiiiiiiii 11
Appendix D: Plumbing Diagram of REActor.........ccvuviineiioiiii i, 12

INTRODUCTION AND PURPOSE

i »  Currently research is being conducted in the R® laboratory in which

the process of Flash Carbonization™ is used to produce charcoal from
biomass. In this novel procedure a packed bed of biomass is placed within
a vessel and exposed to elevated pressures. When a flash fire is ignited
within the bed, the biomass is converted to biocarbon (i.e. charcoal)
quickly and efficiently.

In order to illustrate the feasibility of employing this process on a
commercial scale, a pilot plant bas been built on the University of Hawaii
Campus. This apparatus is referred to as the “demonstration flash
carbonization reactor’ (in order to differentiate it from the laboratory-scale
reactor with which the process was developed).

Tests will be conducted to ensure that the plumbing of the demonstration
reactor has been installed correctly, and that the inlet and exhaust airflow
can be controlled as desired. During these tests the electric heaters will
not be employed, and no biomass will be ignited. Because there will

be no temperature difference between the inlet and exhaust gas, these
tests are referred to as “cold flow tests”. This safe operating procedures
manual provides the necessary instructions for the correct operation of the
demonstration reactor during such a cold flow test.
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HEALTH HAZARDS

Pressurized vessels’and pipes could potentially rupture. Safety glasses
must be worn at all times. Pressure gauges and transducers must be
monitored at all times. Overpressure protection devices must be properly
maintained.

Electrical connections create the risk of shock or electrocution. Verify
all power sources are disconnected before modifications are made to
the system wiring. Ensure proper grounding of all equipment. Be
continuously aware of all electrical hazards.

Hydraulic vessel closure system presents hazards during operation.
Ensure safety devices are correctly installed and operational.

Generators, compressors, and leaf-blowers are fucled by gasoline. All
possible ignition sources must be kept at a safe distance from these
devices.

J
Use caution when employing the hoist and gantry system. Heavy loads
may unexpectedly come loose. Hard hats must be worn at all times.

Working on the movable stair system may be dangerous. Verify the brake
system is deployed prior to assent.

Opening and closing of the pressure vessel presents hazards to personnel
nearby. The movable stair system must not be occupied while the
hydraulic vessel closure system is active,

Unexpected weather conditions may present hazards.

Ear protection is required when compressors, leaf-blowers or generators
are being used. Ear protection may interfere with communication between

operators. Steps should be taken to verify comprehension.
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PROCEDURE

The following is an example of a typical test procedure (including preparation, operation,

and shut down). The general procedure should be well understood before any cold flow test is
attempied. The actual procedure will vary according to the goals of the current research effort.
The Cold Flow Test Experimental Proposal Form provides deiails of the exact procedure for
each run. In the following pages whenever a valve is referred to the svmbol <> s used. Valve
numbering correspond to the plumbing diagram found in Appendix D.

Preparation

o8

The tollowing valves should be fully closed at the beginning of the
test.

e Primary air ball valve <4>

Secondary air ball valve <7>

Afterburner bypass valve <8>

Inlet gas sampling port valve <10>

Exhaust gas sampling port valve <11>

Manual exhaust valve <14>

Exhaust drain valve <16>

Afterburner drain valve <17>

s & & 9

The following valves should be fully open at the beginning of each
test.

s Compressor ball valve €1>

s - Afterburner inlet valve <@>

The following valves should be partially opened to the levels indicated
on the cold flow test experimental proposal form.

e Primary air globe valve <3>

+ Secondary air globe valve <6>

* Exhaust globe valve <13>

The compressor and generator must have adequate amounts of fuel.
e Verify fuel levels prior to each test.

Ensure that all personnel are wearing required personal protection
equipment (PPE). i
¢ This includes safety goggles, ear protection, and hard hats.

Connect data logging system to pressure transducer and thermocouple
outputs.
» Details may be found in Appendix C.
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Operation

10.

11.

Start the generator.
o Verify the ground wire is firmly attached to generator frame.

Plug in all electronic devices. This includes:

e Pressure indicators and data logging computer.

e Pncumatically activated exhaust valve <12> solenoid and
controller power.

Vérify that pneumatically activated exhaust valve <12> is properly
connected.
e (as cylinder (scuba tank) regulator should be set at 100 psig.

Set the desired operating chamber pressure using the pneumatically

activated exhaust valve <12> controller.

» This value is specified on the Cold Flow Test Experimental
Proposal Form,

Start the conipressor.

Begin to monitor reactor pressure data using the VI Logger Program.

e Compare pressure data as recorded by the computer with the
analog pressure gauge values.

s Details can be found in Appendix C.

Open the primary air ball valve <4>,

Observe the system as the pressure rises to the desired value as
specified on the Cold Flow Test Experimental Proposal Form.

[f the pneumatically activated exhaust valve <12> fails to properly
control the pressure, manually vent the chamber using the manual
exhaust valve <14> before the pressure limit of the compressor is.
reached (175 psig and above).

Monitor the tlow rate and vary valve settings as detailed for each
individual test.

Secondary air supply should be controlled as described for each test.
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Shut Down

Stop the flow of.primary air by closing the primary air ball valve <4>.

Relcase pressure from the system.

* Open the manual exhaust valve <14> and slowly decrease the
pressure in the reactor system. When reactor gauge pressure falls to
zero fully open manual exhaust valve <14>.

Shut down data logging computer and unplug other electric devices.
s Fully disconnect computer and store properly.

Turn off compressor and generator.

*

Fully shut off gas supply to pneumatically activated exhaust valve
<12>.
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APPENDIX A: COLD FLOW TESTS EXPERIMENTAL PROPOSAL FORMS

The following three cold flow tests are designed to safely bring the carbonization reactor fo
operating pressure for the first time (test #1) and provide a preliminary evaluation of the inlet
valves ' ability to control the airflow rates (test #2 and test #3). The general procedure described
previously in this manual (including preparation. operation and shut down) should be well
understood before the following tests are conducted.

As written the following proposal forms describe each test as a stand-alone experiment.
However, ideally these three tests could be run one immediately following the other to avoid
Jully depressurizing and re-pressurizing the system each time. This sequential testing approach
requires only minimum modification to the following experimental procedures and would
minimize the time and cost associated with these tests.
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Date:

Test Number: 1

Demonstration Charcoal Reactor 8

Cold Flow Test Experimental Proposal Form

Purpose: To verify the demonstration carbonization reactor can safely be pressurized to the
normal operating pressure (150 psig). To determine optimum setting of exhaust globe
valve at this operating pressure.

Procedure:

Ensure all personnel are wearing required personal protection equipment (PPE).
Start compressor and single phase generator.

Start data logging computer and the V1 logger software.

Set primary air globe valve <32 open five fuil turns.

Verify pneumatic exhaust valve <12> is supplied with the proper pressure from
gas cylinder (~&0 psig).

Set pneumatic exhaust valve <12> controller at an operating pressure of 50 psig.
Verify that the controller is set for an operating dead-band of | psi.

Fully open primary air ball valve <4>.

Test manual exhaust valve <14> to verify it can vent the systétn pressure in an
eniergency.

Let the system pressure rise to the first operating pressure value (30 psig).
Record time needed to reach this pressure,

Check the afterburner bypass line by opening the afterburner bypass valve <8>
and closing the afterburner inlet valve <9>. If the bypass system functions as
desired, reopen afterbumer inlet valve <93, then close afterburner inlet valve
<g>,

Raise the set point of the pneumatic exhaust valve <12> controller to 100 psig,
Allow the system operating pressure to rise to 100 psig. Record time needed to
reach this pressure. -

Adjust the exhaust globe valve <13> as necessary. Observe behavior of the
pneumatic exhaust valve €12>. Record indicated flowmeter value.

Close exhaust globe valve <13>. B

Raise the set point of the pneumatic exhaust valve <12> controller to 150 psig.
Allow the system operating pressure to rise to 150 psig and observe behavior of
the pneumatic exhaust valve 12>, Record the indicated flowmeter value and
time to reach this pressure.

Adjust the exhaust globe valve 13>, Record time-open and time-closed vaiues
for three cycles at three different settings. Record indicated flowmeter values.
Record the optimum position for the exhaust globe valve €135 and the position
of the primary air globe valve €3> when the system is operating at 150 psig.

Close primary air bal] valve <4>.
Vent system using manual exhaust valve <14>. -

Shut down compressor and all other system components.

fe
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Demonstration Charcoal Reactor

Cold Flow Test Experimental Proposal Form
Date: '
Test Number: 2

Purpose: To establish the effect of incrementally opening the primary air globe valve <3> on
. flow rate.

Procedure:

Ensure all personnel are wearing required personal protéction equipment (PPE).

Start compressor and single phase generator.

Start data logging computer and the VI logger software.

Ensure temperature data from a thermocouple mounted next to the flowmeter is

being monitored.

Set primary globe valve €3> open one full turn,

e Verify pneumatic exhaust valve €12> is supplied with the proper pressure from
gas cylinder (30 psig).

e  Set pneumatic exhaust valve <12> controller at an operating pressure of 150
psig.

¢  The exhaust globe valve €13> should be opened to the optimum value
determined from test number one.

o  Fully open primary air ball valve <4>,

e  Test manual exhaust valve <14> to verify it can vent the system pressure in an
emergency.

s Let system pressure rise above 150 psig to test the performance of the pneumatic
exhaust valve 12>, Observe the behavior of the pneumatic exhaust valve
<12> for two minutes.

e Ifthe pneumatic exhaust valve €122 is functioning properly continue, otherwise
abort and vent system pressure by opening the manual exhaust valve 14>
Shut off compressor.

*  Adjust the trim provided by exhaust globe valve €13> to produce proper
venting.

¢ Record the volumetric flow rate of primary air as indicated by the flowmeter (in
units of standard cubic feet per minute),

¢  Open the primary air globe valve €3> in increments of one full turn at a

time, recording the flowmeter values resulting from each setting. Record any

adjustments that need to he made to the exhaust globe valve €13>.
Close primary air ball valve <4>.

Vent system using manual exhaust valve <14>.
Shut down compressor and all other system components.
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Date:

Test Number: 3

Demonstration Charcoal Reactor

Cold Flow Test Experimental Proposal Form

Purpose: To establish the effect of incremental opening of the secondary air globe valve <6> on
the primary air flow rate.

Procedure:

e & & @

Ensure all personnel are wearing required personal protection equipment (PPE).
Start compressor and single phase generator,

Start data logging computer and the VI logger software.

Ensure temperature data from a thermocouple mounted next to the flowmeter is
being monitored.

Set primary globe valve €3> open five full turns (or to a better setting as
indicated by the results of test #2).

Verify pneumatic exhaust valve 12> is supplied with the proper pressure from
gas cylinder (80 psig).

Set pneumatic exhaust valve <123 controller at an operating pressure of [30
psig.

The exhaust globe valve 13> should be opened to the optimum value
determined from test number cne.

Fully open primary air ball valve <4>.

Test manual exhaust valve <14> to verify it can vent the system pressure in an
emergency.

Let system pressure rise to the desired operating pressure {150 psig).

If the pneumatic exhaust valve €12> is functioning properly continug, otherwise
abort and vent the system pressure by opening the manual exhaust valve €12>.
Shut down the compressor.

Adjust the trim provided by exhaust globe valve €13> to produce proper
venting.

Record the volumetric flow rate of primary air as indicated by the flowmeter {in
standard cubic feet per minute).

Set secondary air globe valve <6> open one full turn.

Fully open the secondary air ball valve <7>.

Record the flowmeter value,

Open the secondary air globe valve €8> [n increments of one full turp at a time,

recording the flowmeter values resulting from each setting,
Close secondary air ball valve <7>,

Close primary air ball valve <4>.
Vent system using manual exhaust valve <14>.
Shut down compressor and all other system components.

-
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APPENDIX B: COLD FLOW TEST RECORD SHEET

Date:

Desired System Pressure:
Time to Fully Charge System:

Demonstration Reactor Cold Flow Test Record Sheet

Primary Air

Secondary Air Exhaust Globe [ Measured Flow Duration of ~Duration of
Globe Valve Globe Valve Valve Setting Meter Value Preumatic Valve Pneumatic
Setting Setting (# of turns) (SCFM) in Open Position | Valve in Closed
{# of turns) (# of turns) {sexfcycle) Position
{secicycle)

Date Printed: 03/18/05 OPS-NO-002 Rev. 5 Page 10
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APPENDIX C: VI LOGGER SETTINGS

The following pracedure details the steps necessary to prepare the laptop computer to record
data during a standard flash carbonization experiment.

\

Insert National Instruments Type Il PC card (DAQCard-6062L)
into the laptop compuiter.

Turn on computer.

Ensure primary reactor and afterburner pressure transducers are
properly connected to the data logging system.

Ensure all necessary therntocouples are properly connected to the
data logging system.

Turn on the power on the chassis (where the Amplifier and
Terminal Block are mounted see the figure below).

Connect the output from the chassis to the PCI card.

Open the computer program “VI Logger” (a data logging program
produced by national instruments).

Click on “VI Logger Tasks”

Click on the appropriate task name.

Ensure the desired channels are being monitored and that
the sampling rate is correct. (the sampling rate should be
approximately one sample every six seconds)

Click the “Real Time Data” tab to prepare to monitor the data.
Open the computer clock by double clicking on the clock in the
lower right hand corner of the screen.

Date Printed: 03/18/05
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APPENDIX D: PLUMBING DIAGRAM OF REACTOR
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