CHAPTER 2

LITERATURE REVIEW
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the chemical e and hydrogen atoms

contained in oxicmzable organic molecules. Me source of the carbon

and hydros‘ﬂ ﬂﬂth Wﬁw%’ mea ﬁ]-ﬁgjversmn by plants

of carbon dioxide and wa’oer to combustible orgarnc form occurs by
phobWﬁa Qﬂﬁmm mﬂ}rﬁ EIFG‘ atﬁ conversion
proce are solar energy and chlorophyll. The chlorophyll, present
in the cells of green plants, absorbs solar energy and makes it
available for the photosynthesis, which may be represented by the
overall chemical reaction.
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C“(H_,_O)“I is used here to repxlesen’o the class of organic compounds

called "carbohydrates”, several of which are synthesized in the
course of the reaction. |

About one-quarter of the carbohydrates formed by

photosynthesis are later oxidized in the reverse process of

respiration to provide energy for plant growth. The excess

Hyj consists of high hydrogen to

carbohydrate is stored

and concentrations.

carbon ratios and 1

wo kinds of materials, one
is organic matt ‘-; ‘. \: synthesis and the other
is inorganic matt so:‘, ; These organic matter are
carbohydrates (cellulosé = ' snid hemicellulose) and lignin.

Their structures 2d polymers of sugafs. The

base sugars rest are listed in

Table 2.1 whiclm determine the propertiem of the plant matter of
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Chemical Molar
Formula Mass
Monosaccharides
Xylose* C,H,,04 150
D-glucoset (com/grape sugar) CH,,0, 180
Fructose (fruit sugar) C.H,;0, 180
Mannose* CH..0, 180
Disaccharides
Sucrose (cane/beet sugar) CiHx05: 342
Maltose (malt sugar) C;HxOy; 342

Lactose (milk sugar) C,.H;,0,, 342




Table 2.1 Selected Saccharide Carbohydrates and Lignin (cont.)

Approximate Monomer Molar
Representation Building Block Mass
Polysaccharides
Cellulose (—CH,,0s). D-glucose >100 000
Starch (—CHi 05— D-glucose 35 000-90 000 -
Hemicellulose — Various sugars* 10 000-35 000

Wood CyH. Oy

Lignocellulose

Hydroxyphenylpropanet 5 000-10 000
(C;H,.C,H,.OH)

//}ems of wood hemicellulose.
A

'.

Lignin —

* Xylose and mannose are the pri
t Also called dextrose.
t A compound related to

that is the mai

fiber 1is virtually

Figure 2.1 Cellulose Structure

2.1.1.2 Starch

Starch is a granular polysaccharide



9 .
which accumulates in the storage organs of plants such ss seeds,
tubers, roots and stem pith., It is an important constituent of
corn, potato, rice and tapioca. Starch consists of 10 to 20 X
x-amylose, which is water soluble, and 80 to 90 X amylopectin,
which is insoluble. Both the constituents of starch are polymers

of D-glucose, with amylose linked 1in chain structures, while

amylopectin is =a

re polysaccharides that
occur in asso e chemically different
from cellulosey much lower molar masses

(Table 2.1)., Whi from the single sugar

< CHO
-C-OH
1‘# HO-C-H
- H-C-O-CH,
| e
"HO o
H—C—OH ; 4-O-methyi-
D-galact D-glucuronic
-gala ose" g
H-C-OH
O-C- HO-C~H
HO-C-H
ammnim uwrmma
D-galacturonic D-glucuronic
acid acid
CHO CHO
H-C-OH H-C-OH
HO-C-H HO-C-H
HO-C-H H-C-OH
CH;0H CH,OH
L-arabinose : D-xylose

Figure 2.2 Structural Interrelationship of ; Commonly Occurring

Hemicellulose Component Sugars
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D-glucose, most hemicellulose contain two to four (and occasionally
five to six) different sugars as building blocks. D-glucose is a
component of some hemicellulose, although xylose is a dominant
sug;r in hardwood hemicellulose, and mannose 1is important in
softwood hemicellulose. The structure is similar to that of

cellulose except that the hemicellulose polymers generally contain

'y//snched rather than a linear
N

50 to 200 units and e

structure.

Final major constituent
of plant materi processing. It is not =

s Jlat 0" O L
carbohydrate, but lym o s -7-- ene rings linked with

H,C”

HCO (C4H 16O )pH Hé'——(:”"
HC O’CH 2 MeO
H,(.:OH OH
O—CH H,COH OMe

HCOH Hé——o
HC£0~

OMe
OH

MeO

Figure 2.3 Representative Structure of Lignin
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Lignin is a characteristic constituent

of the walls of woody cells, and acts as a natural glue providing
the plant with added mechanical strength. As can be inferred from

its name, lignin is an important constituent of wood. Like

hemicellulose, it is amorphous.

of specific biomass
materials, it can be conversed +to

synthetic fuels. T : ';l . proces hat turn a biomass into

fuels can be ei ' £ ‘thermo m cal are summarized in
Figure 2.4. \
Heat
Boiler/ | _, sSteam
Steam =
Turbine [~ Electricity
3 d_ ; SNG
J|"UBdrading Methanol
T - 5
ynthesis Fischer-
. Tropsch
e Qs liquids
Bio J 'J{ u , Medium-CV
: Pyrolysi ‘ : pes
u > Tars, Oils,
: Bsmtenarermsighs oy 9 Charcoal
ARIYEATRNRIINYI] Y
q { Fermentation > Ethanol
T CO,
Anaerobic CH,/CO, ;
1 digestion > Upgrading —> SNG
_ Medium-CV
e gas

Figure 2.4 Biomass Conversion Processes
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2.2.1 Thermal Conversion

Thermal conversion processes included pyrolysis,
gasification, and combustion. A graphic description of these
processes and their products is given in the triangular diagram of

Figure 2.5,

Combustion
preducts

g A7) 1123 (1101 e
ARIFATHNAIINY 1N Y

Fermentation and anaerobic digestion are the
two biochemical processes of interest. Fermentation is any chemical
change of organic material that is accompanied by effervescence,
normally without the participation of oxysgen. In case of biomass -

material, fermentation is the anaerobic decomposition of
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carbohydrates to alcohols in the presence of enzymes that produces
ethanol to be the principal product. While sanaerobic digestion is
the decomposition of any organic material by the metabolic action
of bacteria without the participation of atmospheric oxygen.
Methane and carbon dioxide are the main products of the

decompoéition. It is said that fermentation produces synthetic fuel

of enzymes, while anaerobic

& gaseous product from =a
o —

as a liquid product

digestion produces

temperatures of 200 to 66¢ ~ vield a medium enersgy gas, a

1=200-600'C

B‘PTTJ‘E']"‘J mm'?w B e

+ CH + HC + tar

amaﬂﬂ‘smummmaﬂ

There are two kinds of pyrolysis : slow and fast. In
slow pyrolysis the reactions taking place are always in "local
equilibrium", the heating time being sufficiently slow to allow
equilibrium along the temperature path. For this case the ultimate
yield and product distribution depends on the temperature history.

In fast pyrolysis there is a negligible amount of reaction during
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the heating up period and pyrolysis reactions occurring take place
jsothermally at the final temperature.

2.,3.1 Pyrolysis Mechanisms

If the mechanism and kinetics of the pyrolytic

\
reactions were known / anticipated, the pyrolysis

o enhance the formation

-.-'Helpf‘ul in the design of

conditions could be
of the desirsbl
synthetic fuel have attempted to

describe the py W \(:\:\\\&QM an & Matillas, 19713

Shafizadeh, 19727 A

rieies described the

_M‘f = i\‘

mechanism of ¢ = principal ranges of

temperatures.

ﬂ u Er/nj Qn EI ﬂ Wﬂ?ﬂ?belw 250°C), the

degree of pélymerization (DP) of cellulose undergoes a rapid drop
AR TRIN IO AT DAY =
early tages of pyrolysis and obtains two structures. One structure
is a ‘crystalline structure which is transformed into the major
source of levoglucosan. The other structure is a non-crystalline
structure. In this structure dehydrgtion occurs by cross link

reactions to form char yield.
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In Figure 2.6, 8t low temperaturés
and slow heating rates, the lower path predominstes. Under faster

heating, the upper path becomes more important.

{2)
CRYSTALLINE —— LEVOGLUCOSAN
(1)

CELLULOSE —— CELLULOSE (LOK DP)
(1) "DEHYDRDCELLULDSE™ CHAR+H,0+C0
\ NONCRYSTALLINE — —_—
; +H20 +L02, etc.

Pa& Cellulose Pyrolysis

| —

N

cmperature (above 250°C),

Figure 2.6 Low Te

thermal degradati losic meteria proceeds through a
complex series of \i hemical reactions as

follows

"B 1131
““q'm AT AT IME Ay -

processf are not known or insufficiently defined. However, it is

known that these reactions are highly influenced by : the
temperatures and periods of heating § the ambient atmosphere,
oxygen, water and other reacting or inert ¢gases § and the

composition and physical nature of the substrate.

016697
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The general reactions can be divided

into primary and secondary reactions, according to whether they
directly affect the cellulosic substrate or one of the intermediate
degradation products. Alternatively, two general pathways for
degradation of cellulosic materials may be recognized. One involves

fragmentation, and formation of combustible volatiles that cculd

feed the flames, and th ! wg/ involves dehydration and the

formation of carbon 4
—

r temperatures enhances

the dehydration tion of levoglucosan,

AN

8/ Co \C akes place at somewhat
higher temperat 0, faur ecomposition reactions at

h temperature (above 500 ‘C), the

pyrolysis chemistry of = materisls has not received much

STRONG | (€O, (03,H:0,
EXO 7 | OTHER VOLATILES

ANHYDROCELLULOSE

CELLULOSE

q LEVOGLUCOSAN
GASES
LEVOGLUCOSAN /S
{ TAR)
<X 4 MCRE CHAZ
° RESIDUE
+ GASES Vi
LESS CHAZ

Figure 2.8 Pathways of Cellulose Pyrolysis
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attention in the literature. At high temperatures, the pyrolysis
mechanism is given in Figure 2.8. Increasing pressure encourages
char forming pathways 4 and 6, whereas decreasing pressure

encourages volatiles forming pathways 3 and 5.

cellulose

the temperature range of

pyrolysis, hemice( a evolves more gases and

less tar than cell 3 ula to reaction pathways for

-

the condensable orglnifks [from- he Se parallel those for

cellulose. Hemicellulose 1ysis mechanism has a two  step

decomposition. Firsty d water soluble fragments

&

occurs, followed by dg ompbs] 3137
»ly pyrolysis of hemicellulose

to scission oflds /S I to a2 pentosan leads to

i
dehyde or carbon monoxide

» J
and hydrogen may a{-‘f‘ect pyrolysis of‘ cellulose and lignin.

ﬂTJEJ’J‘I’IEJﬂﬁWEJ’]ﬂ‘E

2:3¢1.3 ¢ Carbohydr-ate

ARIANN I NN Y

The major pathways active during the

. i
formation of acelic

pyrolysis of carbohydrate materials are shown 1in Figure 2.9. The
"reaction tree" is somewhat speculative in that not all the
branches have been observed to play an active role in the pyrolysis

of all carbohydrate materials. Because the relative importance of
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each pathway - is influenced by the pyrolysis temperature, the
molecular structure of the individual carbohydrate, the presence of
additive, the pressure and chemical composition of the environment,
and so forth, it is not surprising that some of the branches would
be "dormant"” for some materials under certain sets of pyrolysis

conditions.

// pyrolysis of carbohydrate
materlals at the 0 C>. (250 °C<T<500 'C) and high

i, 2 and 3 respectively.

nvolves intermolecular

cross linking reacti -3 ”] mation of ether 1links across
polymer chains accompanie

i -“" "r“;"&#"’fl '
virtually inaqﬂ}ye in crystal

?olution of water. Pathway 1 is

but plays a dominant

o

il
all noncrystalljne

“’“”“FT‘Ti’ET’WI‘EJ FINEIT ™

(Followed 8) and 5. Pathway 4 1nvolves the endothermlc evolution

« RVREAIRLHATD Pty o

react ons in the vapor phase to produce =a variety of carbonyl

role in product perature pyrolysis of

carbohydrates. Subseqllnt degradation of the

compounds, CO, COz and water. Low pressures and long residence
times favor pathways 4 and 8. Conversely, high pressure favor the
exothermic condensation reaction comprising pathway 5, which
ultimately results in the formation of char, Hzo, COz and CO from

the anhydrocarbohydrate.
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At somewhat higher temperatures

transglucosylation reaction (pathway 2) result in the depolymeriza-
tion of carbohydrates and the formation of sugar and anhydrosugar
monomers. Pathway 2 is the dominant source of products during the

pyrolysis of crystalline cellulose, but plays a less important role

with amorphous carbol‘wdrate Following their formation, the

//. e (pathway 6) or condense to

1ch enhance the ease of

monomer may either enter

form a dextrin (pa‘bh&,

mass transfer to es and small particle
phase monomers encounter
temperatures in e idly crack to form =a
hydrocarbon ric ay 9), whereas lower
temperature and exte PRI c&*times lead to the formation of

condensable materials (,ﬂﬁsf—i : limiting conditions,

ts, favor pathway 7.

s‘*

ead to the formation of
an an}wdrocarbohydra’c.e (dextmn) and are favored by low temperature

and acid ﬁ%ﬂ. f?ﬁﬂﬁ (Vi] ﬁ%ﬂé‘fﬁ}ﬁous to pathways 4

and 5 dlscsted earlier.

AAVRGN T IR I o
reac’olons composing the various pathways depicted in Figure 2.9 are
not well understood. Evidence supporting the roles of reactions in
pathways 1, 2 and 7 exist in the literature. Li’otlé or no
information exists concerning the mechanisms of the remaininé

pathways.
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2+.3.1.4 Lignin

The rich structural variety in the
hypothesized lignin macromolecule gives rise to many mechanistic
pathways to observed condensable organic compounds. The relative

importance of a given pathway i the scheme below 1is strongly

influenced by the 1i and prevalent experimental

— étree" give in Figsure 2.10
———
is its similari# , describing cellulose

conditions. One virt

lignin er S "‘h‘E\ s>refractory condensables

pe

permanent gases
‘ 6
vapors——secondary char

Hhe
-

X

At low temperaﬂres (<240 C) pathway 1

e of] 138 SRENTNB G = e

temperaturegll (>240 C), the {-‘orma’olon of a vamety of lignin
oSy AR AT HH AT B o
also ef‘(—"ect on the formation of lignin monomers. At temperatures
above 500 'C, the monomeric species evolved by pathway 2 begin to
undergo degradation by vapor phase pyrolysis composing pathways 4
and 5. The lower temperature vapor phase condensation pathway 4

results in the formation of refractory, condensable materials,
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whereas the higher temperature vapor phase "cracking” pathway 5
accounts for the evolution of much of the CO, CH4 and other gaseous
hydrocarbons obtained f‘rom the high temperature pyrolysis of lignin.
Char formation was observed to occur

by the condensation of vapor phase species, apparently left in a
supersaturated state after the rapid heating of the lignin

’,///sxgnated as 3 and 6. The high

involves fragmentation

substrate. These two p
temperature ligni

reactions and thi lative yields of CO.

the pyrolysis is the
atile yield and product
distribution for a give £ S of pyrolysis conditions.

The important Ghem 3 s lelémental and functional

compositions o6f the c'maétter in biomass, And

ariables are the final

temperatﬁw wﬂﬂeﬁwﬁﬁﬂﬁﬁct of variables on

pyrolysxs'gre discussed as follows @

QW’]Mﬂ?ﬂJ NW\'JWEI'\QEI

2,3.2.1 Composition of Biomass

among the more mportant basic ‘ phys ical

The biomass materials are ¢generally
complex and heterogeneous raw materials derived from different

types of dead and living plant cells, the structure and composition
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of which varigs for different parts and species of ﬁhe plants. Each
of these compounds have different thermal properties and yield
di??erent products. At temperatures asbove 300°C the polysaccharides
break down at the glucosic linkage to provide tar containing lower
molecular weight anhydrosugar derivatives and relatively little
char, whereas the lignin is meinly condensed to a carbonaceous char

and gives smaller amom@ compounds .

Epe nelty of biomass presents
| — -
a major obstac le(- a t; m due to proportionstely

at can be derived from each

lower yields of D i
component. It also rcoal or other types of

fuels that coul

‘vields. There are three

principal stages of pyrolysis. In the first stage, above 200 ‘C and

below SOOH ﬁeﬁrf&ﬂﬁﬁ%ﬁﬂﬂﬁn& large and what

is release&lls principally °gas composed mainly of oxldes of carbon
) VTR AR T o
300 C but below 500 °C, sbout three-quarters of all the volatile
matter ultimately released is evolved. In the third stage (between
500 °C and 800 C), there 1is a secondary degasification associated
with the transformation of the char, accompanied by the release of

noncondensable gases, mainly hydrogen.
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2.3.2.3 Heating Rate

The effect of heating rate on the
amount and composition of pyrolysis volatile yields is an important

variable. Traditional laboratory and assay heating conditions have

of the volatile matter, so

slow heating is defi gradients about equal to

or smaller than t loosely defined in the
literature as being
rates or with large
pieces of bioma gh proportion of charcoal.
At the most rapi “,\\\(eis largely converted to
a gas containing a hi “ f efins and char production

is minimal,

> |

R,

rolysis
|

AU TSN TAT =

yleld gase§u tar and char. These products can be understood as the

= YT U N <

hemic llulose and lignin. The composition of products is studied in

the laboratory using gas chromatography and mass spectrometry.

2.3.3.1 Cellulose

The initial decomposition product of
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cellulose pyrolysis is levoglucosan, CsHmO5 and anhydride of
glucose. Subsequent coking and cracking reactions result in a char
that contains oxygen and hydrogen in addition to the carbon. The
char remaining on pyrolysis of wood contains about 80X carbon, 17X
oxysgen and 3% hydrogen.

1ysas products of cellulose are

given in Table 2.2 for is experlments. The nature of

g and the temperature.

the products depends

ulose Reported in

..M}\\s. o Sample
W\\ (Tsuchiya and Sumi 1970)
320C 520 C

Total Accounted For 89.5% 68.0%

Char 67.8 12.8
Tar® 10.3 28.4
Water 9.3 20.7
Hy°
ch 0.5 2.6
CO,b 1.5 2.9
b
b
Other
Hydrocarbons 0.3
Furan 0.04
2-Met 0.05
Furfu 0.08
S-Methylfu
5- Hydr methyl Furfural - 0.08
Levoglucosan 18. 2

Qﬁ”ﬁﬁ@ﬁ”ﬁu um'mmm

Dtm ers of Anhydroglucose
Unknown 0 12 0 08
Unanalyzed Tar® 5:9 7.0

‘8Includes all tar fractions below.
bUpper limits - mass balance only 64%.
CTar fraction.

2.3.3.2 Hemicellulose and Holocellulose

A few studies have been made on the
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gaseous and other products of holocellulose and hemicellulose
pyrolysis. Holocellulose and hemicellulose tend to yield more gases
and less tar than cellulose. Table 2.3 gives examples of product

compositions for pyrolysis of a holocellulose and & hemicellulose.

; ‘H:;;_' compounds and produces

bu of simpler molecules

N

yields a substant

more charcoal than

o
of aromatic compo s O,

h \\\?1ght—chain compounds.

’\-\ \ h aromatic and straight

¥2 9\

The products of py

el _ .
chain fragments of p 3 3 ~ me of the products obtained

;{-cellulose and

zadeh, 1977)

Wt % Product

"' M
— ) e y Xylan (500 C)
Char F‘ IjEI 3 PlE i .2 10
Tar 64
Water ‘ 37.3
11.0
AHIFINTR NADINYAY,
Methanol
Acetaldehyde
Acetic Acid l 4 1 5
Furan 0.5 Trace
‘Acrylaldehyde 0.07
Diacetyl 0.2
1-Hydroxy-2-Propanone 0.06 0.4
2-Furaldehyde 0.5 4.5
Acetone-Propionaldehyde 0.3
2-3-Butanedione Trace

3-Hydroxy-2-Butanone 0.6
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Table 2.4 Volatile Products from Lignin Pyrolysis

Douglas Fir Lignin® Kraft Black Liquor®
Pyrolyzed at 400-445 C
for 7.5h Pyrolyzed at 4930 C
Char 53-54.6% Methyl mercaptan
Aqueous distilled 15-25% Dimethyl sulfide
Tar ~9% Benzene
Gases = Toluene
Organic acids m and/or p-Xylene
Anisol
Phenol
Phenols o-cresol

m and/or p-cresol
2, 5 and/or 2, 4 dimethyl
3, 5 dimethvl phenol

Catechols , 3 dimethyl phenol
\ , 4 dimethyl phenol

&F)etcher and Harris 19
Brink et al. 1971.

2.4 Properti want to Thermochemical

Processes

. principal chemical

components consi and lignin and both

dm the pyrolysis

the structure an or ¢gasification of the infinite

varieties ﬂwaawfmﬁﬂ EjCTﬂ ? the behavior of

these che cal componenﬁf In addltzon, mlnor amounts of

e LB G BEEIS PR T B reves o

add to the fuel and chemicals derived from the biomass.

Because of the many forms of biomass, it is difficult
to make general statements about the thermal properties of all
biomass materials. An understanding of the structure and properties

of biomass materials is necessary in order to evalute their utility.
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2.4.,1 Bulk Chemical Properties of Biomass

The chemical properties of biomass provide
information on proximate and ultimate analysis data which indicate
volatility and elemental composition in biomass.

The proximate analysis classifies the biomass

in terms of its moistur volatile matter (V.M.),

4¢gy',. M. ash
ﬁ proximate analysis for

«

and fixed carbon (b
biomass are give
s ¢generally used to
onversion, for carbon,
hydrogen, nitr  fup s d Yo ger fference). Table 2.6

shows the ultima

% Weight)
Total
Alfalfa seed sttav:u 68.2 25.8 100.0
Almond shell 69.2 26.0 100.0
Barley 100.0
Barley PEJ q w 8% j Wﬁ ’] ﬁj 100.0
Bean st 100.0
Corn cobs. 74.2 ‘1 5 242 99.9
Corn stalks €733 20.3 100. o

Qxﬁ\"lﬂ‘imim’mﬂﬂﬁﬂ Fiooo

live 00
ach pits 739 25.2 100. 0
Prune pits 78.8 257 100.0
RDF (refuse derived fuel) 1289 10.4_ 17.6 100.0
Rice hulls 60.2—62.1 169—17.2 20.7—21.8 100.0
Safflower straw 638.6 6.0 254 100.0
Walnut shell (cracked) 79.6 13 19.3 100.0
Walnut shell (1/4"" pellets) 70.2 5.8 24.0 100.0
Wheat straw (50/50 corn stalks) 68.4 T4 24.2 100.0
Wood blocks 750 02 248 100.0
Wood chips (city tree prunings) T17 3.0 25.3 100.0
Wood chips (hogged) 78.0 0.3 219 100.0
Wood chips (Manzanita) 72.8 0.4 26.8 100.0
Wood chips (prune tree) 76.4 11 22.5 100.0

Wood chips (barked whole log) 76.4 0.1 23.5 100.0
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Table 2.6 Ultimate Analysis Data for Biomass (Dry Basis, % Weight)

Higher Heating Value

Material (o} H N S (o) Ash (Btu/1b)-
Pittsburgh seam coal 75.5 5.0 1.2 3.1 4.9 10.3 © 13,650
Wesl Kentucky No. 11 coal 74.4 5.1 1.8 3.8 7.9 2.3 13,460
Utah coal 71.9 6.0 1.5 0.6 9.9 4.1 14,170
Wyoming Elkol coal 7.5 5.3 1.2 0.9 16.9 4.2 12,710
Lignite. 64.0 4.2 0.9 13 19.2 10.4 10,712
Charcoal 80.3 3.1 0.2 0.0 11.3 3.4 13,370
Douglas fir 52.3 6.3 0.1 0.0 40.5 0.8 9,050
Douglas fir bark 56.2 5.9 n.0 0.0 36.7 1.2 9,500
Pine bark 52.3 5.8 0.2 0.0 is.8 2.9 8,780
Western hemlock 8 L 0.1 0.1 41.4 2.2 8,620
Redwood 0.0 40.3 0.2 9,040
Beech 0.0 41.5 0.6 8,760
Hickory 0.0 43.1 0.7 8,670
Maple 5 . 1.4 8,580
Poplar 0.6 8,920
Rice hulls 15.5 6,610
Rice straw 19.2 6,540
Sawdust pellets 1.0 8,814
- Paper 6.0 7:572
Redwood wastewood 0.6 9,163
Alabaina oak woodwaste 33 8,266
Animal waste 17.8 7,380
Municipal solid waste 12.0 8,546

ma jor physical

of biomass mater

heat cﬂcity and density.

ﬂ‘lJEJ’JW&JﬂiWEJ’]ﬂﬁ

220 1 Thermal Conduct1v1ty

Q‘maﬁﬂim mﬂﬂﬂﬂ’lﬂﬂ

Thermal conductivity is defined in

processes are th:ﬂmal cohduétivity,

general terms as a proportionality factor which relates heat flow
through a material to a temperature difference across a specified
distance in that material. Mathematically, thermal conductivity is
defined by Fourier's Law of Heat Conduction, given here for

unidimensional heat flux in the x-direction in rectangular
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coordinates ¢

daT
q, x-d—x (2.3)

Due to thermal conductivity depends on the various materisals

present in a substance. Thus thermal conductivity is a function of

the major consti

/

hemicellulose,

conductivity data mater &l
thermal conducti

pieces.

Table 2.7 Th

moisture content,

and Tabl compiles
B
S

hat is probably effective

er than of the

ected Biomass Materials

Thermal

ratu onductivity

Material o E e R VI ) (Bw(t-n-F) Reference
Ashes, wood - 212 0.040  Kern 1950
Cardboard 0.037  Kern 1950
Carbon, porous, with grai
Grade 50 8% . Perry and Chilton 1973

Grade 45 .
Grade 25
Carbon refrac
Celotex, shee

-100
-200

13241
144

Perry and Chilton 1373
Percy and Chilton 1373
Perry and Chilton 1373
Handbook Chem. Phvs. 1958
Handbook Chem. Phys. 1965
McAcams 1954

MecAcams 1954

McAcams 1954

McAcams 1954

4 134 -300 McAdams 1354
f o 'Y
Char: - from. ey jrch - g
e 0.03 book Chem. Phvs. 1966
mesh 2] 0.03 Ha k Chem. Pvs. 1966
es 2 0.03 Hdugbook Chem. Prvs. 1966
C.‘urcﬂhkes 1.9 176 0.943 tMcAdams (954
‘ 15 176 0.051 MeAdams 1954
0 !o& 0.11 Perry anﬂltm 1973
d ; ™
K, re | i
- Fine o es : - | Hana! h%]:w\ 1965
3/16-in. particl 3. - 202 ~ Haac h mvs. 1955
q Corkboard 5.4 - 2.021 Handbook Chem. Phvs. 1958
7.0 - 0.022 Handbook Chem. Phys. 1966
10.5 - 0.025 Handbook Chem. Phys. 1965
14.0 - 0.028 Hanc¢book Chem. Phys. 1968
5.9 32 0.0205 McAcams 1954
5.9 0 0.0200  McaAdams 1954
5.9 -100 2.0133  Mcadams 1954
5.3 -200 0.0142  McAcams 1954
5.3 -300 0.0100  Mcadams 1954
Cork, pulverized 10.0 32 0.035 MeAdams 1954
10.0 100 0.039 MeAdams 1954
10.0 200 9.032 McAdams 1954
Cotton 5.0 200 0.037 MeAdams 1954
5.0 100 0.035 McAdams 1954
5.0 32 0.0325 McAdams 1954
5.0 -100 0.0276  McAdams 1954
5.0 -200 0.0235  McAdams 1954
5.0 -300 0.0198  McAdams 1954

cellulose,

available thermal
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Table 2.7 Thermal Conductivity of Selected Biomass Materials

{cont.)
Thermasl
Bulk Dcisi(y Temperature Conductivity
Material (/1) (F) (Btw/ft-h-F) Reference
Graphite
2 3/4 in. c¢iam,, 3/4 in thick
30% porosity 98.6% - 7.33 Handbook Chem. Phys. 1966
Porous, Grace 50 52% porosity 65.5% - 417 Hancbook Chem. Phys. 1956
Porous, Grace 45 53% porosity 54.9% - 3.75 Handbook Chem. Phys. 1968
Porous, Girade 25 53% porosity 54.3%> - 3.33 Handbook Chem. Phys. 1956
Paper - - 0.075 McAcams 1954
Paper or pulp, macerated 2.5-35 - 0.021 Lewis 13968
Sawdust, various 12.0 - 0.034 Handbook Chem. Phys. 1968
Redwood 10.9 = 0.035 Handbook Chem. Phys. 1968
(and shavings) 3-15 - 0.0375 Lewis 1968
Sawdust (soft pine and oak)
10-40 mesh 0.018 Chow 1948
0.0195 Chow 1348
0.0235 Chow 1948
0.0285 Chow 1948
0.0295 Chow 1948
Chow 1948
Chow 1948
Chow 1948
Chow 1948

Shredded redwood bark

Sheet Insulite, from =

Wood fiber, mat

Blanket

Excelsier

Solid woods
Balsa

Cypress, a
Mahogany, acro
Maple, across g
Fir

Oak

Yellow pine
White pine

Pine, with grain

QTR

McAdams 1954
McAcams 1954
McAcams 1954
McAdams 1954
Rowley et al. 1945
Rowley et al. 1343
Rowley et al 1945
Rowley et al. 1945
Handbook Chem. Phys. 1956
Handbook Chem. Phys. 1968
Rowley et al 1945
Rowley et al. 1945
Rowley et al. 1345
Rowley et al. 1945
Rowley et al. 1945
Rowley et al. 1945
Rowley et al 1945
Rowley et al. 1945
Rowley et al. 1945
Rowley et al. 1945
Rowley et al. 1945
Rowley et al. 134§

Gray et al. 1960
Geray et al. 1960
Gray et al. 1950
Gray et al. 1950
Gray et al. 1960
Gray et al. 1950
Gray et al. 1960
ray et al. 1960
andbook Chem. Phys. 1965
Handbook Chem. Phys. 1966

8" | Handbook Chem. Phys. 1966

Handbook Chem. Phys. 1966
Handbook Chem. Phys. 198§
McAdams 1954
Chapman 1974
Chapman 1974
Chapman 1974
Chapman 1974
Mcadams 1354

Gnil et al. 1360
Gray et al. 1960

Pine, white, across g A=t . " :

H Chem. Phs. 1955
AHEANYNINYENE S-S
Pine /#-ins thic S .0315) [ Graget al. 1960

q 0 Grayet al. 1960

Completely 1lacking in the available

data are thermal conductivities at higher temperatures. If thermal

conductivity values are to be wused

gasification processes, then new data over

processing conditions

densified materials.

must be developed,

in modelling pyrolysis or

the actual ransge of

including data for
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2.4.2.2 Heat Capacity

Heat capacity as normally reported is
defined in terms of the enthalpy content of a material and
represents the relative ability of a material to store energy.

Enthalpy is a function of tem rature and pressure.

(2.4)
and

(2.5)
For solids and 1

(2.6)
By definition ‘ﬁfi :; Eerm (%%bp called heat

|
capacity at co tant pressure, C , and is” reported on & per unit

o LKL LE L R

follows ¢

Q‘W'W&Nﬂ‘if”ﬂl 1INYAY

= C dT (2.7)

Tret

The heat capacity is a function of the
composition and temperature but not the density of the material as

long as compacting does not alter the chemical structure.
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As with thermal conductivity, no
references were readily available for heat capacity of biomass
materials for the temperature range of thermal processing condition
needed for pyrolysis - or gasification § new data are needed for

applicable temperature ranges.

7 _densT f the material is
important 1in consid [ ..\ < fuels on a volumetric

basis, such as for tp sc 11 ds hend and sizing reaction
solid material density @

\\

bulk density, appérer d* st \- skeletal density. These

vessels., There a

density values differ ¢ s 54 ; h the material volume is
calculated, The bulk dem: solume basis includes the actual
.n-’ifjn L

volume of the i he void volume between

solid particle ncludes solid volume

and pore volume.m(ele’oal densi'c.y, or true“density, includes only

T uemwmwmﬂ?“ ’
AR1aN NIUIRANINGAY oo

p = p(1-8§) (2.9

Thus the density of biomass depends on
the nature of the material, its moisture content, and degree of

densification.
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