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PREFACE

The book was written to satisfy the need for an up-to-date chemical
engineering text in this important field. It is the first attempt since that
of Haslam and Russell twenty years ago to bring together an essentially
complete fundamental background with current developments in both
theory and practice.

The major problem was of judgment as to what should be included
and how much space could be afforded.each topic. As may be seen from
the references, one or more l&t& volimes have already been or could
easily be written under each of the sixteen chapter headings.

So rapid and varied have been the developments in the art and science
of fuel technology, of combustion mechanism, and of furnace practice
that the modern fuel, combustion, or furnace engineer must be well
versed in certain phases of physies, of physical chemistry, and of the
chemical engineering unit operations as well as with structural design.

The book assumes, as prerequisite, a knowledge of chemistry, mathe-
matics, and physics equivalent to that of the third year of a university
chemical engineering curriculum. Thorough study of all chapters with
use of the references would require more than two semesters of univer-
sity work. Since this will seldom if ever be attempted in a school, the
topies are segregated insofar as possible, with a minor amount of over-
lapping material purposcly left where needed to maintain continuity
within a chapter. This enables the text to be used either for an intro-
ductory or for an advanced course without attempting to cover the
entire book. For example, a junior-senior course may take up Chaps. I
to V with selected parts of Chaps. VIII to XVI. It will usually be found
advantageous to start such a course with Chaps. I and IV taken up
simultaneously. A senior-graduate course may omit Chap. IV, include
Chaps. VI and VII and whatever of the later material is of greatest
interest.

The ‘“Chemical Engineers’ Handbook " will prove a valuable adjunct.
References to the technical literature have been discriminatingly selected
with due consideration to general availability. Practicing engineers
should find the text useful as a source book and as a convenient review of
fundamentals.

Many engineers and scientists in industry, in research institutions,
and in universities gave generously of their time and effort in reviewing
first drafts of the various chapters.

v



vi PREFACE

Although it is not permissible to acknowledge every individual, some
of those who made substantial contributions are R. C. Anderson, Uni-
versity of Texas, who composed most of Chap. VI; M. 8. Agruss, Pure
0il Co.; W. L. Badger, Dow Chemical Co.; G. C. Bergtholdt, Webster
Engineering Co.; C. F. Geiger, Carborundum Co.; E. B. Guenther, Harbi-
son-Walker Refractories Co.; W. ‘A. Leech, Jr., Koppers Co.; W. E. Lobo,
the M. W. Kellogg Co.; W. H. McAdams, Massachusetts Institute of
Technology; L. S. Kassel and L. A. Mekler, Universal Oil Products Co.;
R. N. Pease, Princeton University; H. H. Power, University of Texas;
T. W. Rea, Detroit Stoker Co.; F. B. Schilling, Nichols Engineering and
Research Corp.; F. J. Schwenk, Hauck Mfg. Co.; F. W. Hartzel and C. G.
Segeler, American Gas Association, J. D. Sullivan, Battelle Memorial
Institute; K. M. Watson, University of Wisconsin; and the engineering
staffs of United Engineers & Constructors, Inc., and of the Babcock &
Wilcox Co.

JOHN GRISWOLD.
AvusTiN, TEX.,
August, 1945,
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FUELS, COMBUSTION, AND
FURNACES

CHAPTER 1
COAL AND COKE

For the United States as a whole, approximately as much of the total
generated and harnessed energy is obtained from coal as from all other
sources combined. The present distribution among the various sources
is the result of relative costs, abundance, convenience of handling, and
consumption. Coal reserves are adequate for many centuries to come
and, except for temporary abnormal conditions such as are brought
about by war and labor troubles, this distribution should not change
greatly during the next few years. The division among the principal
sources in the United States (expressed in terms of heat units) is roughly
as follows:

Source Per Cent
Coal. 50
Petroleum. ... ... . . e 30
Natural gas. . ... .. 10
Hydroeleetric power. ... ... . o 10

Until the past decade the percentages of the major sources other than
coal showed an irregular but continuing rise. Although the totals have
all increased since then, by 1937 the percentages had become fairly
constant. Trends in the future are difficult to predict with any degree
of certainty.! Annual statistics on these and certain of the minor solid
fuels are given in the U.S. Bureau of Mines “‘ Minerals Yearbook.”

ORIGIN OF COAL

Petrographic examinations of many samples indicate conclusively
that coal is formed from vegetal materials such as trees, vascular plants,
peat, spores, and algae. The larger remains, such as tree trunks, bark,
branches, leaves, and some plant residues, can be seen with the naked
eye, whereas small shapes such as wood cells, spores, and algae are dis-
cernible in prepared specimens under a magnifying glass or microscope.
The residues of small plants and seeds predominate in most samples.

! FIELDNER, A. C., Recent Developments in Fuel Supply and Demand, U.S. Bur.
Mines Inf. Circ. 7261, November, 1943. 'R
1



2 FUELS, COMBUSTION, AND FURNACES

The vegetal material grew in various geologic ages under conditions
that can best be described as similar to those of present marshes, bogs,
and peat beds. Some of the material remained where it grew, while
other material appears to have been transported (as by flowing water)
and accumulated in natural reservoirs existing at the time.

Studies of the evolution of coal from vegetal matter indicate two
distinet periods in its formation. The initial transformations consisted
chiefly of decay and kindred degradations. The secondary transforma-
tions that finally resulted in coal were much slower processes of aging
under substantially anaerobic conditions, higher earth pressures, and
sometimes elevated temperature; they usually extended over much longer
periods of time than were available for the primary transformations.

Although various coal beds were undoubtedly formed under widely
different conditions and of different vegetal materials, it seems that in
the usual case the original plants grew, died, and fell into or were soon
submerged in water. Peat beds accumulated and were eventually buried
by earth movements such as earthquakes, glacier drift, or silt from floods.

The initial transformations of vegetal material probably included
several different types of degradation and decay. There was some bac-
terial action and fungi were certainly active. Slow atmospheric oxida-
tion also occurred.®* Although the speed and course of this phase
depended upon local conditions, the indications are that the original
peat bed was formed during a period of a few centuries whereas the
secondary transformations extended over hundreds or thousands of
centuries. Shifts of the earth’s surface eventually covered the peat
beds, many of which have been buried for millions of years. Ages of
time were then available for the secondary transformations, which resem-
bled very slow carbonization. Finally produced were the dense car-
bonaceous products we know as coal. Factors of time, pressure, and
temperature determined the extent to which the ‘‘coalification’ reac-
tions proceeded.

RANK

The degree to which the coalification reactions have taken place in a
given sample determines its rank (the basis of the general classification
of coals given later in this chapter).

* The course and rapidity of vegetal decay are both determined by local condi-
tions. Decay is fastest in a warm, damp climate with the material exposed to the air.
Dry rot will also occur under suitable conditions. Decay is retarded and its nature
altered when a plant is submerged in water. Material in various states of degradation
can be found in individual peat beds and swamps. Certain old and deep peat beds
show progressive alteration with increasing depth, the peat being darker and more
compact near the bottom of the bed. Decay eliminates carbon, hydrogen, and oxygen
in various proportions, chiefly in the forms of carbon dioxide, methane, and water.
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The fo}lowing are clearly distinguished materials resulting from pro-
gressive metamorphism or increase in rank:

Peat — lignite — bituminous — anthracite — graphite

Although some samples of each of these have distinct physical and
chemical characteristics, border lines between the first four .are purely
arbitrary. A series of samples of the first four ranks can be assembled
in which the individuals have a nearly continuous gradation of a given
physical or chemical property.

It is probable that higher pressures and temperatures were required
to produce anthracite than existed in the bituminous beds. It is safe
to assume that at least some of the natural graphite has been produced
from coal by the effects of extremely high temperatures..””

PHYSICAL CHARACTERISTICS

Commercial Varieties—Ranks. The appearance and physical prop-
erties of coal are but vaguely related to its chemical analysis. Peat is
insufficiently transformed to he regarded as coal. Brown coal is the
lowest in rank and is readily identified by its color and texture. It is
soft, has a woody structure, and disintegrates on drying. Lignite may
be dark brown or black, with either a woody or an amorphous texture.
On weathering, it tends to break into slabs. Brown coal and lignite
contain high percentages of moisture with even higher percentages of
total oxygen. Black lignites grade into subbituminous coals of lower
oxygen content and correspondingly higher heating value.

Subbituminous coals are not distinguishable as a class by appearance
or physical properties. They are intermediate between black lignite and
bituminous products. Subbituminous coals are relatively high in oxygen
and they all ‘““weather” or slowly disintegrate upon continued exposure
to the atmosphere.

Different bituminous coals vary widely in appearance, physical and
chemical properties. In general, they are harder than subbituminous
samples and most frequently exhibit a cubical fracture. Anthracite
coals are harder than bituminous, usually having an amorphous texture
and a conchoidal fracture. Anthracite is relatively nondusty and burns
with a smokeless lame. Anthracites are characterized by high carbon
content and low volatile matter and oxygen.

Commercial Varieties—Types. The rank of coal has little if any
relation to the type of vegetal materials from which it originated. As
previously noted, residues of plant structures can be detected in most
samples. The type of vegetal material is to some extent related to the
petrographic structure of the coal.
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Thiessen? applied the term anthrazylon to the shiny black,, relatively
homogeneous structure, concluding that it was formed from the woody
tissues of plants including the bark. He designated the duller gray-
black structure as aftritus, since many samples contained a wide variety
of botanical residues. The dull, friable, charcoal-like material was called
‘““charcoal” or ‘““mother of coal,” later ‘“fusain.”

Stopes? differentiated four structures in European banded coals:

1. Vitrain.—The relatively homogeneous, lustrous black ingredient
having a conchoidal fracture.

2. Clarain.—The bright ingredient with a streaked or silky luster.
It is not so homogeneous nor so glossy as vitrain and does not have the
characteristic fracture of vitrain.

3. Durain.—The hard, dense ingredient having little or no luster.
The fracture is irregular. -

4. Fusain.—The dull, friable, somewhat porous ingredient having the
fibrous texture characteristic of charcoal.

When microstructures in vitrain can be identified, they are those of
woody tissue. Hence vitrain is closely identified with anthraxylon.
It is sometimes difficult to distinguish clarain from vitrain. However,
clarain samples may reveal macerated plant residues (macerals) such as
spore exines, which are very rare in vitrain. Durain has a higher specific
gravity on the average than vitrain or clarain. It is characterized by a
high proportion of macerals (chiefly spores exines) and is lower in ulmins*
than the preceding types. Fusain is relatively low in ulmins and in
volatile matter and high in ash. Fusain seems to have been formed by
quite different conditions than were responsible for the other structures,
possibly by dry rot or surface fires during the initial transformations.
Stopes later enlarged upon her original classification, and other attempts
have been made to adopt comprehensive systems of petrographic nomen-
clature based upon rock and maceral types. None of these has as yet
been universally accepted.

. The structures just discussed are most clearly differentiated in bitu-
minous samples although they also appear in subbituminous and to a
lesser degree in anthracite coals. Banded bituminous and subbituminous
samples are very common. The bands are lenticular to nearly flat layers
of the several structures, each of which may vary in thickness from a
fraction of an inch to a foot or more. The boundaries of the bands occur
roughly parallel to the plane of the seam bedding.

2 TriesseN and SeruNK, U.S. Bur. Mines Tech. Paper 573 (1937) and earlier
publications.

3 8vores, M. C., Proc. Roy. Soc. (London), 90B, 479 (1919).

* Amorphous substances, relatively high in volatile matter and low in ash. Peat

ulmins and a portion of the coal ulmins are soluble in caustic. Slow, prolonged
oxidation increases the solubility of coal ulmins in caustic.
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The American Society for Testing Materials (ASTM) defines some
commercial varieties of bituminous and subbituminous coals:* common
banded, splint, cannel, and boghead. From the description of banded coal,
the bands are identified as vitrain, clarain, and fusain. Durain is not a
common ingredient of American banded coals. Splint coal is principally
durain but may contain thin bands of vitrain and clarain. The ASTM
definitions of cannel and boghead coal are

“Cannel Coal.—A variety of bituminous or subbituminous coal of uni-
form and compact fine-grained texture with a general absence of banded
structure. It is dark gray to black in color, has a greasy luster, and is
noticeably of conchoidal or shell-like fracture. It is noncaking, yields
a high percentage or volatile matter, ignites easily, and burns with a
luminous, smoky flame.

“ Boghead Coal.—A variety of bituminous or subbituminous coal resem-
bling cannel coal in appearance and behavior during combustion. It is
characterized by a high percentage of algal remains and volatile matter.
Upon distillation it gives exceptionally high yields of tar and oil.”

OCCURRENCE OF COAL

Coal seams nearly always lie adjacent to and are often interspersed
with strata of clay, shale, sandstone, and sometimes limestone. Although
at least some of the minerals of the original plants remain in the coal, most
of the mineral matter is extraneous or brought in at various times during
the transformations.

Although thicknesses of different coal seams range from a few inches
to more than 40 ft, the average thickness of workable beds in the United
States is only about 4 ft. The individual seam also varies in thickness
and contains faults, folds, and igncous intrusions. These irregularities
resulted from earth movements and other geologic phenomena.

An entire scam may be pictured as having the general form of a
gigantic basin or a portion of one. The rim is a surface outerop by
which many seams were originally found and at which the workings
sometimes start. The depth of overburden varies with the location.
The pitch or slope'may be very small in some places and very great in
others. An entire basin may extend over thousands of square miles,
but only a small portion of it may be profitable to mine.

Although nearly every country of the world has at least some coal,
its distribution as to both abundance and rank on the several continents
isirregular. Among the different ranks, the higher are the less abundant.
The only important workings of anthracite at present are in the state of

1 “ASTM Standards on Coal and Coke,” test designation D 498—89. Bold-face
numbers prefixad by D are ASTM test designations.
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Pennsylvania and in parts of the British Isles; China and Russia have
workable anthracite measures.

MINING

Only a few of the more common generalities in the art of mining can
be given here. When a coal seam of sufficient thickness and value is
not buried too deeply, it may be strip-mined by removing the overburden
and recovering the exposed seam. With the development of larger and
more efficient power shovels, this type of mining is increasing in impor-
tance in the United States as a whole. The economical limit of the depth
of overburden that can be removed depends upon local conditions, but

BT : S
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Fia. 1.—A strip mine in Wyoming. (Courtesy of U.S. Bureau of Mines.)

workable depths may reach 50 ft or even more in exceptional cases
(Fig. 1).

Openings to underground mines include drifts, slopes, and shafts.
A drift or adit (tunnel) may start on a hillside at the outcrop and follow
a horizontal seam underground, or it may be the most convenient
approach to a buried seam. A slope usually follows the natural dip of
the coal seam (Fig. 2). A shaft is a vertical passage from the surface to
the underground seam.

Quite a number of different. methods and patterns are used in under-
ground workings, depending upon the dip and the pitch (slope) of the
seam, the thickness of the seam, and the characteristics of adjacent strata.

General patterns used in the workings are most easily visualized by
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considering a seam that lies nearly horizontally. A large pillar of coal
is allowed to remain around a shaft or slope opening of a mine where it
penetrates a seam to be worked. Through this pillar, a few main entries
or gangways are driven and are used for access to the rooms or chambers
from which the coal is removed at the working face. The main entries’
are lighted, equipped with air ducts and frequently with tracks for mine
cars and other utilities. Cross headings, cross entries, bults or roads are
driven from the main entries. There are many variations of pattern of
the cross headings and subsidiary workings. The two general patterns
or systems are room-and-pillar and longwall.

g

F1a. 2.-—Slope opening to a Pennsylvania mine. (Courtesy of U.S. Bureau of Mines.)

In the room-and-pillar method, the coal is worked out to leave long,
parallel rooms which open into cross entrics. The pillars between the
rooms serve to support the roof and are left intact until the desired depth
of the roomsis attuined. The pillars are then partly or almost completely
removed, allowing the roof to cave. This operation is known as robbing
the pillars.

In the longwall method, many subsidiary entrics and roads are driven
from the cross entries. The principal entries radiate from the shaft
somewhat like the spokes of a wheel and subsidiary roads radiate from
main and cross entries on a pattern similar to a fern leaf. Substantially
all the coal is removed from the working area, and the roadways are
maintained by pack walls built of rock loosened along with the coal or,
less frequently, stowage brought into the mine for the purpose.

The exact pattern of both room-and-pillar and longwall workings is
influenced by the dip or pitch of the seam. Pitching seams are always
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worked in a direction such that the floor slopes upward toward the face
so as to provide natural drainage and facilitate movement of the coal
away from the face.

Methods of loosening coal from the seam include manual and machine
cutting and blasting. The seam is usually undercut and the coal is then
blasted down or, in the case of longwall mining and steeply pitching
seams, it is allowed to loosen and fall by earth pressure.

In mines whose seams have a steep pitch, the loosened coal is sent
down chutes or batteries to mine cars in the entries. Where seams are
nearly horizontal, the coal is loaded manually or mechanically directly
into cars or onto conveyors. With a conveyor system, it is not necces-
sary for the cars to leave a main entry, and tracks may be laid, on which
large cars or a train can be run. The cars are moved to the shaft or out
of a slope opening by rope haulage, mules, or mine locomotives, and
dumped directly into or conveyed to the {ipple or surface works. Some
skip hoists are in use, in which the cars are dumped into the skips at
the entry so that the cars need not be hoisted.

The larger pieces of rock, slate, or shale (‘‘gob’’) are left underground.
In longwall mining, this material is essential to the construction and
maintenance of the roadways and for filling the spaces from which coal
has been removed.

PREPARATION

The greatest tonnage of coal mined is of bituminous rank, but anthra-
cite is a very desirable domestic fuel and commands a high price. It is
also relatively hard and tough. Because of these two factors, much more
extensive preparation of anthracite than of bituminous coals is the rule.
This may include breaking, sizing, and the removal of impurities.

A complete preparation plant for anthracite is known as a breaker and
may serve more than one mine. The usual plant has many breaking,
screening, and cleaning units to handle simultaneously the various sizes
of coal. Pieces of slate and ‘““bone”’ are picked out by hand from the coal
as it passes along a conveyor or chute. It is first given a preliminary
screening, a picking, and/or mechanical tabling; then the larger pieces
are broken with toothed rolls, put through a series of smaller screens,
and washed in a jig or up-current classifier which removes slate and other
high-gravity impurities. The amount of breaking and screening done
depends upon the demand for the various commercial sizes of the product.
" Bituminous coal is much more friable than anthracite, and breaking
operations produce unwanted fines. Much bituminous coal is marketed
as ‘‘run-of-mine,” which includes all sizes from large lumps down to
fines. The preparation of bituminous coal at many of the smaller mines
consists merely of hand picking and screen sizing in a tipple located
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10 FUELS, COMBUSTION, AND FURNACES

directly over the mineshaft. From the tipple, the coal is usually loaded
directly into railroad cars for shipment, or merely for convenience in
moving it to local storage (Fig. 3).

Cleaning of bituminous coal is practiced at some mines, the most
extensive operations being in the states of Pennsylvania, Virginia, Illi-
nois, and Alabama. Cleaning reduces the ash content, and with it much
of the pyritic sulfur. Wet methods of cleaning also remove soluble

2"@ 3 ] J“_' e
FiG. 4.—Diaphragm jig with automatic regulation.
Company.)

e
i

(Courtesy of Jeffrey Manufacturing

salts, and this treatment may raise the fusing point of the ash as well as
reduce the percentage of ash. More than 80 per cent of the bituminous
coal cleaned is washed. Hydraulic jigs and launders are used for this
purpose.

The jig is a classifier which maintains a suspension of material in
water so that the solid particles are free to move about. It has a heavy
screen which forms a bed for the solids, and along which the fuel passes
while separation of the coal from impurities takes place. In one type
of jig, the screen is given a controlled reciprocating motion, whence its
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name. In another type, a power-driven plunger or diaphragm imparts
a pulsating movement to the water which is transmitted through the
screen, thus maintaining the suspension. As the material moves along
the screen, segregation of coal and impurities occurs, fine impurities
passing through the screen and settling out so that they can be removed.
Larger particles of impurities are removed from above the screen but
below the layer of coal (Fig. 4).

The intensity of the jigging action is so regulated that the high-density
particles settle out as though the suspension had a specific gravity between
1.4 and 1.6. The specific gravity of the coal is about 1.3, whereas that
of the mineral impurities is over 2.0. Particles of coal have impurities
attached to and included within them, preventing complete separation
of impurities and causing the loss of some coal.

Dry tabling and pneumatic cleaning are done at a few mines. The
dry methods are at present suited only to small sizes, 34 in. or less.
Float-and-sink methods of separation with heavy liquids are used for
laboratory studies and are in the development stage for possible com-
mercial application. Froth flotation as is practiced in metallurgy can be
used to separate coal and impurities in the size range of ‘““fines.”” This
method is used to some extent in Europe.

ANALYTICAL TESTS

Tests performed upon coal and coke have to do with the commercial
value, burning properties, and other criteria related to the suitability
of the fuel for certain purposes. Many of these tests are not chemical
analyses and do not give fundamental physical constants. It isneverthe-
less essential that different laboratories be able to obtain consistent and
reliable test values on any given sample. To achieve this, the ASTM
has developed very rigidly detailed apparatus and procedures for the
sampling and testing of coal and coke.®

Samples for testing must first of all be representative and must also
be properly handled and cared for. ‘‘Free moisture’ is determined by
air drying; the sample is then ground to pass a 60-mesh sieve and is
thereafter kept in an airtight container. From the percentage of moisture
lost by air drying, subsequent analyses may be calculated back to the
‘“‘as-received’’ basis of original moisture content. (

Proximate Analysis (D 271). For heating, steam generation, and
other uses, several simple and rapid tests have been devised whose
values are related to the performance of the fuel upon heating and burn-

8 ¢ AQTM Standards on Coal and Coke.”
Certain ASTM tests are summarized as to significance and general procedure in
this chapter. Treatment here is not complete as to details given in the original source.

These sections are intended for the convenience of those readers unfamiliar with the
tests.
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ing. From these is calculated the ‘“proximate analysis’’ as summarized
below: .

1. Moisture (M).—The loss in weight on heating of a 1-g sample in an
oven at 104° to 110°C for 1 hr. '

2. Volatile Matter (VM).—The loss in weight of a 1-g sample heated
in a covered crucible at 950°C for 7 min, with item (1) deducted.

3. Ash.—The residue from item (1) which remains after all the com-
bustible material is burned out in a muffle furnace at 700 to 750°C.

4. Fized Carbon (¥FC).—Items (1) to (1) arc all expressed as per-
centages, and the fixed carbon is the difference between 100 and items
1) + @) + @).

Other common analytical tests include sulfur content, fusibility of

the ash, calorific value (heating value) of the fuel, and, less frequently,
phosphorus in the ash.
. Ultimate Analysis. Users of large quantities of coal desire more com-
plete analytical information than is to be had from the above tests, for
use in comparing and correlating properties of different coals. This takes
the form of a chemical analysis with respect to carbon, hydrogen, oxygen,
nitrogen, sulfur, and ash. The ASTM specifies the determinations car-
bon, hydrogen, and nitrogen under ultimate analysis and gives proce-
dures for calculating oxygen by difference.

The range of values which includes most coals is shown in the accom-
panying table.®

PeEr CeENxTs BY WEIGHT

(As received)

Proximate analysis Ultimate analysis
Moisture................... 3-30 |Carbon.................... 50-95
‘Volatile matter.............. 3-50 |Hydrogen.. ............... 2-5.5
Fixed carbon............... 1693 [Oxygen.................... 2-40
Ash.........ooooi 2-30 |(Sulfur........... ... ... ... 0.5-7

Nitrogen..... ....... ..... 0.5-3
Ash............ ... ... 2-30

CLASSIFICATION OF COAL AS TO RANK

During the past century, many attempts were made to obtain a
classification of coals according to geologic metamorphism (rank), in
terms of certain numerical values from proximate and ultimate analyses,
Proposed classifications have used volatile matter, fixed carbon, total
carbon, hydrogen, and oxygen in various combinations. Although each
system of classification placed samples of certain ranks in proper order,

¢ Hasram and RusseLr, ‘“‘Fuels and Their Combustion,” p. 24, McGraw-Hill Book
Company, Inc., New York, 1926,
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some systems would fail properly to classify high-rank coals and others
failed when applied to low-rank samplgs. It finally appeared that two
separate factors would be needed to classify properly all ranks. The
system developed by Parr is quite satisfactory in the above respects,
and the ASTM classification developed from it is'in general use for North
American coals.

Parr Classification of Coal.” After extended study, Parr observed
that mineral matter (Mm) had little if any relation to the rank of coal,
hence a classification is best made on a mineral-matter-free basis. The
moisture of the proximate analysis is also an extraneous variable. The
remainder after subtraction of these items is the dry, mineral-matter-free
basis. This residue is designated pure or unit coal, and on this basis the
volatile matter and fixed carbon add up to 100 per cent. This is the
basis of Parr’s unit coal. High-rank coals were found to be well dis-
tinguished by either volatile matter or fired carbon. On the other hand,
low-rank coals were best distinguished according to the per cent of inert
or nonhcaiing volatile material. The latter is closely related to the oxygen
content and to the heating value, which are inverse to each other.

On a plot of volatile matter against heating value (both on the unit-
coal basis), data from hundreds of samples formed a narrow band along
which boundaries of the various ranks could be located. This plot is
Parr’s classification.

Mineral Matter—Ash Relations. To obtain the unit-coal basis, Parr
made the following approximations, which are justified by tests on many
samples:

1. The mineral matter is composed of salts, iron pyrites (FeS,), and
hydrated clay or shale.

2. A fixed percentage may be assigned to the water of hydration in
the mineral salts, clay, and shale.

3. Nearly all of the sulfur is present in the form of pyrites.

In the proximate analysis, the water of hydration is driven off and
the pyrites burns to a residue of Fe.0;. Using an average value for the
water of hydration and item (3), the approximate relation may be derived,

% Mm = 1.084 + 0.558 (1)

where A and S are percentages of ash and total sulfur, respectively.
The per cent of unit coal or dry, mineral-matter-free material is then,

% unit coal = 100 — (A + 1.084 + 0.558) (2)
where M is the per cent of moisture of the proximate analysis.

"Parr, 8. W., The Classification of Coal, Univ. of Ill. Exp. Sta. Bull. 180 (1928).
Sce also U.8. Bur. Mines Rept. Investigation 3572, June, 1941; U.S. Bur. Mines Inf.
Cire. 7193, December, 1941.
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Unit Volatile Matter. In the proximate analysis determination of
volatile matter, the water of hygration of the mineral constituents is
driven off and the pyrites decompose into FeS, with volatilization of
half of the sulfur. This water and half of the pyritic sulfur are included
in the figure for volatile matter. To convert the proximate analysis
figure to the unit-coal basis, the relation is

VM — (0.084 + 0.48)
100 — (M 4+ 1.084 + 0.558)

ASTM Classification of Coals by Rank (D 388—38). The ASTM
utilizes Parr’s general method of classification in modified form. The
physical tests designated as agglomerating and weathering indices and the

% dry, Mm-free VM = X 100 (3)

TaBLE 1.—CrLAsSIFICATION OF CoALs BY RANK
(Conforms to ASTM D 388—38)
All values reported on mineral-matterfree basis

Fixed carbone Volatile matter Numerical designation:
(Dry basis) (Dry basis) (x—y)
% m~Anthracite %
98 2 2z = nearest whole % fixed carbon
Anthracite y = nearest whole Btu perlb /100
92 8
Semianthracite
(Nonagglomerating)
86 14
Low-volatile bituminous
78 22 Btu per Ibs
Medium-volatile bituminous (Moist basis)
69 31
.High-volatile bituminous A
14,000
High-volatile bituminous B
13,000
High-volatile bituminous C
(either agglomerating or
nonweathering)
Subbituminous A
(both weathering and non-
agglomerating)
11,000
Subbituminous B
9,600
Subbituminous C
8,300
Lignite (consolidated)
Brown coal (unconsolidated)

© Samples having borderline values are classed in higher bracket.
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condition of consolidation were added to differentiate between samples
of adjacent ranks and subgroups that sometimes overlap in the numerical
classification of lower-rank materials.

The agglomerating index is obtained by examination of the coke button
obtained from the volatile matter determination. The weathering or
slacking index is summarized in a later paragraph.

By means of Eq. (3), since

% dry, Mm-free FC = 100 — (9% dry, Mm-free VM),

it may be shown

% dry, Mm-free FC = 100 (FC — 0.158)

100 — (M -+ 1.084 + 0.558)

CN

The ASTM uses the calorific value calculated to the moist, mineral
rantter-free basis for its classification. Thus,

100 (Btu — 508)
100 — (1.084 + 0.558°

The term 508 is a correction for the heat of combustion of pyrites.
The variables (other than Btu) in the right-hand sides of Eqgs. (4) and (5)
are percentages on the as-received basis, as commonly reported. The
ASTM classification is summarized in Table 1.

ASTM Classification of Coals by Grade (D 389—37). Other tests
which are unrelated to the rank of coal have to do with its furnace quality.
These tests include size designation, calorific value, per cent ash, ash-
softening temperature, and per cent sulfur. Note that these are depend-
ent upon mine and preparation operations: breaking and sizing, removal
of extraneous rock, shale, and clay, air cleaning or washing, tabling,
jigging, and flotation treatments.

Moist, Mm-free Btu = ‘5)

ExaMpLE oF NUMERICAL GRADE DESIGNATION*

Calorific value, Ash-softening
. Size Btu per Ib Ash, max ¢, temp, min, °F | Sulfur, max %
per 100 per 100
2-4 in. 132 A-8 F-24 1.6

* Reprinted from Sec. 3a of designated test.

Noze: The above example of grade classification indicates a coal of 2 to 4 in. size designation, having
a calorific value of approximately 13,200 Btu, an ash of 6.1 to 8.0 per cent, an ash-softening temperature
of 2400 to 2590F, inclusive, and a sulfur content of 1.4 to 1.6 per cent.

These designations, including the ranges of values, are summarized
in Table. 2. When the numerical values of classifications by both rank
and grade are reported, the two values of the classification by rank are
always given first.
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SUMMARY OF CERTAIN OTHER TESTS ON COAL AND COKE

There are a number of other ASTM tests which were developed for
making purchasers’ specifications on fuels to be used for certain purposes.
Most of these others are of physical characteristics related to the service
properties required of the fuel. Several are summarized in the following
paragraphs. .

Agglutinating Value (D 847—39T). This test gives information
about the caking and coking properties of the coal. A small sample is
mixed with silicon carbide and carbonized to give a button which is then
subjected to a compression test. The results are reported in terms of
kilograms crushing strength.

Weathering or Slacking Index (D 388—38, Sec. 8). A screened
sample is air-dried, immersed in water, and air-dried a second time. The
disintegration is computed from a second screen test. The results are
given as per cent undersize material formed.

TaBLE 2.—CLASSIFICATION OF COALS BY GRADE
(Conforms to ASTM D 389—37)
All values reported on as-sampled basis
1. Size Designation (y X z in.):

y = upper limit (large size): The smallest screen which retains less than 59% of
total sample.

z = lower limit (small size): The largest screen which passes less than 159, of
total sample.

Large screens: Plates containing round holes of designated size, 8 in. max.,
3¢ in. min.

Small sieves: Woven-wire cloth, square openings. Size of opening [(1/sieve
No.)—wire dia), in. No. 4 max, No. 200 min.

(Surface moisture dried off coal before screen tests, if present.)

2. Ash~content Designation (value to nearest 0.1%):

% Ashe. .. .. .. 0 4.05 6.05 8.0510.05 12.05 14.05 16.05 18.05 20.05
| |

)

Symbol........ A4 | A6|AS8 A10‘A12 Al4 | Al16 | A18 A201A20+

3. Softening Temperature of Ash (value to nearest 10°F):

B 2000 2195 2395 2595 2795
|

Symbol..............cooiiiii F20—| F20 | F22 | F24 F26‘F28

72 - L 0 0.75 1.05 1.35 1.5 2.05 3.05 5.0

Symbol................. 80.7|81.0/81.3(81.6{82.0/83.0/85.0/85+

5. Calorific Value* (nearest whole Btu per Ib divided by 100).
s Samples having borderline values are classed in higher bracket.
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Grindability (D 408—37T, D 409—37T). These tests give figures
related to the grinding energy required to pulverize coal. Two methods
are in use: In the ball-mill method, a sample is ground in a ball mill
until 80 per cent passes a No. 200 sieve, the mill revolutions required
being calculated from several trials. In the Hardgrove method, a pre-
pared sample is given 60 revolutions in a miniature pulverizer, and the
amount passing a No. 200 sieve determined. The results of the tests
are reported as arbitrary indices:

Ball-mill grindability index = 50,000
av no. of revolutions
Hardgrove grindability index

= 13 + 6.93 (wt sample minus wt retained on No. 200 sieve)

There is a uniform relation between numerical values of the two
methods for a given sample.

Drop-shatter Tests (for coal, D 440—37T; for coke, D 141—23).
These tests give an index of the stability or resistance to breakage of the
fuel. Breakage occurs in ordinary handling such as loading, unloading,
and shipping.

Prepared samples are dropped from a height of 6 ft onto a steel plate
according to specified procedures. Coal is dropped twice, coke four
times. Screen tests are made on the dropped samples. In the case of
coal, a size-stability tndex is computed—a value of 100 indicating no
breakage.

Tumbler Tests (for coal, D 441—37T; for coke, D 294—29). These
tests give values of relative friability. Smaller lumps are used than in
the drop-shatter tests. Prepared samples are tumbled by rotation in a
standard jar or drum apparatus, and screen analyses are made upon the
tumbled samples. In ‘the test on coal, a friability factor is computed—a
value of zero indicating no breakage. In the test on coke, the percent-
age of the total tumbled sample retained on the 1.06-in. sieve is desig-
nated as the stability factor, and the percentage of total tumbled sample
retained on the 0.265-in. sieve is designated as the hardness factor. Thus,
the hardness factor is always larger than the stability factor.

GENERAL REQUISITES FOR THE MAJOR USES

Many furnaces can burn coals of a rather wide range of ranks and
grades. As a consequence, efficient combustion and convenience of
firing are often compromised in order to use a low-grade low-priced fuel.
The small consumer too often considers little else than the price per ton.
The result of failing to consider quality is that the cleaning of coal at the
mine is not practiced to the extent it might be.

Domestic Applications. Most domestic furnaces have hand-fired
grates, and most of these are not continuously attended. All varieties
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and grades of fuel are used, but the consumer prefers a fuel that does not
tend to smoke. Caking coals which can be banked to burn slowly over
a period of several hours without attention are also convenient. No
single fuel is both entirely smokeless and caking. Also, if the ash-
softening temperature is below F22, some trouble will be experienced
with clinkering.

In certain urban areas, smoke and soot have become such nuisances
that antismoke ordinances have been passed. Although care in firing
can greatly reduce smoke, the domestic user who does not have a fire-
man or janitor in constant attendance is then virtually faced with the
choice of installing a domestic stoker or using a low-volatile fuel. There
are, however, other factors besides per cent volatile matter and care in
firing a grate that determine the amount of smoke produced—both in
fuel characteristics and in grate and furnace design.

Domestic stokers can burn a lower rank coal more efficiently than is
possible with a hand-fired grate. However, the stokers require a sized
fuel of somewhat higher grade and are sensitive to low-fusing ash.

Anthracite coal is an excellent domestic fuel, but its premium price,
localized occurrence, and limited production restrict its use. A recent
symposium gives present practices and late developments in special
methods of converting bituminous coals into low-volatile, smokeless
fuels.! High-temperature coke is used for domestic heating chiefly in
the vicinities of coke-oven plants.

Industrial Furnaces. Industrial furnaces are generally larger and
more closely attended than domestic units. They may be designed for
burning any rank and grade of fuel. Large industrial stoking furnaces
are designed for the particular rank of fuel most readily available. For
a properly designed installation, efficient smokeless combustion is a
matter of intelligent firing.

Pulverized-coal units are susceptible to low-fusing ash, which may
accumulate on boiler walls and cause trouble. Almost any pulverized-
coal furnace can be fired to a higher capacity with fuel having a high-
fusing ash than is possible with fuel having a low-fusing ash. High
per cent volatile is desirable for use in these units (see Chap. XI).

Coking and Gas Making. The overall requirement of a coking coal
is that it make a satisfactory coke by conventional coking processes.
Requisite properties of coke are strength, cell structure, and a minimum
of impurities. Troublesome impurities are chiefly sulfur, ash, and, for
metallurgical coke, phosphorus. ASTM specifications for coking coal
are given in Table 3.

Fuel gas made from coal includes “coal ,gas’” and ‘‘water gas.”
Most of the coal gas comes from byproduct coke ovens, although some small

$ Ind. Eng. Chem., 83, 835-864 (1941).
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ovens and gas retorts were installed for the primary purpose of making
gas. The latter installations must also market the coke to be financially
successful. Water gas to be used as city supply is made from coal or
coke, or a mixture of the two. Coal used as water-gas generator fuel
makes richer gas than does coke, since coal releases methane and higher
hydrocarbons into the gas. Hence a minimum percentage of volatile
matter is specified for gas coal.

TaBLE 3.—SPECIFICATIONS ON CoAL AND Cokk roR CERTAIN Uses
(Conforms to ASTM D 166—24)

Volatile Ash- |Sulfur Sulfur i
matter, Ash |fusion|indry utur an Coke from coal
! gas from
dry basis temp | coke
Gas coal. ... 35% 9% | Over |1.5% |30 grains|Suitable for domestic
min® max® | 2300 | max | per 100 cu | use or manufacture of
ft maxe water gas
Coking coals.| Subject to| 9% | 2200 | . ¢ 30 grains|Gize, strength, and
agreement| max® | min per 100 cu | structure subject to
ft max.° agreemente

@ On moisture- and ash-frec basis. Also moisture, 4 % max.

5 On dry baasis.

¢ In gaseous compounds other than H2:S, (Applies only to gas for Comestic use.)
4 For foundry coke, 1.0% max. For blast-furnace coke, 1.3 % max.

¢ Also, max % phosphorus, subject to agreement.

Only a small amount of sulfur is permissible in city gas supplies,
since cookstoves and certain small heaters release the combustion gases
indoors. Sulfur in the gas occurs principally in the form of hydrogen
sulfide. Gas plants remove the hydrogen sulfide, but elimination of
other sulfur compounds is more difficult and requires a special process.
This is the reason for the specification applied to gas coal that the gas
made from it must not contain more than 30 grains of organic sulfur
(in compounds other than H,S) per 100 cu ft (see Chap. VIII).

Mobile Power. Although many locomotive and marine power plants
burn oil, sizable quantities of coal are still consumed by trains and ships.
Since it is important that dead weight and space be kept to a minimum
here, an extra price premium is justified on coals low in oxygen plus ash
for these uses.

Storage and Spontaneous Combustion. Coal oxidizes slowly when
exposed to air. If heat from oxidation is generated more rapidly than
it is dissipated, the temperature rises, oxidation accelerates, and spon-
taneous combustion occurs.

Porous and high-sulfur coals give the most trouble, particularly
when damp. Since oxidation occurs principally at particle surfaces,
pulverized coal having these characteristics is very susceptible to oxida-
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tion and will usually ignite if allowed to stand undisturbed for two or three
days.

A number of methods for preventing spontaneous combustion of
stored coal have been tried, and all are usually successful.® The more
common methods are to keep the piles small or to store the fuel under
water, in pits or in bins and silos that are substantially airtight at the
bottom and sides. However, if the coal is spread and rolled as horizontal
layers rather than dumped into conical or wedge-shaped piles, segrega-
tion of large and small particles does not occur. Irregular passages
allowing ‘‘ chimney effects’’ by which air and gases can travel up through
a pile are substantially eliminated, and danger of spontaneous combustion
is greatly reduced. Coals that have given trouble when dumped into
piles have been successfully stored over long periods when laid down as
flat layers. This does not limit the height of the pile.

COKING OR CARBONIZATION

The purposes of coking operations are

1. To make metallurgical coke (by-products may or may not he
recovered).

2. To make fuel gas.

3. To make gas, domestic coke, or smokeless fuel, and to recover
liquid by-products.

Not all coals are suitable for coking and, if the coke is not of market-
able quality, coking operations are not feasible. By far the greater
portion of the coal coked is by the high-temperature beehive and byprod-
uct-oven processes. Byproduct ovens handle more than 90 per cent
of the total of these two. Of the total high-temperature coke, about
65 per cent is consumed by blast furnaces, somewhat less than 15 per
cent goes to domestic uses, and miscellaneous metallurgical processes
consume most of the remainder.

Coking Mechanism. As coal is heated above 100°C, moisture and
adsorbed gases are driven off. Decomposition of the coal substance
starts at about 200°C, with loss of oxygen in the form of water, CO, COs,,
and organic compounds. Partial or complete fusion accompanies
decomposition, the entire mass becoming plastic in the case of coking
coals. Hydrogen, carbon monoxide, and methane are formed at 700 to
750°C. About half of the total nitrogen escapes as elementary nitrogen,
ammonia, and ammonium compounds. Half of the pyritic sulfur is
released and is immediately reduced to hydrogen sulfide. Other sulfur
compounds are found in the gas, chiefly carbon bisulfide. Twenty-five
to 40 per cent of the total sulfur comes off in the gas, the rest staying
in the coke, which often has about the same sulfur percentage as the

® BARKLEY, J. F., U.S. Bur. Mines Inf. Circ. 7235, February, 1943.
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original coal. The gas consists chiefly of hydrogen and methane with
small amounts of higher hydrocarbons (illuminants) and various other
substances as discussed later.

The gas formed in the early stages of coking has a higher heating
value than the gas formed during the late stages, and formerly the rich
and lean gases were sometimes segregated. This practice has been
discontinued. A publication concerning the general mechanism of coal
pyrolysis has appeared.'®

The mass swells as it becomes plastic, then slowly solidifies. To
make uniform coke of the required characteristics, high- and low-volatile
coals are broken to small size (80 per cent under !4 in.) and mixed in
controlled proportions. Low-volatile coal usually swells excessively but
gives a high yield of coke. The coals must be selected and blended with
great care so that the charge will not exert dangerous pressure on and
damage the oven walls during carbonization. Small coal-expansion
test ovens are used far control testing of the mix. These considerations
set compositional limits to the oven charge. Relative costs of the
various coals, yields, and value of the products then determine the
most desirable proportions. An oven charge often tests about 33 per
cent VM.

There are two general temperature ranges used in coking or carboniza-
tion processes. In low-lemperature coking, the product is heated to a
final temperature between 450 and 700°C. In high-temperature coking,
the final temperature is between 1000 and 1200°C. The quantity and
character of products from the two operations are quite different. Metal-
lurgical coke can be made only by a high-temperature process. Low-
temperature coke is used as smokeless fuel.

Beehive Ovens. Beechive ovens are the simplest and were the first
type to be developed. They are used solely for the manufacture of
metallurgical coke. All of the gas formed is burned inside the oven and
furnishes heat for the coking process. These ovens are built in circular
and also in rectangular shapes of fireclay or other refractory brick. The
oven of typical size is charged with 5 to 6 tons of coal, which is spread on
the hearth as a bed 24 in. in depth. Residual oven heat initiates decom-
position and' ignition of the charge and the gas is burned immediately
above the bed of coal by admission of a controlled amount of air. The
heat slowly travels downward through the bed, and coking is completed
on a 48- or a 72-hr schedule. When coking has been completed, quench-
ing water is sprayed on the coke while still in the oven; then the quenched
coke is ‘““drawn.” Circular ovens are hand-raked, while rectangular
ovens (built in a battery) usually have doors at either end and are dis-
charged by a traveling mechanical pusher. Beehive coke is hard and has

10 FycHs and SANDHOFF; Ind. Eng. Chem., 84, 567 (1942).
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a silvery luster, but the yield is 5 to 10 per cent lower than that obtained
from the byproduct ovens in which the charge is heated indirectly. .

Combustion gases from some beehive-oven batteries are collected into
a common flue and passed through a waste-heat boiler to generate steam.
About 1800 Btu/lb of coal coked are recovered as steam by this means.

Beehive ovens are cheap and easy to construct, but their low yield
of coke and inability to recover by-products cause them to be used chiefly
for meeting peak and seasonal demands for metallurgical coke. When
the demand is slack, they fall into disuse; almost all of the coke is then
made in byproduct ovens. During the 1930 business depression, beehive
ovens were used as houses by unemployed workers. Owing to recent
heavy wartime demands for metallurgical coke, new beehive-oven bat-
teries have been built for the first time in more than twenty years.

Byproduct Ovens. In byproduct ovens, the coal is coked by heat
transmitted through the oven walls. The heat is furnished by burning
35 to 40 per cent of the total oven gas. The yield ef coke is about 5 per
cent higher than the (FC + ash) values of the proximate analysis of the
charge. i

The typical byproduct-oven battery contains 30 to 90 ovens (con-
structed of silica brick in the United States, firebrick in Europe). In a
number of the new units, the oven proper is about 40 ft long, 13 ft high,
16 in. wide ‘at the pusher end, and tapered slightly so that it is about
3 in. wider at the discharge end. It is charged to within a foot of the
top with about 18 tons of a crushed and sized mixture of high- and low-
volatile coal. Earlier ovens were built both larger and smaller.!t The
battery is constructed as alternate ovens and heating flues. The flues
heat the side walls of the oven to a temperature of about 2200°F (1200°C).
Carbonization starts at the walls, progresses toward the center, and is
complete in about 17 hr. Since there is considerable thermal expansion.
or contraction of a long oven battery upon heating or cooling, the ovens
must be kept hot to avoid damage. When the coke demand is slack,
the throughput of the battery is reduced by allowing the coke to remain
in the oven for a longer period.

The charging and discharging are done on a regular schedule, so that
all ovens are of the same coking age at the time they are -discharged.
A traveling mechanical pusher discharges the oven, the hot coke falling
into a car, where it is quenched by a water spray, then dumped from the
car onto an inclined ‘“wharf” where it is allowed to cool. From the
wharf it is conveyed to screens. Five to ten per cent of the material is
less than 34 in. in size. This is known as coke breeze. 1t may be burned
in the plant boilers or used for fuel in gas producers.

The gas is cleaned and debenzolized, and part of it is usually con-

n ““Koppers-Becker Coke Ovens,” Koppers Co., Pittsburgh, Pa., 1944.
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sumed as fuel for firing the ovens. The remainder is marketed or con-
sumed elsewhere in the plant. It is profitable to market as much of the
coal gas as possible. When a sufficient demand exists, coke ovens that
are equipped with regenerators to preheat air and fuel can be fired with
low Btu blast furnace gas (where available) or producer gas made in the
plant for this purpose.

BYPRODUCT RECOVERY

A flowsheet of a byproduct oven and recovery plant is shown in
Fig. 5.*
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Firu. 5.—Flowsheet of typical byproduct coke-oven o tions. (Courtesy of Chemicallili
Metallurgical Engineering.)

Ammonia.—The oven gas contains water vapor, ammonia and of
nitrogen compounds, sulfur compounds, volatile hydrocarbons, susperfied
tar, coal dust, and soot. The take-off or “ascension pipe’’ from the top
corner of each oven opens into a large pipe or main, designed as the collect-

_tng main. The gas in the main is cooled by heat loss from the main and
also by interna].sprays of ammoniacal liquor. This washes out dust and
suspended tar. As the gas cools, tar and water condense, and ammonia
dissolves in the liquor. The collecting main ends in a sump from which
a portion of the aqueous liquor is recirculated to the sprays. The gas
take-off from the sump is designated as the suction main and leads to the
primary cooler, which in some plants is a direct-contact scrubber and in
others is a vertical shell-and-tube heat exchanger. (In plants that make
aqua ammonia the scrubber is a. direct-spray tower circulating dilute
ammonia liquor.) The gas enters the cooler at about 75°C and is cooled
to about 30°C.

A centrifugal exhauster has drawn the gas from the ovens up to this
point, and furnishes a 65 to 70 in. H;O pressure differential as required

* A detailed elevation flowshect is given facing p. 442 (Folder A).
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to move the gas through the entire system. Tar fog is still present in
the gas through the exhauster pump and is finally eliminated by a high-
voltage electrical precipitator. The cleaned gas is passed through a
‘““saturator” which is fed with 60°Bé sulfuric acid. The gas is bubbled
through the acid bath liquid which absorbs the ammonia as ammonium
sulfate. The bath liquid is actually a saturated ammonium sulfate solu-
tion containing about 5 per cent acid and 45 per cent ammonium sulfate.
The sulfate crystallizes out and the crystals are removed, drained, cen-
trifuged of liquor, and stored.

Ammoniacal liquor from the mains, sump, and primary cooler is
treated with milk of lime. The free NHj is distilled out and added to the
gas stream entering the saturator.

Hydrocarbon Recovery. The gas leaving the saturator is cooled to
about 25°C and passed through the benzol scrubber. This absorbs the

_heavier hydrocarbons from the gas in straw oil. The straw oil is deben-
zolized in a steam stripping still and recirculated. The light oil is
condensed and may be treated in various ways depending upon whether
pure benzene, toluene, and xylenes are to be manufactuted, or the oil
is to be used for ‘“motor benzol.” About 95 per cent of the total light
aromatic hydrocarbons are recovered from the gas, and only about 5 per
cent are found in the tar.

The tar is often burned as fuel. Several of the larger plants distill
the tar and manufacture additional by-products. The principal prod-
ucts obtained from tar distillation and subsequent treatment of the
products are summarized in Table 4.

Until very recently, the byproduct coke industry furnished practically
the entire supply of benzene, toluene, and xylenes. During the war,
the supply of coke-oven toluene was inadequate to meet the heavy
wartime demand and was supplemented from petroleum sources.

Coal tar contains innumerable individual hydrocarbons, organic acids,
and nitrogen bases. Quite a number of important chemical industries
recover a few pure compounds from coal tar and use them as chemical
intermediates for synthetic products.

LOW-TEMPERATURE COKING

Carbonization of coal by low-temperature processes results in a lesser
degree of decomposition of the coal substance, with resulting differences
in the quality and quantity of products obtained. The solid residue is
often termed semicoke. It contains a considerable amount of volatile
matter, is unsuitable for metallurgical purposes, but is an excellent
smokeless fuel.

Operating costs of low-temperature carbonization processes are higher
than for the high-temperature operation, and the value of the products
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obtained has not permitted extensive use of low-temperature coking in
the United States.

In England, much higher prices of petroleum and natural-gas fuels
have permitted a slow but steady growth of low-temperature carboniza-
tion by the Coalite process. In this process, the fuel is carbonized in
small vertical cast-iron-pipe retorts, to a temperature of about 600°C
during a period of 4 to 6 hr.

A comparison of products from the high- and low-temperature coking
of a ton of coal is summarized in Table 5.

TasLE 5.—A. Propucts FroM CoxiNg 1 Ton or CoaLs

High temp Low temp
Temperature ranges, °C......................... 900-1,200 450-700
Cokeyield, o.....oovvviniiiniiiiiiiinennnnnn. 60-70 70-80
VMincoke, %............. e 1-2 7-15
Total gas, eu ft...........cveirreenneennnnnns. 10,000-i2,000 | 3,000-5,000
Surplus gas, %.....ccoovviiiiiiiiii 55-65 :
Heating value of gas, Btu percuft............... 520-580 800-900
Tar, gal. ..o e 8-12 20-30
Sp.gr.oftar.............. .. ... i, 1.2 1.1
Lightoil, gal......... ... ... .. i il 2.5-3.0 2.5-3.0
Ammonium sulfate, Ib. ... ... ... ... ... L 20-25 10-12

B. TypicAL ANALYsis oF GAs FROM HIGH- AND LOW-TEMPERATURE PROCESSES

CO:| 0: | CO | Ny | H, | CH, | UPS8 | o, | Btw,
as C.H, approx
High-temp?®......... 1.6 0.5}7.8]9.0]51.5|27.0 1.6 1.0 | 530
Low-temp (not de-
benzolized)e. . . . .. 8.210.2|6.2(2.0|17.5|49.4 4.2 12.3 | 860

e U.8. Bur. Mines Tech. Paper 396 (1926).
® Koppers Co., private communication, 1943.
¢ U.S. Bur. Mines Tech. Paper 512 (1932).

CONVERSION OF COAL INTO LIQUID FUEL

Coal and coal tar are hydrogenated in European plants for the purpose
of producing gasoline (the Bergius process). Essentially, the operation
consists of drying and pulverizing the fuel, dispersing it in heavy ““cycle
oil”” from the process, mixing with a catalyst, and then hydrogenating
at 300 to 450°C under 200 to 700 atm pressure. The hydrogen is often
obtained by conversion of hydrocarbon gas formed in the reaction.

An oil of wide boiling range is produced, which contains 15 to 30 per
cent of material boiling within the gasoline range. The oil is fractionated
to separate the light gasoline, and the higher boiling fractions are cracked,
reformed, and/or destructively hydrogenated to increase the ultimate
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yield of gasoline. The residual high-boiling oil with any other tar
is returned to the process for further hydrogenation. Thus the coal
substance of the charge is converted almost quantitatively to gasoline
and gas.

Gasoline i also manufactured on the Continent by the Fischer-
Tropsch process. This involves converting the coal into water gas, which
is then catalytically converted into a mixture of hydrocarbons. These
processes require somewhat more than 2 tons of brown coal or about half
of this amount of high-grade bituminous coal per barrel of motor fuel
produced. The Fischer-Tropsch process operates at low pressure and
does not require heavy-pressure equipment. However, the light oil is
of very low octane number and must be further converted for use as
motor fuel.

In the United States, neither process has been able to compete with
petroleum financially. The U.S. Bureau of Mines has maintained a
Bergius-type pilot plant so that up-to-date information for the construc-
tion of full-scale plants will be available whenever needed.

Supplementary References
General:

1. Lowry, H. I1,, cditor: “ Chemistry of Coal Utilization,” Vols. I and II, National
Research Council Committee, John Wiley & Sons, Tnc., New York, 1945.

On occurrence and mining:

2. Moogek, E. 8.: “Coal,” 2nd ed., John Wiley & Sons, Inc., New York, 1940.

On coal tar:

3. Dobag, F. E.: “Rogers’ Industrial Chemistry,” 6th ed., Vol. [, Chap. 16, D. Van
Nostrand Company, Inc., New York, 1942.

On coal gas:

4. “Gas Engineers’ Handbook,” Sec. V, 8-15, Pacific Coast Gas Association, McGraw-
Hill Book Company, Inc., New York, 1934.

On analysis and testing:

5. Parr, S. W.: “The Analysis of Fuel, Gas.‘ Water and Lubricants,” 4th ed.,
McGraw-Hill Book Company, Inc., New York, 1932.

Exercises

1. a. What are the ranks of coal? How are they differentiated ?
b. Name the petrographic structures of coal, with their distinguishing charac-
teristics.

2. Tests on a coal sample ‘“‘as reccived” are

Moisture.................... 3.4% S.... 1.0%
VM. . .o 15.4% H........................ 4.4%
FC.....ooco 75.5% Coooovviiiiii i 81.7%
Ash.................. ... .. 6.19% N..........ooiiiiii 1.3%
Ash-softening temp......... @ 2590° O...........T.ll 5.4%
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a. What is the ASTM rank of the coal?
b. Give its ASTM grade classification.

8. What additional tests would have to be made on the sample cf exercise 2 to
determine its suitability for making metallurgical coke? Explain in detail, giving the
reasons for the specifications.

4. Discuss briefly the effects of washing and jigging upon the analysis and prop-
erties of coal. Give the reasons for these treatments.

6. a. What are the principal differences in equipment and operating conditions

for low- and for high-temperature carbonization?
b. What are the essential differences in the purposes of the two operations, and
the differences in yield and properties of the coke and tar obtained?

8. Draw a bloc!: flowsheet of & byproduct coke-oven plant showing the principal
units.



CHAPTER 11
PETROLEUM AND NATURAL GAS

PART 1. OCCURRENCE AND CONSTITUTION

The great convenience of ashless fluids as fuels for both heat and
motive power has given petroleum products an indispensable place in
present-day civilization. However, the utilization of petroleum has gone
far beyond the manufacture of conventional fuels and lubricants by
standardized refining processes. The successful refinery of today must
keep abreast of current developments in processes and products or it
soon becomes obsolete and its operation unprofitable. New chemical
and physicochemical processes for the manufacture of special fuels such
as aviation gasoline, and for the production of individual hydrocarbons
such as toluene, butadiene, and styrene are appearing at frequent inter-
vals. Synthesis of organic¢ chemicals from natural gas and petroleum
hydrocarbons is of prime and growing importance.

SUPPLIES—PRESENT AND FUTURE

The amount of recoverable petroleum in the earth appears to be very
small in comparison with the coal resources. Many of the earth’s oil
pools are not yet located, and estimates of oil reserves change consider-
ably from year to year as affected by new discoveries, rates of withdrawal,
and current methods of production, upon which depends the ultimate
recovery of oil from a given pool.

During 1940, world production of petroleum was somewhat more than
2 billion barrels, over 60 per cent of which was produced in the United
States. As of Jan. 1, 1941, this country had an estimated reserve of 19

-billion barrels. Annual estimates of the United States reserves have
increased since then but include upward revisions of recoverable oil from
known fields as well as estimates from newly discovered pools. However,
consumplion has steadily increased while the annual quantity found in new
pools has decreased stnce 1937. At the time of writing, reserves were
decreasing. Unless an unexpectedly large amount of oil in new fields is
fdund, the highest ultimate recovery of oil from existing pools can be
obtained only if United States production is curtailed. The supply
of oil may decrease, but it will not suddenly dry up. Petroleum and
hydrocarbon products will be available for centuries to come. As flush
oil production decreases, the price of crude oil and petroleum products
must rise. This will stimulate further prospecting, increase the appli-

29
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cation of secondary methods of oil recovery, and cause oil shale to be
worked much more extensively. Gasoline and other hydrocarbon prod-
ucts will be made by synthesis from natural gas and eventually from
coal. The 1942 reserve of natural gas was roughly equivalent (in terms
of energy) to the reserve of petroleum, and gasoline may be manufactured
at reasonable cost by conversion of the gas.

CONSTITUTION OF PETROLEUM

Petroleum is a highly complex mixture of hydrocarbons with lesser
amounts of certain organic compounds of sulfur, oxygen, and sometimes
nitrogen. Crude oils range from thin, almost water-white liquids (from
“distillate pools’) through liquids of various bodies and darker colors,
to natural asphalts. The great majority of crude oils are dark liquids
of intermediate properties whose color may be any shade from yellow
through green, brown, and black (by reflected light). The color of a
crude oil is due chiefly to small amounts of color bodies, although the
opacity and blackness of a crude are a rough index of the amount of
asphalt it contains. Color is only vaguely related to the base or general
structure of the crude.

Structure of the Natural Hydrocarbons. There are three structural
types of hydrocarbons present in all crude oils: paraffins, naphthenes,
and aromatics.

The paraffins have the general formula CoHza2. Except in the lower
members of the series, branched isomeric rather than straight-chain
compounds predominate. All the isomeric paraffins through the hexanes
(CeHi1s) have been isolated, as well as a number of heavier paraffins.!

The naphthenes (cycloparaffing) have the general formula C.Hg,.
These contain only saturated ring linkages and have either five or six
carbon atoms in each ring. The simplest members, cyclopentane and
cyclohexane, have been isolated as well as some of the simpler alkyl
naphthenes.

The aromatics contain benzene ring nuclei. A general formula may
be written C,Hj, ., in which z varies with both structure and molecular
weight. Benzene and a number of alkyl benzenes have been isolated
from petroleum.

The heavier fractions which compose the bulk of crude oil contain
certain amounts of paraffins but are chiefly molecules containing one or
more rings having attached alkyl side chains. The rings may be con-
nected to each other through one or more carbon atoms, such as in
diphenyl, or in naphthalene or anthracene.? All types ‘of rings and

* Rossing, F. D., Proc. API, 18, 111, 36 (1937); Ol Gas J., 38 (26), 193 (1937);
Refiner Natural Gasoline Mfr., 18, 545 (1937).
2 RossiNg, F. D., Petroleum Eng., February, 1943, p. 43.
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linkages may occur in a single molecule of sufficiently high molecular
weight.

With the exceptions of n-paraffins and the lowest members of the
other types, all molecules contain alkyl side chains. Most of the side
chains are probably methyl groups, but it is certain that longer side
chains exist. Possibly some rings are connected by chains. Moleculcs
composing the bulk of pareffin waz contain one or two naphthene rings
and long side chains. A class of compounds known as asphaltenes occurs
in the higher boiling fractions of crude oil.* This material is unstable
toward heat and oxygen, is highly unsaturated and very low in hydrogen
content, but is not well understood as to exact structure.

Methane gas is the most abundant natural hydrocarbon and, with
some exceptions, the abundance of the individual petroleum hydrocar-
bons decreases as the molecular weight increases. This is the result of
two factors: the lower members of a hydrocarbon series are the more
stable, and with increasing molecular weight the number of possible
structural isomers increases extremely rapidly. In the range of high
molecular weights, individual hydrocarbons exist only in very minute
proportions.

Sulfur Compounds. All crudes contain a certain amount of sulfur
in the form of organic compounds. Elementary sulfur and hydrogen
sulfide are sometimes present. Types of sulfur compounds known to
occur are mercaptans, aliphatic and aromatic sulfides, thiophene and thio-
phane derivatives.

The range of sulfur content of crudes is from a few tenths to several
per cent of sulfur by weight. The corresponding percentages of the
actual sulfur compounds are of course much greater. The sulfur con-
tents in the fractions from a given crude generally increase with the molec-
ular weight or boiling range of the fraction.

Sourness of a crude oil or a natural gas refers to its odor and corrosive-
ness due to sulfur compounds. It is a property of some types of sulfur
compounds but not of others. IIydrogen sulfide and the lower mercap-
tans are chiefly responsible for sourness. High-sulfur crudes and natural
gases are usually ‘“‘sour,” whereas low-sulfur oils and gases are almost
always ‘“‘sweet.” (Sourhess in gasoline and kerosine is detected by the
doctor test, which is not closely related to odor or to corrosiveness.)

* One of the first and most important steps in the evaluation of a crude petroleum
is to separate a sample into a series of narrow-boiling fractions or ‘““cuts’’ by means of
fractional distillation. The series of samples so obtained from any given crude oil
shows a regular increase in boiling point, molecular weight, and specific gravity, all in
the same order.

Since botling point is closely related to molecular weight for fractions from a given
crude, it is a convenience to use these two properties somewhat interchangeably in
discussions of how a specific property changes with the various fractions. The fore-
going applies to certain descriptive material in this chapter only.
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Oxygen. Crude oils usually contain less oxygen than sulfur, although
the two are unrelated. Oxygen appcars chiefly in the form of organic
acids. Although traces of aliphatic acids have been isolated, nearly all of
the oxygen occurs in kerosine and heavier fractions as naphthenic acids.
Heavy fractions may contain oxygen combined in the structure of resinous
substances.

Nitrogen. Certain crudes (chiefly from California) contain minor
amounts of a variety of nitrogen bases. Traces of other elements can be
detected in some samples.

CHARACTERIZATION OR BASE OF A CRUDE OIL

The three structural types of hydrocarbons and nearly all the indi-
vidual compounds (at least those which have been isolated) may be
found in any sample of crude oil, irrespective of its source. That is,
every crude contains paraffins, naphthenes, and aromatics. However,
their proportions differ greatly in crudes from different sources. Several
rather arbitrary designations used to distinguish the various types of
crudes express comparative rather than absolute characteristics.

Paraffin-base crudes are composed principally of paraffins in the
lighter fractions and of alkyl naphthenes in the heavier fractions. They
always contain ‘“paraffin wax,”” which is not, however, composed only
of paraffin hydrocarbons. The asphalt content may range from a mere
trace to an appreciable quantity. The sulfur content is relatively low.
The specific gravity and viscosity are both relatively low, and the pro-
portions of straight-run gasoline and of kerosine are usually high. These
crudes occur chiefly in the Eastern parts of the United States. Penn-
sylvania and West Virginia crudes are all of this type.

Mixed-base crudes are lower in normal paraffins and higher in
naphthenes than are the paraffin-base oils. Sulfur and asphalt contents
are higher on the average. Mixed-base crudes contain wax, but their
specific gravities and viscosities of the corresponding fractions are higher
than for paraffin-base materials. Mid-Continent crudes are of the mized-
base type.

Naphthene-base crudes are characterized by a high percentage of
naphthenes, a relatively high specific gravity and the virtual absence of
wax. They may be subclassified into light and heavy groups, the light
crudes containing a relatively high proportion of gasoline and little
asphalt while the heavy ones contain little gasoline and are high in
asphalt. Distillate from a heavy naphthenic crude is very similar or
identical in general properties to that from a light crude. Various
naphthenic crudes have widely different sulfur contents. They occur in
Central, South Central, and Southwestern areas of the United States.

The term asphalt base is very indefinite and is not recommended for
classifying crudes.
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Aromatic crudes contain a relatively high percentage of the lower
aromatic hydrocarbons. This type occurs chiefly in the state of Cali-
fornia, and often has a fairly low specific gravity because of a high propor-
tion of material in the lower molecular weight or gasoline range.

The U.S. Bureau of Mines procedure for testing crude oils includes a
Hempel distillation upon the sample which is then classified as parafin,
naphthene, or intermediate base according to the specific gravities of frac-
tions of designated boiling ranges.?

UOP Characterization Factor. The most useful characterization of
crude oils and their various fractions is afforded by the Universal Oil
Products Company’s Characterization Factor (UOP K value).* This is
defined as the ratio of the cube root of the average boiling point in degrees
Rankine to the specific gravity at 60°F. Numerical values of the factor
obtained from many samples range from about 12.5 for paraffinic stocks
down to about 10.0 for aromatic materials. (The methods of obtaining

the factor for a given sample and the uses of the factor are given in Chap.
IIL.)

6CCURRENCE OF PETROLEUM

The theory is generally held that petroleum was formed from vegetal
material by certain metamorphic processes. There is a likelihood that
the vegetal material and early stages of its transformation were similar
to those which later resulted in coal. Petroleum is found in geosynclines
of basin-shaped strata of sandstone, conglomerates, shale, or limestone.
(Qil-bearing “‘sands’ are porous. Studies of cores from drilling opera-
tions show porosities ranging from zero to about 40 per cent of total
voids, with most samples having between 10 and 25 per cent of voids.)

Petroleum was not formed in the pools in which it is found. Geologic
studies indicate that it migrated or was transported from the source bed
or point of origin through porous strata. The migration resulted from
the action of water in front of and behind the oil, and the movement was
slow, extending over a period of many years. The oil finally accumulated
in a slightly elevated structural trap or pocket, such as an anticline,
dome, or faulted monoclinal structure (Fig. 1).

An oil reservoir is always overlain by dense, impervious cap rock, and
in most pools, the reservoir contains gas in its upper portion. “Edge
water” occurs in the same stratum at irregular distances from the struc-
tural crest of the reservoir, but in contact with the oil. ‘‘Bottom water”
frequently occurs directly below the oil, and the oil-bearing portion of the
sand often contains both water and oil in the same pores.

The initial pressure on an oil sand and on its connate water (with a
few exceptions) is approximately equal to the hydrostatic head corre-

3LANE and GArTON, U.S. Bur. Mines Rept. Investigation 3279 (1935).
4 WaTtsoN, NeLsoN, and MurpHY, Ind. Eng. Chem., 27, 1460 (1935).
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sponding to the difference in elevation between the formation outcrop
and the oil reservoir in the same stratum. Thus the initial pressures in
deep pools are much greater than in shallow pools.

Fi1a. 1.—Hypothetical section through a faulted oil structure showing by arrows the
supposed direction of migration and position of the oil pool. which is shown in solid black.
a, source bed where oil originated; b, water sand through which oil migrated. (Courtesy of
F. B. Plummer.)

PART 2. OILFIELD OPERATIONS
PETROLEUM PRODUCTION

To obtain oil, wells are drilled in the earth where its existence is sus-
pected. Geologic data are employed to indicate suitable strata and
structures where oil could accumulate. There are also newly developed
and valuable geochemical and geophysical methods of prospecting which
have greatly reduced the proportion of ‘““dry holes” drilled in seeking
new pools.

Both prospecting and drilling for oil have become comprehensive
arts. After a drill has entered a productive horizon, several important
completion operations must be attended to before normal production
from the well is under way. The attempt is made to set the bottom
entrance to the well at the richest part of the oil stratum—below the
gas and above the water. The exact location may to a great extent
determine the gas-oil ratio and the amount of water produced with the
oil. The hole is cased with steel pipe, the bottom needs special prepara-
tion, and the well head or ‘‘Christmas tree’’ must be affixed. A string
of smaller pipe (the tubing) is often run down inside the casing, and the
oil produced through it.

At high pressures such as are often encountered in oil sands, the oil
holds large amounts of gas in solution. At pressures over 1,000 psia,
hydrocarbon gases hold appreciable quantities of oil in the vapor phase also.
Thus there may only be a liquid phase in the sand, there may be both
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When the case contains a gas, the gas density and hence the buoyancy
on the bulb increase with the pressure of the gas, in accordance with
Boyle’s law. By adjusting the gas pressure in the case, a pressure is
found at which the bulb and arm are balanced. A ‘‘balance pressure’
is obtained with air in the case, and another with gas in the case. Using
the laws of Boyle and Charles,

... _ density of gas _ (P, (T,
Cas gravity = density of air (I_’; T, 2)

where P, and P, are absolute pressures usually expressed in millimeters of
mercury, and obtained by adding the pressure in the case (read from an
attached mercury manometer) to the existing barometric pressure.
T, and T, are absolute temperatures, both expressed in the Rankine or
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FiG. 6.- Gas balance. (Courtesy of Central Scientific Company.)

the Kelvin scale. Equation (2) assumes dry, COs-free air and no lique-
faction of hydrocarbons while the gas is being tested.

v’ Low-temperature Distillation Analysis. The percentages of the
various hydrocarbons present in natural and refinery gases are deter-
mined by condensing them out of a sample of the gas at low temperature,
then fractionating the condensate while recording distillation tempera-
tures at increments of gas volumes distilled. The detailed method and
apparatus most widely used were developed by Podbielniak.? An illus-

» tration of an early form of the apparatus which was selected to show the
essential features is given in Fig. 7. A summary of its construction and
operation follows:

A small glass bulb which may be immersed in liquid nitrogen serves
first to collect a sample of condensate and later to distill it. The bulb
or still is connected to a glass distilling tube or column which contains

8 PovBieLN1AK, W. J., Ind. Eng. Chem., Anal. Ed., 18, 639 (1941) and earlier
articles.
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wire packing. The top of the column is equipped with a thermocouple
by means of which the temperatures are measured as millivolts, and also
with a liquid-nitrogen cooling chamber to provide liquid hydrocarbon
reflux (as required for any fractional distillation). The tube and head
are mounted in a shielded vacuum jacket to prevent heat absorption from
the room.

The vapor as distilled is collected in a gas receiver consisting of a
large bottle of accurately known volume, which is mounted in a water
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Fig. 7.—Two-unit low-temperature fractional distillation analysis apparatus. (Courtesy
of W. J. Podbielniak.)

bath to maintain a constant temperature during an analysis. A mercury
manometer is attached to each side of a flow-regulating stopcock in the
vapor line. An open manometer on the column side indicates the pressure
at which the distillation is being conducted, while a closed-end manometer
on the receiver side indicates the absolute pressure on the gas receiver.*
Before and at intervals during an analysis, the gas receiver is evacuated ,
8o that its pressure is always below that of the column. Since the dis-
tillate is removed and maintained in the gas phase, its volume is computed
from increases of pressure as read from the receiving bottle manometer.
A “wet” natural gas contains methane and inerts, ethane, propane,

* The distillation is conducted at atmospheric pressure except while pentanes and
hexanes are distilled, when the pressure is réduced so that these hydrocarbons may be
collected in the gas phase. ‘
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butanes, pentanes, and heavier hydrocarbons. For an analysis, a dried
sample of the gas is slowly passed through the apparatus while both dis-
tilling bulb and column head are maintained cold with liquid nitrogen.
This condenses part of the methane and substantially all the heavier
hydrocarbons. The uncondensed gas passes into the receiving bottle
and is measured in terms of bottle pressure as described. When enough
condensate for the analysis has accumulated in the bulb, the distillation
is begun. This is accomplished by slowly lowering the liquid-nitrogen
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Fia. 8.- -Low-temperature distillation analysis of a wet natural gas. (Courtesy of W. J.
Podbiclniak.)

bath from around the distilling bulb so that the bulb slowly warms owing
to heat received from the atmosphere.

Methane (nbp = —161.5°C = —258.5°F) is the.lowest boiling hydro-
carbon and distills out first, during which the overhead temperature
(observed as thermocouple millivolts emf) remains constant. When
methane has been eliminated, the temperature rises to the boiling point
of ethane where it remains until the ethane has distilled out. This
operation is continued through propane, iso- and n-butane and the pén-
tanes, which is as far as the low-temperature analysis is usually carried.
For distillation of pentanes, a small electric heater is provided at the
base of the distilling bulb. Liquid residue left in the distilling bulb is-
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removed, measured, and its specific gravity determined. (This enables
an estimation of the molecular weight of the residue.)

A plot of the receiver pressure-millivolt emf data forms a series of
‘“‘steps’’ as shown in Fig. 8, whose ““plateaus’” occur at the boiling points
of the individual hydrocarbons. From these data, the gas analysis is
calculated as volume per cent of each hydrocarbon present and, from the
analysis, the gallons of liquid hydrocarbons (or natural gasoline) per
1,000 cu ft of gas may be computed.

The same apparatus is also used for analysis of reﬁnery gases and for
the determination of the light hydrocarbons in gasolines. Refinery
samples may contain olefins, diolefins, and a few paraffins which do not
occur or are not common in natural gas and natural gasoline. Such
samples cannot always be completely analyzed by low-temperature dis-
tillation and, when necessary, special chemical and spectrometric
methods are used.

Other Tests on Gas.® Sulfur compounds are objectionable in gas used
for domestic and certain other purposes. Maximum concentrations of
hydrogen sulfide and also of total sulfur content are often included in
purchasers’ specifications.

Hydrogen sulfide is determined by the Tutwiler apparatus. The H,S
carried by a 100-ml gas sample is absorbed and titrated with standard
iodine solution. Test results are expressed as grains of H»S per 100 cu
ft of gas. 'Total sulfur may be determined with the Referee’s apparatus.
The test procedure is to burn a measured volume of the gas, absorbing
the SO; and SO; in ammonium carbonate. This reagent oxidizes and
converts the SO, to ammonium sulfate and absorbs SO; as the same final
compound. The compound is then convcrted to barium sulfate for
determination of total sulfur.

The heatmg or calorific value of a fuel gas s very zmportant Its deter-
mination is discussed in Chap. V. The heating value of natural gas is
of the order of 1000 Btu cu ft, depending upon its composition.

PART 6. EVALUATION OF CRUDE OIL AND OF PETROLEUM FUELS

Boiling range is the principal distinguishing or characterizing property
of the lighter primary fractions from crude oil and also of the lighter
finished products. Heavy or viscous oils are difficult to distill without
degradation and are differentiated by the properties of gravity and vis-
cosity. However, there is no sharp line of distinction between light
and heavy oils.

Each of the various petroleum fuels may be consumed under a rather
wide range of opera.tmg conditions. Specification tests are well estab-
lished for each major product and cover the principal requirements

* Autiert, V. J., “Gas Analysis and Testing of Gaseous Materials,” American
* Gas Assoc., New York, 1945.
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imposed by consuming equipment and local conditions of use. The
ASTM gives more than 50 standardized tests for this general purpose.'®
The collected manual of tests is revised annually, with changes in some
of the existing tests and new tests added. Discussions of some of them

are given later in this chapter and in Chaps. IIT'and V.

Temperatures corrected to
atmospheric pressure
mF-—-—————=———-
I
w600 - ————————— |
R D l
2 o |
E 460 — — ——— | | |
400k — — - r-Diesel fuel - - =
5 310l — — 7 “pol firmace 0il=) |
0 = k-~ Kerosine »: | |
O —Aldetorvely | |1
hrie-» - (I |
1 11 1 1 1 1

0 Volume per cent distilled

F1a. 9.—** True-boiling-point’’ analysis of crude oil.

True-boiling-point Evaluation of Crude Oil. The true-boiling-point
analysis and evaluation is a laboratory method of determining the pro-
portions of the various straight-run fractions that a crude oil contains.
It is often extended to laboratory treating and blending of the small frac-

10 ¢ ASTM Standards on Petroleum Products and Lubricants,” current ed.
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tions to obtain samples of finished products. This gives information
on the applicability of various refining methods as well as on the quality
and quantity of products obtainable from the particular sample of crude
oil.

One of the common types of true-boiling-point apparatus is shown in
Fig. 9. It is constructed largely of glass and consists of a distilling flask,
jacketed fractionating column, condenser, receiver, and accessories.
The smallest satisfactory charge is 2 or 3 liters of crude oil. The charge
is distilled slowly, using adequate reflux. Small “cuts’ or measured por-
tions of distillate are collected, and the distillation temperatures recorded.

The distillation is conducted at atmospheric pressure until the tem-
perature of the liquid in the flask exceeds 600°F. The operation is then
interrupted while the flask cools, the pressure on the system is reduced
to and held at some convenient value (usually 10 mm Hg), and the
distillation is resumed under reduced pressure. This procedure permits
much higher boiling fractions to be distilled at temperatures of 650°F or
less. At higher oil temperatures, thermal decomposition or cracking
begins to affect the properties of the oil. If lubricant fractions are ta
be distilled, steam may be bubbled through the oil in the flask while the
pressure on the system is maintained at 10 mm or somewhat higher.

The observed distillation temperatures are converted to 760 mm by a
hydrocarbon boiling-point correction or vapor-pressure chart (see Chap.
III) and these temperatures are plotted against per cent of the crude dis-
tilled, as indicated on Fig. 9. From the true-boiling-point curve, the
percentages of the various untreated products in the crude may be
approximated. The small cuts are blended to give products of specifica-
tion boiling range, gravity, or viscosity, and may be laboratory-treated
or refined by the same general processes and conditions that correspond
to refinery operations.!! The boiling ranges of various petroleum prod-
ucts overlap and, should the maximum quantity of one product be desired,
the yields of products having overlapping ranges will cither be greatly
reduced or cannot be made at all.

. ASTM Distillations (D 86, 168, 216).* The boiling ranges of the
lighter distillates and gasoils are determined with the ASTM apparatus
(supersedes Engler distillation). The apparatus consists of a distilling
flask (heated by a gas burner or electric heater), condenser, receiver,
and mountings. Figure 10 shows the apparatus used for gasoline,
kerosine, and No. 1 fuel which require a sample of 100 ml. The appara-
tus used for heavier oils employs a larger flask and charges a 200-ml
sample. When the specified procedures are followed, the tests give
reproducible temperatures at various percentages distilled for a given sam-

11 M1rHOFF, MACPHERSON, and Stros, Proc. API, 22, I11, 25 (1941).
* Bold-face numbers prefixed by D are ASTM test designations.
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ple. When plotted, the data form smooth curves having the general
shapes and relative positions shown in Fig. 11.

Gasolines containing butanes and pentanes show a distillation loss
of 1 per cent or more, since these highly volatile hydrocarbons are not
completely recovered in the condensate by the standard procedure.
There is always a distillation residue, since the vapor in the distilling
flask at the end of the test recondenses upon cooling. For the gasoline
and kerosine tests, temperatures at various percentages evaporated are often

I14. 10.—Apparatus for ASTM gasoline distillation. (Courtesy of C. J. Tagliabue Manufac-
turing Company.) :

reported. The per cent evaporated is the per cent recovered in the receiver
plus the distillation loss. The loss is calculated as the difference between
100 per cent and the per cent recovered plus residue.

" The initial boiling point (ibp), the end point (ep), and as many inter-
mediate temperatures as desired may be recorded. However, the 10,
50, and 90 per cent points are of greatest significance for specification
purposes. .

The ASTM distillation temperatures of a sample from a true-boiling-
point analysis do not coincide with the true-boiling-point temperatures,
but the two are not greatly different. In general, the ASTM initial
boiling point is somewhat higher and the end point somewhat lower than
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the corresponding section of the true-boiling-point curve which the sample
represents. The midpoints of the two are quite close and may coincide.

API Gravity (D 287). Oil gravities are rapidly and accurately deter-
mined by means of a standard hydrometer. The American Petroleum
Institute (API) gravity scale is a modification of the Baumé scale for
light liquids and API gravities are always reported as at 60°F. API
gravity is related to specific gravity [see Eq. (6) in Chap. ITI].

Flash Point (D 56, 93). The flash point is the lowest temperature
at which an oil will generate enough vapor to form an inflammable
mixture with air under specified test conditions. Tt is therefore an indi-
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cation of the ease of ignition or of the fire hazard encountered in the
handling and use of the oil. The flash points of kerosine and fuel oils
are determined with a closed cup type of apparatus containing quiescent
air above the oil. (A similar condition exists during the storage and
use of these products.)

Reid Vapor Pressure (D 323). The vapor pressure (VP) is closely
related to the tendency of gasoline to “vapor-lock’” or generate vapor
bubbles in the gasoline line or carburetor bowl of an engine in hot weather.
The Reid test (RVP) is made only at 100°F and its value is an absolute
pressure, as pounds per square inch (see Chap. III).

Interjacent Summary. The foregoing are commonplace tests on light
oils. The approximate overall ranges of numerical test values are given
in Table 2. ‘

¥ Knock Characteristics of Motor Fuels. Efficient, smooth operation
of an internal-combustion engine is characterized by a rapid though
steady combustion of the air-fuel mixture. Certain conditions (of which
high-compression pressure is the most important) cause another and
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TaBLE 2.—RANGE oF SoME Test VALUES ON Ligar PeTrOLEUM PrODUCTS®

Flash | Reid % distilled at t°F
API :
Fuel point, | VP,
grav | ©
¥ Ib IBP 10 50 920 EP

Natural gasoline. .(75-90|....... 12-30 | 6890 | 85-150{125-185(275 max|375 max
Motor gasoline. ...|58-66|....... 8-11 | 80-105|125-140(220-250|330-360(385-437
Aviation gasoline. .|.....[....... 7.0max|....... 150-158|176—212(230-257|311 max
Tractor distillate. .[30-48{110min|....... 225-250(276-375|. ......|....... 464540
Kerosine. ........ 41-44{110 min|....... 340 ... eeeeiifeeenn. 510-540
Diesel fuel........ 16—-45/140-195|. . ..... 350-400/450-510]. . ..... 580—700]650-725

a Should not be construed as specifications. Ranges include all grades of each fuel.

undesirable mechanism known as preignition to appear. This is accom-
panied by audible knocking, loss of power, and possible engine damage
if the knock is severe. The tendency toward knocking exhibited by
individual gasoline hydrocarbons varies tremendously. This property
has been correlated with molecular structure.!?

High antiknock properties are required of gasolines. Of the various
hydrocarbon structures present in gasolines, normal paraffins are the
poorest in this respect. The antiknock property improves with iso-
merization or branching of the chain, and paraffins having highly branched
structures (particularly with methyl side chains) have exceedingly good
antiknock properties. Long-chain olefins have better antiknock prop-
erties than the corresponding paraffins, but this parallelism fades out,
disappears, and is in some cases reversed as structural branching increases.
Naphthenes are intermediate in antiknock properties. Aromatic hydro-
carbons are generally superior in antiknock properties, although the
property is greatly influenced by the number, position, and size of alkyl
side chains on the ring.

Ethyl fluid (the active ingredient of which is tetraethyl lead) is very
effective and widely used to increase the antiknock properties of gasolines.
It is added in small amounts (up to 3 or 4 cc/gal of gasoline).

A measure or numerical value of the antiknock property known as
octane number is determined by a single-cylinder test engine (the CFR
engine) developed for this purpose (D 357) (Fig. 12). Pure normal
heptane is arbitrarily assigned an octane number of zero, and pure
2,2,4-trimethylpentane (isooctane) is assigned an octane number of 100.
Motor gasolines fall between these extremes of knock properties, and a
mixture of these two hydrocarbons can be found whose knock test
matches that of any motor gasoline, when both are tested according to a
specified procedure. The percentage of standard tsooctane by volume with
n-heptane in the matching blend s destgnated as the octane number. Thus

12 LoveLL and CaMPBELL, Chem. Rev., 23, 159 (1938).
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an octane number of 70 designates a matching blend containing 70 per
cent isooctane.* A similar test applied to aviation gasoline is conducted
with a somewhat different engine and procedure.

Carbon Residue (D 189, 624). When the heavier oils are heated
and vaporized at atmospheric pressure, a certain amount of thermal
decomposition occurs and some nonvolatile, carbonaccous material
forms. Two sets of apparatus and procedures are used for determining

F1a. 12.—Determining the octane number of motor gasoline. (Courtesy of The Teras
Company.)

““carbon residue” by heating and vaporizing an oil in the absence of air.

Test values obtained by the two methods on the same sample are not

necessarily the same.

The test values on illuminating and heating oils furnish an index
of the tendency of “carbon’ formation on and about burner wicks,
vaporizers, and nozzles. Test values on diesel fuels increase with their
tendency to form carbon deposits in the engine combustion chamber.

Viscosity (D 88, 341, 446, 446, 667, 666). The viscosity or resistance
to flow of an oil determines its resistance to being pumped through lines

* Because of the high cost of the pure hydrocarbon “primary fuels,” most octane

number determinations are actually made by using calibrated ‘““secondary” or “refer-
ence fuels.”
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and burner passages, and is also related to the fluid energy required for
atomization in burner nozzles.

There are two basic types of oil viscosimeters used in the United
States: the glass capillary-tube types and the Saybolt instruments. All
depend upon the force of gravity to flow the oil through the instrument,
while the time for flow of a definite volume of the oil is measured. The
test values therefore have kinematic dimensions, that is, they depend
inversely upon the specific gravity of the oil, whereas absolute viscosities
are not related to specific gravity.

ASTM viscosity determinations are made at oil temperatures of 100,
122, 130, and 210°F. Viscosity-temperature charts are available on
which the viscosity-temperature relation of an oil plots as a straight line.
From determinations at two temperatures, the charts enable a close esti-
mation of the viscosity at other temperatures (see Chap. III).

The glass capillary-tube instruments must be individually calibrated.
Their viscosity determinations are reported as centistokes (the cgs unit
of kinematic viscosity).

The Saybolt instruments consist of a metal oil tube at the bottom
of which is a capillary or outlet tube. The assembly is mounted vertically
in a bath maintained at a constant temperature. The time required for
the oil to fill a 60-ml receiver is measured.

Two sizes of outlet tubes are specified; the smaller of the two is desig-
nated Saybolt Universal and the larger is the Saybolt Furol. Test results
are reported as Saybolt Universal seconds (SUS) or Saybolt Furol seconds
(SFS) at the temperature of test. ASTM tables are provided for inter-
conversion of Universal seconds, Furol seconds, and centistokes at the
same temperatures (see Appendix Table 11).

Pour Point (D 97). The temperature below which an oil will not
flow under specified conditions of testing is designated as the pour point.
Oils will not flow satisfactorily at temperatures below their pour points.

The pour point of a mineral oil containing wax depends primarily
upon the amount and character of the wax present, and to a lesser extent

upon the thermal history and certain other characteristics of the oil
itself.

REQUISITES OF PETROLEUM FUELS!s

v

Gasoline. The ASTM distillation test is in reality a measure of the
volatility or vaporization temperatures of gasoline, and as such provides
indices of how readily the fuel will burn in spark-ignition engines under
various operating conditions. It is assumed that the gasoline must

13 For additional information, see ““The Significance of Tests of Petroleum Prod-
ucts,” ASTM, Philadelphia, Pa. Ce
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vaporize completely and be thoroughly mixed with air to give satisfac-
tory engine performance.

During and immediately after starting a cold engine, the fuel is
incompletely vaporized. The 10 per cent point of the distillation provides
an indication of the lowest temperature at which enough vapor will form
to permit the engine to start without difficulty. The 50 per cent point
is related to the engine manifold temperature at which the fuel is com-
pletely vaporized by the carbureted air. The 90 per cent point gives an
indication of the temperature at which heavy fractions of the fuel may
condense in the combustion chamber during starts in cold weather.
When this occurs, the gasoline condensate works past the piston rings
and down into the crankcase where it thins and contaminates the lubri-
cating oil.

The Reid vapor pressure is closely related to the tendency of a gasoline
to generate vapor. At high altitudes and in hot weather, high-vapor-
pressure gasolines show excessive losses from the vents of the carburetor
bowl and fuel tank. A more serious consequence is ‘‘vapor lock,” in
which bubbles form in the gasoline line. This occurrence may result in
the carburetor bowl becoming empty, and stopping of the engine.

The trend in engine design has been for many years to increase com-
pression ratios, which results in higher compression pressures in the com-
bustion chamber. The fuel economy of an engine improves rapidly as
the compression ratio is increased. However, higher compression ratios
require fuels having higher volatilities (lower 50 per cent and 90 per cent
points) and also higher octane numbers. The refining industry has pro-
vided fuels of adequate volatility and antiknock properties even in
advance of heightened engine requirements. Gasoline specifications
which are satisfactory for engines of current design are given in Table 3.
These specifications will undoubtedly need revision from time to time.

TABLE 3.—DETAILED REQUIREMENTS FOR (GASOLINE®

ASTM distillation, min ¢,

ted . °F s
evaporated at temp. °F shown Reid VP max

Gasoline v Octance
type 10 No, min
—_— 50 | 90
W | F S A\ F S
Normal volatility....| 140 | 149 | 158 | 284 | 392 | 13.5 | 11.5 | 9.5 | 70 or 77
High volatility....... 140 | 149 | 158 | 257 | 356 | 13.5 | 11.5 | 9.5 | 70 or 77
Low volatility....... 167 | 167 | 167 | 284 | 392 | 13.5 | 11.5 | 9.5 50

a Conforms to D 439—40T. W, F and 8 refer to United States geographical seasonul variations.
Also specified: distillation residue 2 % max, corrosion passes, gum max, 7 mg/100 ml. Sulfur content
and other requi ts subject to ificati

P
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Other qualities used for specifications are color, doctor test, gum stability,
gum inhibitor content, tetraethyl lead content, sulfur content, and
API gravity.

Specifications for aviation gasolines are in general more rigid than those
for motor fuels. Aviation gasolines generally require higher octane
numbers. Aviation fuels are rated by the ‘“aviation” test (D 614),
which is considerably different from the motor-fuel test. Aviation-fuel
distillation ranges are narrower and have lower 50 per cent points
than motor gasolines. The Reid vapor pressure must also be lower, and
there arc other special requirements. '

v Kerosine and Burning Oils (D 187, 219, 239). Kerosine and burning
oils are intended primarily for illumination in wick-type lamps. Prob-
ably the most important requirement is a satisfactory burning test in
the standard test lamps. Paraffinic materials are the most generally
satisfactory type of stocks from which to refine illuminating oils.

Kerosine and mineral seal oils are actually used for several purposes
other than illumination. Quantities of kerosine are consumed as tractor
fuel. Probably because of these other uses, standard specifications have
not been completely defined. Color, flash point, distillation, sulfur con-
tent, and minimum API gravity arc included in most kerosine and burning
oils specifications.

“Diesel Fuels. The operation of diesel engines depends upon auto-
genous ignition of the fuel as it is sprayed into the combustion chamber
and mixes with the air heated by the piston compression. The fuel must
ignitec and burn quickly and completely. A number of tests and calcu-
lated factors have been devised to measure or give an index of ignition
quality, but only onc had been included in the “ASTM Standards on
Petroleum Products and Lubricants’ by 1945 (cetane number, D 613).

There are great differences in the design, operation, and fields of
application of various diesel engines. There are corresponding differences
of requircments as to minimum fuel standards.!* In general, high-speed
engines require higher grade fuels than those which operate at lower
speeds.

Manufacturers’ specifications for fuel to be used in particular engines
usually include viscosity (SUS at 100°F), API gravity, sulfur, carbon
residue, flash point, ASTM distillation, and cctane number.

Fuel Oils. The ASTM has developed specification grades of fuel
oils which are designated by number (sce Table 4). In addition to the
ASTM requirements, color, gravity, sulfur content, ash content, and
sediment may be used as specifications, and adjustments to the standard

U 4A Study of Diesel Fuel Specifications,” Universal Oil Products Clo., Booklet
No. 228, 1939.
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values given in Table 4 may be made as individual agreements between
buyer and seller.

TABLE 4.—SPECIFICATIONS FOR FUEL Ornse

Water Distilled at t°F Saybolt viscosity, sec.
Pour | and Carbon

G;:ode :::?l:F point, | sedi- | residue,b
. P ’ °F | ment, wt. % 109 90 9 EP Universal Furol at
vol % ° ° * at 100°F 122°F

Min |Max| Max | Max Max Max | Min | Max | Max | Min | Max | Min | Max

1 100or| 165 0 |[Trace| 0.050n | 410 | ... | ... | 560
legal 10%
residue
2 110 or | 190 10 0.05 0.25 on 440 | ... | 600
legal 10%
residue
3 110o0r| 230 | 20 | 0.10 0.15 ... | 600 | 675 | ... .. 45
legal
4 Use and classification of No. 4 fuel discontinued
5 130or| ... .. 1.0 | ........ 50 .. .. 40
legal
6 150 .. 20 | ........ .. .. 45 | 300

e Conforms to ASTM Designation D 396-—89 T. Not complete fuel specifications, however.
5 ASTM D 189.

Grades 1, 2, and 3 are known as heating oils since their greatest con-
sumption is in domestic and light industrial heating furnaces. Range
ol is somewhat lighter than No. 1 fuel, and furnace oil is similar or iden-
tical to No. 1 fuel. Grades 1, 2, and 3 are loosely referred to as distillate
and as gasoil. Grade 3 is sometimes referred to as recycle, connoting its
removal from a refinery cracking unit. Grades 5 and 6 correspond to
Bunker B and Bunker C designations, respectively. The source of No. 5
fuel is usually cracking-still tar; No. 6 fuel is a straight-run residual, a
cracked residual, or a blend of a residual with enough cracking-still tar
to reduce the viscosity to a specified value.

Fuel oils are sold by the gallon at decreasing prices for the higher
grade numbers. Hence consumers use the heaviest grade their equip-
ment or process will conveniently permit. The heaviest grade of fuel
that can be satisfactorily used depends chiefly upon the type of burner
(see Chap. X). The relative tendency of a fuel oil to smoke increases
with its carbon-hydrogen ratio, and the tendency to deposit carbon on
and around the burner is a function of both its molecular weight and its
molecular structure.

PART 6. ELEMENTS OF CONVERSION PROCESSES

Purposes. The quantity demand for the various petroleum products
does not correspond to the amounts of straight-run fractions in crude oil.
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Neither do the available straight-run fractions have the most desirable
properties for all applications. In order to balance supply and demand
as well as to furnish better fuels for specific purposes, the proportion of
straight-run fuels is diminishing and that of converted and processed
products is steadily increasing. Oil refineries are becoming synthetic
chemical industries whose principal raw material is crude oil and whose
principal products are hydrocarbon mixtures of controlled molecular
weights and molecular structures.

The quantity of straight-run gasoline available is less than half of the
total motor-fuel demand, and much of the straight-run product is unsuit-
able for motor-fuel blending stock. Consequently, the bulk of the con-
version operations are for the purpose of making motor and aviation
gasolines. Thermal cracking is the most widely used, although catalytic -
processes are rapidly gaining in relative importance. The octane number
of cracked and synthetic gasolines is considerably higher than that of the
straight-run product from the same crude.

GENERAL MECHANISM

Thermal cracking operations subject the oil to temperatures of the
order of 1000°F. At cracking temperature, partial decomposition, strue-
tural rearrangements, and recombination or polymerization of the hydro-
carbons and certain types of the fragments occur, so that the cracked
material has very little resemblance to the original stock. For various
straight-run fractions of the same general structure, the ease of cracking
increases with the molecular weight of the fraction. However, the various
hydrocarbon structures decompose at different rates. Certain of the
initial decomposition products undergo secondary reactions.

Type Reactions. Paraffin molecules split into lower molecular weight
paraffins and olefins:

CnII2n+2 d Cn—zII2(n—-z)+2 + CzHZz

Splitting may occur between any two carbon atoms, but splitting near
the center of the molecule predominates; that is, 2 is about half of n.
The lower paraffins formed split again in the same manner, although not
so rapidly. If the cracking were carried far enough, the only paraffin
remaining would be methane. Some methane is undoubtedly formed
directly from the original paraffins, but it is probable that most of it
comes from splitting of the secondary smaller paraffins and olefins.

Olefins decompose more slowly than do paraffins, the predominant
reaction being the formation of two smaller olefin molecules.

CnHﬁn - Cn—zH2(n-—z) + 03}121

Subsequently, condensation between two olefin molecules may occur,
forming a higher molecular weight olefin. The result is a series of olefins
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of a wide range of molecular weights: cthene and heavier. Some cycliza-
tion may occur to produce naphthenes. Another reaction that becomes
important in the higher temperature ranges is dehydrogenation of an
olefin to a diolefin. Diolefins readily polymerize or condense with them-
selves and with olefins. They may also react with olefins to give unsatu-
rated naphthenes.

Naphthenes decompose less rapidly than do paraffins. Long alkyl
side chains attached to naphthene rings decompose just as do paraflins,
leaving naphthene rings with short side chains. Some dehydrogenation
of naphthene rings occurs in thermal cracking, which may produce
aromatics. Dehydrogenation seems to occur more readily in polycyclic
molecules than in those having but a single ring.

Alkyl side chains on aromatic rings behave similarly to those attached
to naphthene nuclei. The long side chains split, yielding paraffins, olefins,
and aromatics with short side chains. Aromatics having short side chains
are relatively stable under cracking conditions.

High-molecular-weight petrolecum fractions having more than 20
carbon atoms per molecule consist principally of polyeyclic compounds
with two or more six-carbon rings per molecule. In most of such frac-
tions, both naphthenic and aromatic rings exist in the same molecule,
and many of the rings are condensed or connected by two or more carbon
atoms. Some molecules (as in paraflin wax) contain only naphthene or
saturated rings.

Polycyclic hydrocarbons containing three or more rings crack very
eagily. Under cracking conditions, long alkyl side chains split off, and
dehydrogenation of the naphthenic rings also occurs. The polyaromatic
hydrocarbons thus formed condense readily with others. Further dehy-
drogenation and condensation take place, producing coke as the end
product.

Resins and asphaltenes are dehydrogenated and condensed into coke
very readily.

Kinetics. It is well established that the primary or decomposition
reactions are unimolecular; their rates follow the gencral equation for
first-order chemical reactions. Splitting of paraffins and alkyl side
chains proceed at much faster rates than the dehydration reactions, and
comparative free-energy changes are in the same order. Polymerization
and condensation reactions are principally bimolecular and, other things
being equal, they proceed much more slowly than do the primary reac-
tions. Many of the secondary reactions cannot start until the primary
or decomposition reactions have formed polymerizable hydrocarbons.

The usual range of commercial cracking temperatures is 850 to about
1125°F. The rate of cracking doubles with an increase in temperature of
about 20°F at the lower temperature levels, and with an increase in
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temperature of about 30°F at the higher temperature levels (see Chap.
VI). DPressure decrecases the apparent rate somewhat, possibly owing to
the shifting of equilibria. The temperatures and pressures usel-also
have a major influence upon the character of the cracked products.

“COMMERCIAL CRACKING

General Results. The cracking of petroleum fractions produces gas,
cracked distillate, tar, and coke. The gas contains methane, gaseous
paraffins, and olefins. It may contain from a trace to a considerable
quantity of hydrogen, depending upon the extent to which dehydrogena-
tion reactions have occurred.

The cracked distillate contains paraffins in its lower boiling fractions,
although usually in lower concentration than were present in the original
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Fia. 13.- - Qualitative results of eracking. (After A. L. Strout.)

cracking stock. Normal paraffins remain in only insignificant propor-
tions. A large amount of olefins is present, largely in the form of isocom-
pounds. The other constituents are mono- and bicyclic naphthenes and
aromatics, most of which have short alkyl groups attached to the rings.
As an approximate average, gasoline from the mixed-phase cracking of
a mixed-base gasoil contains about a third paraffins, a third olefins, and
a third naphthencs plus aromaties.

The cracked tar consists chiefly of condensed polycyclic aromatic
compounds, with short alkyl groups. The ‘““coke” is really a hydrocarbon
material of very highly condensed aromatic structure, containing 1 or
2 per cent of hydrogen by weight.

Depth of Cracking. The degree or depth of cracking determines the
relative amounts and character of the cracked fractions. For thermal
processes, depth of cracking is a function of time and temperature. Pres-
sure has little effect upon the primary decomposition reactions, but has a
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profound effect on the final products, as will be discussed later. Figure
13 illustrates the qualitative results of cracking.!®

Decomposition of the original stock begins as soon as the oil has
attained a high temperature, producing partly cracked oil and then gaso-
line. As the cracking proceeds, more gasoline appears and gas forma-
tion becomes appreciable. Condensation and dehydrogenation reactions
set in, and tar appears. Coke is the end product of condensation and
dehydrogenation, but plant operations are carefully regulated to keep
coke formation to a minimum.

Prolonged cracking decomposes the gasoline into gas and tar, then
the tar into gas and coke. The end products are gas and coke. Gaso-
line concentration reaches a maximum, and this maximum point has been
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Fi1g. 14—"Limiting band”’ in products from hydrocarbon conversion processes.

successfully predicted by the application of kinetic equations to cracking
under controlled conditions.

In commercial operations, cracking is always stopped before the
maximum percentage of gasoline is formed. The cracking coil product
has a very wide boiling range, even after the separation of gas and tar.
Figure 14 is a hypothetical “assay distillation’” curve (such as obtained
from ASTM distillation apparatus), which was derived from tests on
quite a variety of petroleum-cracking and other conversion products.!®
Many such products have a very similar or common boiling range. The
more drastic the conversion treatment, the closer the assay distillation
curve approaches this ‘“limiting band,” provided only that dehydrogena-
tion occurring during the conversion was not too severe. Figure 14 may
therefore be regarded as a reference to be used for obtaining a rough com-
parison of depth or degree of cracking or conversion as effected by differ-
ent processes and operating conditions.

18 8trouT, A. L., Proc. API, 10, 111 (1929).
16 Ferris, 8. W., Ind. Eng. Chem., 88, 752 (1941).
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Effects of time, temperature, and pressure on the thermal cracking
of two virgin (straight-run) stocks and on a recycle (combined feed)
stock have been presented in a recent article.}” The results are corre-
lated in terms of decomposition and polymerization rate constants, and
general summaries are given of the effects of the operating variables on
yields of the various cracked products. Kinetics of the cracking reactions
are taken up in Chap. VI.

“ THERMAL CONVERSION PROCESSES

Thermal cracking is conducted at pressures from substantially atmos-
pheric up to about 1,500 psi. Even higher pressures are used in thermal
polymerization processes.

Low-pressure cracking at pressures only slightly above atmospheric
(0 to 75 psi) is conducted with all the material in the vapor phase. High
temperatures are used, 1000 to 1125°F. Cracking reactions are very
rapid under these conditions.

High temperatures and low pressures favor decomposition and dehy-
drogenation reactions over polymerization. Hence vapor-phase cracking
produces a relatively large amount of gas (14 to 14 1b of gas per gallon
of cracked gasoline). The gas contains hydrogen and a high proportion
of olefins, ethene and higher as well as considerable methane. The
gasoline is also highly unsaturated. In order to obtain a high ultimate
yield of gasoline, the crack-per-pass (as gasoline formed) is kept down to
about 10 per cent of the charge, and the cracked gasoil is partly or
entirely recycled. Low-pressure vapor-phase cracking is not in extensive
use for motor-gasoline manufacture since the gasoline yield is lower than
is obtainable by pressure processes.

Pressure cracking is conducted at temperatures from 850 to 1050°F
and pressures from 200 to about 1,500 psi. Such operations are referred
to as “mixed-phase’ cracking, for even at the highest pressures, the oil
under cracking conditions is partly liquid and partly gaseous. The pres-
sure used is chosen primarily by the characteristics of the cracking stock
and sccondarily by the depth of cracking to be accomplished. The
general effect of pressure is to suppress dehydrogenation and to promote
polymerization of olefins. Gas formation averages about 14 lb/gal of
gasoline formed, and gasoline formation is sometimes as high as 30 per
cent of the cracking stock per pass through the unit. The ultimate
yield of gasoline depends upon a number of factors, chiefly cracking
stock characteristics, depth of cracking, and whether or not recycle gas
oil is removed from the system to be made into heating oils. (Each
3 per cent of recycle oil so removed reduces the ultimate gasoline yield
by about 2 per cent.)

17 Sung, BrRowN, and Wurtg, Ind. Eng. Chem., 87, 1153 (1945).
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Reforming refers to mild cracking of naphtha for improvement of
octane number and lowering of the boiling range (increasing the vola-
tility). High pressures, relatively high temperatures, and short times
of exposure are the general practice. Gasoline yields are high, 70 to
95 per cent or even higher.

Pressure cracking of straight-run and recycle gasoil fractions includes
the greatest volume of conversion operations. There are many com-
mercial processes, each having individual features of equipment and
flow of materials. Cracking temperatures are most frequently between
900 and 1025°F and pressures between 500 and 1,500 psi.

A relatively new pressure process introduces refinery gases with the
oil being cracked, so that the whole mixture exists in the vapor phase
under cracking conditions. Advantages of the process are better yields
of gasoline, and higher octane number of the gasoline than is obtained
from comparable mixed-phase operations. Also a much higher crack
per pass is obtainable without coke formation, so that less recycling of
cracked gasoil is required.?®

Viscosity breaking is a light cracking operation performed on straight-
run residues. Temperatures of the operation are from 850 to 900°F,
and the pressure may be from slightly above atmospheric to 500 psi.
Certain amounts of cracked naphtha and gasoil are produced.

Long alkyl side chains of the high-molecular-weight hydrocarbons are
responsible for the high viscosity of heavy oils. In a ‘“vis-breaking”
operation, these chains are greatly shortened. The reduction in vis-
cosity is brought about both by shortening of the side chains and by
simultaneous formation of low-viscosity decomposition products in the
oil. The cracked residue is used for fuel oil.

“Cracking Equipment. Oil to be cracked is heated first by heat
exchange or by direct mixing with hot oil streams from the process, then
is brought up to cracking temperature in a tube heater quite similar
to a crude oil heater (sec Chap. XV). In the processes using relatively
low temperatures and long cracking periods, the heater stream discharges
into one end (preferably the top) of a high-pressure vessel (‘‘soaking
drum” or “reaction chamber’’) which provides the necessary detention
time, or time-temperature factor. This soaking drum discharges into
an evaporator or flash chamber, in which separation of vapor from the
cracked tar occurs. The vapor is then fractionated in a second tower
" into raw cracked gasoline (pressure distillate) and recycle gasoil bottoms.
The recycle oil may be cooled and withdrawn, or be continuously returned
to the furnace. Coke accumulation in the soaking drum is inevitable,

18 Bogk, OSTERGAARD, and SMoLEY, Proc. API, 21, III (1940); Refiner National
Gasoline Mfr., Reprint, September, 1940.
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The liquid volume of natural gasoline hydrocarbons in 2.66 mols of gas is then
2.66 436 s
('100 ) (5.12 = .26 gal

VAPOR PRESSURE

The Clapeyron equation is a thermodynamic relation between tem-
perature and vapor pressure of a pure liquid compound,

or L
(37‘) =W, =T an

where PP = vapor pressure
T = absolute temperature
V, = specific or molar volume of material as vapor

V1 = specific or molar volume of material as liquid
L = specific or molar latent heat of vaporization, in work units
consistent with P, V, and T
The Clausius-Clapeyron equation is the classical integrated form of
Eq. (11) usable over a range of pressure and temperature,

Py _ M. (1 1

where A, = molar latent heat of vaporization, in heat units
R = molar gas constant, in units consistent with M, and T.

To obtain the relatively simple integrated Eq. (12) from Eq. (11),
it is necessary to assume the ideal-gas law, a constant latent heat of
vaporization, and a negligible volume for the liquid in comparison to
that of the vapor.

By choosing a reference condition of temperature and pressure (fixing
P; and T) for a particular substance, Eq. (12) may be given the form

I

logP = — 11 + B (13)

where A and B are constants for the particular compound over some
definite range of pressure and temperature.  Accordingly, a plot of vapor
pressure on a logarithmic scale against reeiprocal absolute temperature
results in a straight line over the range for which the constants are valid.

Although the simplifying approximations noted above are not negli-
gible, their variations tend to offset each other. (With increasing temper-
ature and pressure, the latent heat decrcases, V, has an increasing
negative gas-law deviation, and V), increases.) Logarithmic plots of
hydrocarbon vapor pressures against reciprocal absolute temperatures
give lines that are but slightly curved over very wide ranges up to the
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critical points.* A survey of available hydrocarbon vapor-pressure data
has been made,? and the hydrocarbon vapor-pressure chart plotted on
these scales is given in Fig. 1. It is to be noted that the hydrocarbons
form a fairly regular family of curves whose spacings and slopes are
closely related to the normal boiling points. This suggests the valuable
use of such charts for constructing synthetic vapor-pressure curves of
unknown hydrocarbons from a known boiling point or vapor pressure
at some given temperature.

Generalized hydrocarbon vapor-pressure charts have been available
for a number of years, modified in detail and improved in accuracy from
time to time. Cox® discovered that when the vapor-pressure curve of
water was drawn as a straight line and used to lay off a temperature
scale against log P for hydrocarbons, the curves were substantially
straight and they also extrapolated to a common intersection. Cox’s
procedure was found to introduce an empirical constant into the tempera-
ture scale such that the equation

A
IOgP = - Toﬁ :79 + B (l“l)

fits the vapor-pressure lines.® A later type of chart which has found
wide usage’ is constructed on rectangular coordinates. One coordinate
is used as a linear temperature scale, and straight lines to represent
hydrocarbons are drawn on the other. Smooth curves of constant vapor
pressure are then drawn in by interpolation of data on pure hydrocarbons.
It was found that the data for many, but not all, hydrocarbons could be
represented by straight and parallel lines.

Maxwell® presented a chart which was developed using hexane as a
vapor-pressure-temperature reference substance to fix both scales. A
later revision® is given in Fig. 2. This chart is recommended for esti-
mating vapor-pressure-temperature relations of hydrocarbons which do
not appear on Fig. 1 and also of narrow-boiling petroleum fractions.
When used for petroleum fractions, it must be remembered that inac-
curacy or uncertainty increases both with width of boiling range of the
fraction, and with extension of the pressure-temperature extrapolation.
For a fraction whose boiling range covers more than a few degrees, a

* However, extrapolation over wide ranges gives inaccurate results.

48mrtH, R. V., U.8. Bur. Mines Inf. Circ. 7215 (1942); Petroleum Refiner, 22, 19
(January, 1943); Petroleum Eng., February, 1943, p. 88.

5 Cox, E. R., Ind. Eng. Chem., 16, 592 (1923).

¢ CALINGAERT and Davis, Ind. Eng. Chem., 17, 1287 (1925).

7 Coars and BrRowN (1928), BRowN and BapcEr (1933), University of Michigan,

8 MAXWELL, J. B., Ind. Eng. Chem., 24, 502 (1932).

9 MAXWELL, J. B., private communication, 1941.
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chart may not be expected to give accurate conversions over wide tem-
perature-pressure ranges.

Illustration 3

For a true-boiling-point distillation conducted at 10 mm pressure, what are the
boiling points at 1 atm when the column thermometer reads 250, 300, 400, and 600°F?

Solution: Ten millimeters is 19469 = 0.013 atm. By locating the points for the
temperatures given at 10 mm or 0.013 atm on Fig. 2, and interpolating between the
curves, the atmospherie boiling points are 490, 550, 675, and 925°F, respectively.

Vapor Pressures of Hydrocarbon Mixtures. At pressures up to
: "™ several atmospheres and at temperatures below the
r "' critical temperature of cach of the components,
mixtures of hydrocarbons obey Raoult’s law,
Dalton’s law, and the ideal-gas law closely enough
so that these relations may be used for many
engineering calculations.
Let p = partial pressure of a component over a
liquid mixture
P = vapor pressure of a pure liquid component,
at the mixture temperature
m = total pressure of vapor over the mixture
x = mol fraction of a component in the mixture
¢~ Raoult’s law,

Pa = Pax,
Dalton’s law,
. 1 Patptpt =7
combining,

Paxa+Pbxb+chc+°"=1r (15)

; Equation (15) may be used to calculate the
:j vapor pressure of gasolines when the mol fractions
of their volatile components (hexane and lighter)
Fio. 3.—Reid vapor- are known, since these hydrocarbons are responsible
pressure apparatus. . L
(C. J. Tagliabue Manu- for almost the entire vapor pressure of liquid gaso-
facturing Company.) line at ordinary temperatures. Equation (15)
may also be applied to heavier oils when the true-boiling-point
curve is available. The procedure in the latter case is to divide the
curve into a number of small fractions of equal boiling range, say every
10°F or less, reading off the size of cach fraction. The vapor pressure
of each fraction is 1 atm at its midpoint temperature. Vapor pressures
of the fractions at any desired temperature may be obtained by the use of
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the charts of Figs. 1 and 2. The vapor pressure of the mixture at the
desired temperature is then calculated by Eq. (15).*

vThe Reid Vapor Pressure (D 323). The vapor pressure of gasoline
is determined by the standardized Reid test at 100°F. The apparatus
consists of a gasoline chamber, an air chamber, and a pressure gauge, all
of which can be readily connected together and disassembled (Fig. 3).
The test is conducted with air in the vapor chamber. The charge
apparatus is placed in a water bath at 100°F, and the test value is an
absolute vapor pressure at 100°F.

The volume of the vapor chamber is four times that of the liquid
chamber and, under conditions of the test, a portion of the more volatile
hydrocarbons in the gasoline is vaporized. The result is that the Reid
vapor pressure is somewhat lower than the ‘“bubble-point” pressure,
or pressure obtained under conditions in which no vaporization occurs.

If a gasoline contains propane, much of this hydrocarbon vaporizes
and the Reid value is considerably lower than the bubble-point pressure.
For gasolines containing insignificant amounts of propane, calculated
differences between Reid and the true or hubble-point pressures are as
shown in the accompanying table.

Vapor pressure of gasoline,
100°1"
10 1b | 25 1b
Mol ¢; gasoline vaporized in Reid apparatus. ........ 1.5 3.3
Difference between Reid and bubble-point pressure, Ih. 0.3 0.4

The vapor pressure of a gasoline calculated by the method of the pre-
ceding section [using Eq. (15)] is the bubble-point pressurc.  For propane-
free gasolines, the Reid vapor pressure may be estimated by subtracting
the correction above from the calculated bubble-point pressure at 100°F,
and conversely.

Illustration 4

For the natural gasoline composition of Illustration 2, what is the true or bubble-
point pressure at 100°F? What is the approximate Reid vapor pressure?

* Substitution of liquid volume fractions for mol {ractions in Eq. (15) introduces
the approximation that the molar volumes of all fractions are equal. The error due
to this approximation is small for narrow-boiling oils but increases with width of
boiling range. When a gravity curve is available, the volume fractions may be con-
verted to mol fractions by means of the correlation given on pages 86-93.



84 FUELS, COMBUSTION, AND FURNACES

Solution: According to Eq. (15), the total or bubble-point pressure is the sum of the
vapor pressures of the components onto their respective mol fractions. The hydro-
carbon vapor pressures are obtained from Appendix, Table 7.

Mols | Mol fraction = 2 | Py |p = Pz
Isobutane........................ 1.4 0.222 74 16.4
n-Butane......................... 1.6 0.254 52 13.2
Isopentane....................... 1.1 0.175 20.3 3.6
n-Pentane........................ 0.5 0.079 15.5 1.2
Hexanes..................couann. 1.7 0270 1 50 | 1.3
Total..........ccivviviian... 6.3 1.000 35.7

The bubble-point pressure at 100°F is 356.7 psia. The Reid vapor pressureisabout
0.5 1b lower, or 36.2 Ib. (This vapor pressure exceeds the maximum vapor pressure
specified for commercial natural gasoline, and it would not be marketed without
stabilization to remove part of the isobutane.)

VISCOSITY

The viscosity (resistance to internal shear) of liquids is a function of
intermolecular forces. Adequate thcoretical treatment of the viscosity
of mixtures has not been developed, and when worked out will probably
be quite complex.

The temperature coefficient of viscosily of any liquid varies with tem-
perature. Since it is a variable, the temperature coeflicient as such is not
conveniently used in petroleum technology. Nevertheless, pctroleum
fractions show regularities in viscosity-temperature relations and also
in the viscosities of mixtures or blends.

ASTM Viscosity-temperature Charts (D 341). Viscosity-tempera-
ture charts for oils may be obtained from the ASTM. These charts are
available with viscosity scales in Saybolt seconds and also in centistokes
(Fig. 4). The temperatures are in degrees Fahrenheit. The charts were
developed from viscosity-temperature data on a number of different oils
by laying off arbitrary viscosity and temperature scales upon which the
data for each oil plotted as a straight line. With these charts, the vis-
cosity-temperature curve for an oil may be closely approximated from
viscosity determinations at two temperatures, since it may be assumed
that viscosities of all oils will plot as straight lines.

It has been observed that when data for different straight-run frac-
tions from the same crude oil are plotted on such a chart, extrapolations
of the lines tend to converge at a common point. The viscosity given
by the point of convergence depends chiefly upon the charactér of the
crude and, when the data on fractions from a given crude are plotted as
viscosities in centistokes and temperatures in degrees Kelvin, the point
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of convergence is designated pole height. This furnishes a method of
characterizing oils that has found extensive use in Germany.!?

The viscosity of a mixture of two oils (at the same temperature)
may be estimated from the ASTM charts. The procedure is to use the
zero to 100° portion of the temperature scale as per cent of the heavier com-
ponent in the blend. A straight line drawn between the viscosities of the
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¥1a. 4.—Facsimile of kinematic viscosity-temperature chart D, low range, on which several
typical experimental curves have been plotted.

two components scaled in this way gives a reasonably good approxima-
tion of the viscosities of their mixtures.

The two most common methods of evaluating viscosity-temperature
characteristics of various oils are calculation of the viscosity index (D 667),
and correlations involving the UOP Characterization Factor (see next
scction).

10 Kurtz, S. S., Ind. Eng. Chem., 84, 770 (1942).
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CHARACTERIZATION OF PETROLEUM FRACTIONS

Ever since the advent of petroleum technology, trends, regularities,
and interrelations of properties have been observed between various
petroleum fractions. Watson, Nelson, and coworkers!!~!4 have estab-
lished general correlations between many of the more common physical
and physicochemical properties of petroleum fractions. It may be con-
cluded from the results of their work that each of these properties is a
unique function of any two of the others. In other words, any two of
these properties may be used as independent variables to correlate a
third as the dependent variable and the correlation so obtained is general
for hydrocarbon mixtures. A fundamental requirement of any one of
these interdependent variables is that it be a property of the bulk hydro-
carbon material and distinct from, or of basically different nature from,
any other such property. (The effect of variations of sulfur content and
other nonhydrocarbon impurities is not accounted for, but the errors so
introduced are apparently minor.)

In analyzing a mass of truc-boiling-point—gravity data on fractions
from many crudes it was observed that the factor

K - V¥R
bGO
where (T3R) is the mid-boiling point of the fraction, is nearly constant
for all fractions from the same crude oil.

K is designated UOP Characterization Factor. Its numerical value
depends primarily upon mclecular structure and to a slight extent upon
molecular weight, as may be deduced from its values for several pure
hydrocarbons (see accompanying table)

K K

n-Hexane.................... 12.8 Hexene-1................... 12.5
2-Methylpentane. . ... P 12.8 3-Methylpentene-1........... 12.45
3-Methylpentane............. 12.65 |[Heptene-1.................. 12.4
n-Heptane................... 12.7 Octene-1.................... 12.4
n-Octane and heavier n-paraf- Benzene.................... 9.75

fins...................... 12.65 |Toluene.................... 10.15
Cyclopentane................ 115 | oo {10.3
Methylcyclopentane..........| 11.35 Xylenes. ..o 10.45
Cyclohexane................. 11.0
Methyleyclohexane........... 11.3

1 [nd. Eng. Chem., 26, 880 (1933) (UOP Booklet No. 127).

12 Ind. Eng. Chem., 27, 1460 (1935) (UOP Booklet No. 196).

13 Article presented before World Power Conference, 1936, (UOP Booklet No. 186).
U Ind. Eng. Chem., 29, 1408 (1937) (UOP Booklet No. 222).
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It is evident that the greatest differences oceur in going from paraffing
to naphthenes to aromatics. Thus the Characterization Factor is
uniquely suited to characterizing crude oils and their fractions according
to base or type. The Characterization Factor has also proved to be a
valuable key or tool to corrclate many properties of petroleum fractions.

In order to correlate the properties of mixtures, an additive basis for
cach property must be known so that the proper method of averaging may
be used. As noted carlier in the chapter, specific gravity is additive
with volume fractions, and API gravity is additive with weight fractions.
K is the cube root of the boiling point divided by the specific gravity.
[t may be shown algebraically that the K value of a mixture is the sum of
its component K’s onto their respective weight fractions. Thus,

K. = Kywy + Kaws + Kgws + - - - (16)

where w is a fraction by weight. In the derivation of Eq. (16) it is also
seen that K is the sum of the volume fractions onto the cube roots of their
respective botling potnts and divided by the specific gravity of the mixture.
A boiling point of a mixture obtained by this method of averaging is
designated cubic average boiling point and is inherent in all correlations
involving either K or viscosity.

Average Boiling Points. The boiling range of an oil possesses the
highest degree of individuality of any of its common properties and is
indispensable for accurately correlating wide-boiling fractions. Fortu-
nately, the boiling range is frequently available from routine laboratory
tests. The normal or atmospherice boiling temperature is used in all cor-
relations. (For an oil distilled under vacuum, the observed temperatures
are converted to their atmospheric pressure equivalents by a vapor-
pressure chart.)

In laboratory distillations of petroleum, boiling temperatures are
recorded at various percentages or fractions by volume. An average boil-
ing point calculated from these data is then the volumetric average boiling
point. It has been noted that the volumetric average is not the correct
basis for averaging and correlating all properties of an oil.  The following
kinds of average boiling points arc distinguished: volumetric average,
weight average, true molal average, cubic average, and mean average. The
true molal average boiling point is

(Tb)m. = xA(”b)A + l‘B(Tb)B + l'c'(Tb)c + - (17)

where 2z is the mol fraction of a compound or a narrow-boiling component,
and T, is its normal boiling point. The cubic average boiling point is

(To)ou= [0a(To)a¥ 4 vu(T)a¥ + ve(To)c + - - « 3 a8)
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where v is the fraction by volume of a compound or a narrow-boiling com-
ponent and T is in °R or °K throughout. The mean average boiling point
is the arithmetic mean of true molal and cubic average:.

A pure hydrocarbon has no boiling range and only one normal boiling
point. Narrow-boiling fractions (spreading 50°F or less) show such
slight differences in the various average boiling points that the midpoint
or 50 per cent temperature may be used as any average. Wider boiling
fractions have greater diffcrences between the various average boiling
points, which differences should not be neglected. For wide fractions,

0 T T 1 =T
For weightaverage_|_———"—""
+ 00— 50=+500 =ge0—T— |
10 1=~ _400—T"600180
o = +} |Average boiling
°.0 — —o-{point corrections
4 T e S !
§'° ST SSSSSS .-
\\ DS — \_~\L_
g2 NN BN 205 7001°90> 200 For comre ]
%10 \\\ \~\\ N \\\\ e 23@”—
AN S N /.
'§40 Numbers are -F’oo\ 25 2 %0{'02 ) AN
£ volumetric average BT ST RS
._8_50 boiling points,°f. AN N
%60 NN L M
H AV W KA
S AN NI
N N Y-~
& For frue mo. /)S\'X\ \ _-"E\VASTL‘-;?”;’G;%G_M
9% average__ T\ 1\ _\
- AN N\
100
0 2 9 10

3 3 4 5 6 T
Slope of Engler distillation curve 10%-90%3 °F/%

F1a. 5.—Interconversion of the various average hoiling points. (Courtesy of Universal O+l
Products Company.)

a graphical method of converting the volumetric average to other average
boiling points is more convenient than the above cquations. The volu-
metric average boiling peint is first computed from ASTM or Engler
distillation data. It is defined as the average of the 10, 30, 50, 70, and
90 per cents distilled (recovery plus loss).

The width of boiling range is measured by the slope of the distillation
curve, computed as follows: ’

Slope = 90 per cent temp 8-0 10 per cent temp (19).

Figure 5 gives the differences between the volumetric and other
average boiling points in terms of this slope. The other boiling points
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are obtained by adding the temperature correction from Fig. 5.to the
volumetric average. (The weight average boiling point is higher, but
the others are all lower than the volumetric average.)

In the development of correlations, it was found that K and viscosities
are each additive with the cubic average boiling point.1* All other cor-
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relations given in this chapter and in Chap. V that involve boiling point
are based upon the mean average.

Since the distillation of heavy oils is not a routine laboratory test,
- K values for such oils are often obtained from the correlation of K with
viscosity. The viscosity correlations are given in Figs. 6 ‘to 8 with
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viscosity units in centistokes at 210, 122, and 100°F, respectively.
(Conversions of viscosity units are given in Appendix Table 11.)
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Viscosities at 210°F give more dependable K values than do viscosities
at lower temperatures,
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The molecular weight corrclation is given in Fig. 9 in terms of mean
average boiling point, with K in terms of cubic average boiling point.*
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Illustration &6

The 10, 30, 50, 70, and 90 per cent temperatures on the ASTM distillation of a
straight-run gasoline sample are 148, 200, 244, 204, and 352°F respectively. Its
API gravity is 61.3.

* Wide-boiling fractions have cubic average hoiling points significantly higher
than their mean averages, and their molecular weights obtained directly from K are
somewhat higher than the true values. This source cf error is inherent with the use of
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a. What are its volumetric, cubic, mean, and molar average boiling points?

b. What is its average molecular weight? its K value? What type of crude did it
come from?
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Solution: a. The volumetric average boiling point is

l48+200+2§4+294+352=248°1"

The slope is (352 — 148)/80 = 2.55°F /per cent.
From Fig. 5, the correction for the cubic average boiling pomt is —@°, the correc-
tion for the mean average boiling point is —17° and the correction for the molar

variables having disproportionate bases in the same correlation. A similar error

occurs when K is used to correlate any property that i m not additive with the cubic
average boiling point.
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average boiling point is —27°F. The cubie, mean, and molar averages are then
248 — 6 = 242° 248 — 17 = 231°, and 248 — 27 = 221°F, respectively.

b. From Fig. 9, the molecular weight is 106 and the K valueis 12.1. The K value
is that of a paraffin-base crude.

HYDROGEN CONTENT OF PETROLEUM FRACTIONS

The hydrogen content is closely associated with a number of the
important properties of oils and is also needed for combustion calcula-
tions. Nevertheless the determination of hydrogen is not a routine
petroleum test, and it is rather infrequently made in most refinery labora-
tories. A correlation of hydrogen content in terms of K and average
boiling point has been reported'? and was later improved with the sub-
stitution of API gravity in place of K.'* The later unpublished correla-
tion is satisfactorily approximated by the relation

7250

Wt per cent H = 14.2 + 0.173 (°API) — TR
b

(20)
where T:°R is the mean average boiling point in degrees Rankine.

When the boiling point of a sample is not known, 7', may be eliminated
in terms of K and S, using the definitions of K and of the API gravity.
The resulting equation is

24.5 19.4)°

Wt per cent H = < Se‘)) <SeoK) 8.6 21)
These equations are uscful for estimating the hydrogen content of oils
when direct determinations have not been made. When they are applied
to pure hydrocarbons, Eqgs. (20) and (21) give accurate values for paraffins
and for aromatics, but for olefins and naphthenes they give scattered
values that are sometimes in error by as much as 2 weight per cent hydro-
gen. However, positive and negative errors are about equal in number
and magnitude, when all hydrocarbons are considered. Applied to
the highly complex petroleum fractions, the correlation values are usually
within 0.2 or 0.3 weight per cent hydrogen of the true values.

Refinery Operations. The K value and hydrogen content are among
the properties of oils affected by refining operations. Most crude oils
have K values between 10.0 and 12.5, and hydrogen contents between
11 and 15 weight per cent.

K values of straight-run fractions are about the same as those of the
parent crude oils. K values of fractions from some crudes increase
slightly with the boiling point of the fraction, whereas the opposite is
true of fractions from other crudes. The hydrogen content of successive
fractions always decreases as the boiling point increases. Hydrogen

15 WarsoN, K. M., private communication, 1941.
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content of straight-run gasoline is usually 14.5 to 15.6 weight per cent
and that of kerosine is very slightly lower. The hydrogen content of
heavier fractions varies rather widely between different types of crudes.
Straight-run residua from various crudes contain anywhere from 10 to
14.5 weight per cent hydrogen.

Thermal cracking operations produce methane and other gaseous
hydrocarbons that contain relatively high percentages of hydrogen, and
liquid products correspondingly poorer in hydrogen. K values of cracked
oils range from a high of about 11.8 for cracked gasolines to a low of about
9.8 for cracked residua. The hydrogen contents are about 14 to 8.5
weight per cent, respectively.

Catalytic conversion processes are highly selective as to the types of
reactions that occur. Where -considerable dehydrogenation occurs, the
K value of the products may be lower than that of the charge. Con-
densation processes (such as polymerization and alkylation) do not affect
the hydrogen content but often give products having higher K values
than part or all of the reactants. Hydrogenation usually increases the
K value. Treating operations in general remove highly unsaturated,
low-hydrogen, highly condensed compounds. The raffinates have higher
hydrogen contents and higher K values than the untreated stocks.
Dewaxing is the exception.

The petroleum refiner must blend or proportion refinery stocks into
finished products that meet certain specifications. ‘‘Specifications” are
maximum or minimum values or permissible ranges of values of various
tests, as agreed upon by buyer and seller or as listed by some agency.
Three or more specification tests are required on most petroleum products.
Where the specification test values are additive on known bases, the
proportions of the various stocks required to make a specification product
may be determined by the use of the equations of this chapter. General
“simultaneous equations for blending calculations have been published.!®

Supplementary Reference
DeanesLy and CarreToN: J. Phys. Chem., 46, 859 (1942).

Exercises

1. Calculate the API gravity at 60°F, and the Reid vapor pressure at 100°F of a
natural gasoline of the following analysis:

n-Butane Isopentane n-Pentane | n-Hexane and heaviere

Mol % 23 13 56 8

e Sp gr of the 8 per cent fraction = 0,732, and its av MW = 102.

1 LUuKoFsKY, 8. 8., Ind. Eng. Chem., 88, 1085 (1944).
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2. A “wet” gas from a well separator has the following composition:

Mol % Mol %
Methane..................... 63.2 |n-Butane.................... 7.0
Ethane...................... 6.0 |n-Pentane.................... 10.2
Propane...................... 2.1 |n-Hexane.................... 11.5

Calculate (a) the gallons of natural gasoline in 1,000 cu ft of this gas, measured at
60°F and 1 atm, (b) the API gravity of this gasoline.

8. The Reid vapor pressure of the gasoline of Exercise 1 is to be reduced to 18 psia
at 100°F by fractionation in a highly cfficient stabilizer. Calculate the composition
of the 18-Ib gasoline, the mol per cent loss, and the volume per cent loss (of butane).

4. Itisdesired to make a “tender” of 50,000 bbl (42 gal/bbl) of gasoline by blend-
ing proper proportions of refinery gasoline and the natural gasoline of Exercise 1 so
that the blend will have an API gravity of 60.5°. The refinery gasoline tested as
follows: gravity = 56.8, Reid vapor pressure at 100°F = 7.51b, av MW = 114,

Calculate (@) the number of barrels of each gasoline stock required and (b) the
Reid vapor pressure at 100°F of the finished gasoline.

6. For a mixture of 50 gal of benzene with 50 gal of n-octane, calculate,

a. Molecular weight; volumetric and molar average boiling points.

b. Cubic and mean average boiling points, °API, K value.

¢. Using the appropriate charts and the calculated average boiling points, read
off K, average molecular weight, slope of ASTM distillation curve.

Data MW | °API Seo Tv’F

Benzene........................ ... .. ... 78 28.5 0.8844 176
MEOCANC. . oo oo 114 | 68.6 : 0.7072 | 258




CHAPTER 1V
COMBUSTION STOICHIOMETRY

The two fundamental laws most frequently used by the engineer
are conservation of matter and conservation of energy. These are the
bases of material balances and of heat balances around industrial processes.

These balances are of the greatest helpfulness when applied to con-
tinuous operations. Most furnace operations are or can be treated as
continuous or as semicontinuous, with respect to air, fuel, and flue gases.
Since both chemical reactions and conversion of chemical energy into
heat are involved, combustion problems are excellent examples of the
utility of both types of balances.

A material balance gives a clear and concise overall picture of a
process. It enables a certain amount of missing information to be
computed. When data are complete, it often permits checks upon their
accuracy so that confidence may be placed upon the final results.

Although simple in principle, a material balance around a combustion
operation often involves considerable detail. It must also be completed
before a heat balance can be made. Mastery of the material balance is
therefore prerequisite to the development of the heat balance as well as
to further process calculations. This chapter is confined to the principles
and methods of calculation used in making the combustion material
balance. The overall heat balance is formally introduced in Chap. V.

USE OF MOLAR UNITS

The proportions of the various materials enterlng into any chemical
reaction must obey the law of combining welghts Different elements com~
bine in fixed and definite proportions by weight. However, it is but seldom
that these weight ratios are simple whole numbers although the numerical
ratios of atoms and molecules reacting are always integers.

It is clear that a tremendous amount of time and arithmetic will be
saved if in such calculations, a unit is used that represents a definite number
of atoms or molecules (see accompanying table).

CHo + 202 - CO: + 2H,0

Atomicwt................ 12 1.008 16 12 16 1.008 16
Molecular wt............. 16.032 32 44 18.016
Totalwt................. 16.032 64 44 36.032
No. molecules............. 1 2 1 2
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A molar unit having this advantage is very simply obtained by express-
ing the atomic or molecular weight of substances in grams or in pounds
(weight). Thus, a gram atom or a pound atom of carbon weighs 12 g
or 12 lb, respectively. A gram mol or a pound mol of oxygen weighs
32 g or 32 1b. (A gram atom or gram mol of any substance contains
6.02 X 10? atoms or molecules, and a pound atom or pound mol contains
2.7 X 10?® atoms or molecules. The value for the gram atom or gram
mol is called Avogadro’s number.) The important fact is that the molar
ratios involved in any quantitative chemical reaction are always simple
integers or fractions: e.g., 1 mol of carbon reacts with 14 mol of oxygen
to form 1 mol of carbon monoxide, or with 1 mol of oxygen to form 1 mol
of carbon dioxide.

Liquid and solid materials are measured by weight, and weights may
be directly converted to mols whenever the molecular weight is known.
Gaseous materials are measured by volume. Conversion of gasvolumes
to mols is more complicated since the pressure and temperature of meas-
urement must be known as well as the behavior of the gas with respect
to the ideal-gas law.

Molar Volume of Ideal Gases. Avogadro was the first to recog-
nize that at the same temperature and pressure all materials in the
gaseous state have nearly the same number of molecules per unit volume.
“Standard conditions” of temperature and pressure are chosen as 0°C and
1 atm. At standard conditions (SC), 1 g mol of an ideal gas occupies
22.4 1, and 1 b mol occupies 359 cu ft.

IDEAL-GAS LAWS

The experimental gas laws of Boyle, Charles, and Gay-Lussac, and
of Avogadro combine into the ideal gas law, which was later deduced from
kinetic theory:

pv = nRT (1)

where p = pressure

v = volume

n = number of mols

R = ideal-gas constant

T = temperature, °K or °R
The numerical value of the gas constant (R) depends only upon the units
in which the variables are expressed. For the purposes of this chapter,
Eq. (1) may be converted into a more convenient form in which the gas
constant need not be evaluated. Dividing Eq. (1) by itself and solving

for.v;, we obtain
v = () (7) @
1 0,

I
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With Eq. (2), volumes of individual gases and gas miztures may be
converted from one condition of temperature and pressure to any other
condition. The pressure and temperature terms appear as separate
ratios, and so each term is independent of the units employed in it.
However, each pressure and each temperature must be expressed in the
same unit and the unit must be of an absolute scale. In enginecring
work, the most common units for Eq. (2) are

v = cu ft

p = psia = (14.7 + psig)

T = °R = (460 + °F)
Although subscript 0 commonly refers to standard conditions of tempera-
ture and pressure, it may apply to other specified sets of conditions.

Laws of Dalton and of Amagat. For ideal gases under conditions in

which they do not react with one another, it follows from Avogadro’s
law that there should be no change in total volume on mixing at the
same temperature and pressure. This is formally stated as the law of
Amagat: The total volume of a gas mixture is the sum of the volumes of

its constituents, all at the same temperature and total pressure. For gases
A, B, C, ete.,

Veotal = Va4 + 05+ 0o - * - 3)

In a mixture, v4, va, ve, ete., are designated partial volumes.

In a mixture that obeys the gas law, the partial pressure of a pure
constituent may be defined as that pressurc which the constituent alone
would exert in the same total volume. 1t follows that the sum of the partial
pressures equals the total pressure. This relation has also been confirmed
experimentally and is known as Dalton’s law. Algebraically

Pat+ P+ pct = Do =T 4)

(The symbol 7 is used hereafter to designate the total pressure of a gas
or a vapor mixture.)
As applied to mixtures, the gas laws may be written in several forms:

(e + v+ vc+ © 0 ) = (M) RT (1a)
Pa+ps+pc+  * )(Vwm) = (o) BT (1)
and of course,
Na+ng+ne+ © 0 = N

The mol fraction of gas A, (ya in a mixture) is y4 = 513"—, and it may be
total

seen from Eq. (1a) that the partial pressure of one component is equal to
its mol fraction times the total pressure;
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pA =7 _1.14_ = TyA
Nioial,

Note also that the ratios of partial pressures, of volumes, and of mol
fractions of two components of a gas mixture are all equal;

Pa _ V4 _ M4

Ps Ugp Np

Validity of the Gas Laws. No actual gas exactly obeys the ideal-gas
law. Under most conditions encountered in practice, the actual volume
is smaller than the ideal-gas law volume. According to the theorem of cor-
responding states, this negative deviation incrcases (becomes greater) as
the critical pressure and temperature of the substance are approached,
and is greatest at the critical conditions.

For the fixed gases of air and combustion or flue products, the ideal-
gas law is a good approximation at the usual pressures and temperatures.
The gas law is also satisfactory for water vapor at the low partial pres-
sures in which it occurs in humid air and in flue gases. On the other
hand, gas-law deviations for hydrocarbon gases are appreciable. In
general, the deviations increase with molecular weight of various sub-
stances, although exceptions may be found.

Hereafter, Egs. (1) to (4) are assumed valid for the constituents of air
and of flue gases in combustion calculations.

ESSENTIAL CONSTANTS AND CONVERSION FACTORS

The following quantitics are used so frequently that all should be
committed to memory. No more than three significant figures are given
in any case, since calculations are¢ to be made with an engineer’s slide
rule.

Atomic Weights:
C =12, H =1.01, 0 =18, N = 14, S =32

‘Weights and Measures:
1 inch = 2.54 centimeters
1 pound = 454 grams = 0.454 kilogram
1 kilogram = 2.2 pounds
1 cubic foot of water (60°F) = 7.48 gallons = 28.3 liters = 62.3 pounds
1 gallon of water (60°F) = 231 cubic inches = 3.78 liters = 8.33 pounds

Pressures:

1 atmosphere = 0 pounds per square inch gauge = 14.7 pounds per square inch
absolute = 29.9 inches IIg = 760 millimeters Hg
1 pound per square inch = 16 ounces (gas pressure) = 27.7 inches water

Temperatures:

0°centigrade = 273°Kelvin

Water freezes at {32“1“ahronheit = 402°Rankine
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. 100°centigrade = 373°Kelvin
Water (at 1 atmosphere) boils at {212°Fahrenheit = 672°Rankine
T (degrees Rankine) = 1.8 X T (degrees Kelvin)

Latent Heat of Vaporization of Water (at 212°F) = {gig cB;llér];:: g::l:im

Standard Conditions of Gas:
1 atmosphere and freezing point of water
Molar Volume of Gases:

1 pound mol ¢deal gas occupies 359 cubic feet at standard conditions
(Use 369 for air and flue gases)
1 pound mol fuel gas occupies 356 cubic feet at standard conditions

Composition of Dry Air. The minor constituents of dry atmospheric
air are 0.94 per cent argon, 0.03 per cent CO,, traces of other rare gases,
of ozone, and of hydrogen.

For purposes of combustion stoichiometry, the molecular weight of dry
air 18 29.0, and it is commonly assumed to consist of 21.0 per cent oxygen
and 79.0 per cent nitrogen. The true oxygen content is between 20.9
and 21.0 per cent.

As discussed later, Orsat analyses for oxygen are frequently low by
0.1 per cent or more. Any analytical error in oxygen content is greatly
magnified in stoichiometric values derived from Orsat analyses, particu-
larly where the oxygen concentration is low as in flue gases. The effects
of slight errors in Orsat analyses are appreciably reduced by taking the
composition of air as 20.9 per cent Oy and 79.1 per cent N2, and these valucs
are therefore employed throughout this text.

Ilustration 1

~

A fuel oil contains 86.0 per cent carbon, 12.0 per cent hydrogen, and 2.0 per cent
sulfur (wt). If, for 100 Ib of the oil, the carbon is converted to CO:, the hydrogen to
H;0 (vapor), and the sulfur to SO, calculate,
The pound mols of each gas formed.
. The total volume of these gases at 600°F and 1 atm.
. The total volume of these gases at 500°F and 740 mm.
The partial volume of each gas in (c).
The partial pressure of each gas in (¢).
olution (basis, 100 Ib oil):

o oR

e R

Q

Wt % =1b | Mol. wt | Mols = (Ib)( mol. wt)

Carbon, C...................... 86.0 12.0 7.16
Hydrogen, Ha................... 12.0 2.02 5.94
Sulfur, 8........................ 2.0 32.0 0.08

Total..........c.oovvevvvnn]  ooee | el 13.16
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b. The molar volume at 600°F and 1 atm is

359(460 + 600)
493 = 773 cu ft

The total volume of gas is (13.16)(773) - 10,170 cu ft

¢. The total volume at 500°F and 740 mm is

60 + 500)(760)

4
(13.16)(359) 0oy = 9,450 ou ft

d. Since the partial volume is equal to the mol fraction times the total volume,

Partial volume of CO; = (9,450)(7.16/13.16) = 6,146 cu ft
Partial volume of H,O = (9.450)(5.94/13.16) = 4,262 cu ft
Partial volume of SO, = (9,450)(0.06/13.16) = 43 cu ft

e. Since the partial pressure is equal to the mol fraction times the total pressure,

Partial pressure of CO, = 740(7.16/13.16) = 403 mm
Partial pressure of H,O = 740(5.94/13.16) = 333 mm
Partial pressure of SO, = 740(0.06/13.16) = 4 mm

COMPOSITION OF FUELS AND THEIR COMBUSTION PRODUCTS

The principal constituents of commercial fuels are carbon and hydro-
gen. Smaller amounts of other substances are usually present. Fuel
oils contain sulfur compounds and may contain minor amounts of oxygen,
traces of nitrogen, and sediment or dirt. Coal contains all of these as
well as iron compounds and other minerals which are usually designated
more specifically than as merely dirt.

Of the total hydrogen and oxygen in fuels, part of each may be chem-
ically combined with carbon and part exist as moisture. Most of the
hydrogen is usually in combination with carbon. Commercial fuels
always contain more total hydrogen than the chemical equivalent of the
total oxygen. In combustion stoichiometry, this oxygen equivalent is
subtracted from the total hydrogen, the remainder being designated as
net hydrogen. Then, all of the carbon plus the net hydrogen in a fuel
may be considered as available for burning and producing heat.

In most cases of furnace operation, the carbon burns almost quantita-
tively to carbon dioxide and the hydrogen to water vapor. Sulfur and
iron burn chiefly to sulfur dioxide and to ferric oxide, respectively.
Oxygen for combustion is supplied by the air, and ordinarily an excess
is admitted to a furnace. When the excess is too low or nonexistent,
carbon monoxide appears in the flue gas; when the carbon monoxide
content of the flue gas is appreciable, free hydrogen will also be present.
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Overall combustion reactions that apply to any fuel may be written

C + 250: = CO
CO + 140, = CO,
C: + Oz = C()z

H, + 140, =H,0

S + 02 = S(_)2

Each term in the above equations represents a mol or fraction of a mol
as the case may be. Then from the analysis of the fuel with respect to
carbon, hydrogen, oxygen, and sulfur, the amount of air necessary to
burn it to CO., H,0, and SO, may be calculated. This quantity is
known as theoretical air.

Illustration 2

A coal contains 78.0 per cent carbon, 3.6 per cent hydrogen, 1.2 per cent nitrogen,
0.7 per cent sulfur, and 4.9 per cent oxygen.

What is the per cent net hydrogen? How many mols of (theoretical) air are
required to burn 100 Ib of the coal?

Solution: 100 b of coal contains 4.9 1b or 4.9/32 = 0.153 mols of oxygen. This
oxygen requires (0.153)(2) = 0.306 mols or (0.306)(2.02) = 0.618 Ib of hydrogen to
combine with it. The net hydrogen is then 3.6 — 0.618 = 2.98 per cent.

To burn 100 lb of the coal:

i Lb Mols | Mols O, for theoretical combustion

Carbon..................... 78 6.5 | 6.5

Net hydrogen............... 2.98 | 1.48 0.74

Sulfur...................... 0.7 co02y 0.02 o
Total O, required from air..| ...... 7.26

The theoretical air is then (7.26)(100/20.9) = 34.7 mols.

THE ORSAT ANALYSIS

The analysis of flue gas with respect to CO,, O,, and CO is readily
obtained with the Orsat apparatus, which consists of a gas-measuring
burette (usually of 100 cc capacity) and three absorption pipettes, each
containing a chemical solution that absorbs-one of the gases (Fig. 1).
Starting with a 100-cc sample of the flue gas, the carbon dioxide is first
absorbed by passing the gas sample back and forth between the absorp-
tion pipette and the measuring burette until no further absorption occurs.
The shrinkage in gas volume is then the percentage of CO;in the sample.
This procedure is repeated to determine the oxygen and finally the carbon
monoxide, using the separate pipettes provided for each. The gas
remaining unabsorbed is considered to be nitrogen.
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Water Vapor and the Orsat. The gas in the measuring burette is in
contact with water. Aqueous solutions or mercury with a few drops of
water on its surface are used as confining liquids. The gas rapidly becomes
saturated with water vapor at the temperature of the instrument. As long
as the instrument temperature does not change, the partial pressure
of water vapor is the same at each
reading, and the percentages of gas
absorbed are the same as though the
system were entirely dry from start
to finish. The Orsat analysis is there-
fore numerically on the dry basis and
gives no information as to the water-
vapor content of the original gas.
The latter value must be determined
by some other means such as by the
wet- and dry-bulb thermometer (sec
next section).

Excess Air. Knowledge of the
amount of excess air being admitted
to a furnace is very important.
Excess air reduces the furnace tem-
perature, which in turn reduces the
rate of heat transfer. Furthermore,
since all of the air that passes through
the furnace must leave at the flue
temperature, the excess carries out
additional heat in the flue gases. An
insufficient quantity of air results in . v =
incomplete combustion with the Fia. 1.—-Orsat apparatus.
appearance of carbon monoxide and sometimes smoke in the flue gases.

Theoretical air is the calculated quantity which contains just suffi-
cient oxygen to combine with the carbon, net hydrogen, and sulfur of
the fuel to form carbon dioxide, water vapor, and sulfur dioxide. Any
additional quantity is the excess. Per cent of excess air is numerically
equal to per cent of excess oxygen from air and can be calculated by
several different but equivalent expressions:

P N TP P o 1 Y73 T P s e e P oyt e et v

V“E = Ll X

Per cent excess air = per cent excess O, from air
C_ (100) (excess)
(theoretical)
_ (100)(excess)
" (total — excess)
"~ _ (100)(total — theoretical)
- (theoretical)

Note that all expressions are actually based upon theoretical oxygen.
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Excess air may be readily calculated from the Orsat analysis. The
free oxygen found by the Orsat is not entirely excess oxygen if the gas
contains carbon monoxide. When carbon monoxide is present, enough
oxygen is deducted from the total oxygen from air to burn the carbon
monoxide to dioxide, according to the definition of theoretical air.

Ilustration 3

A furnace is fired with a natural gas that consists entirely of hydrocarbons (negligi-
ble inert gases and sulfur compounds). The flue gas analysis (Orsat) is 9.5 per cent
CO,, 2.0 per cent O, and 1.8 per cent CO.

a. What is the molar ratio of net hydrogen to carbon in the fuel?

b. What per cent of excess air is being used?

Solution: The most convenient basis for the calculation of quantities from an Orsat
flue-gas analysis is 100 mols of dry flue gas, tabulated and broken down into mols of the
elements.

Orsat % = mols Mols C Mols O,
CO, 9.5 9.5 9.5
CO 1.8 1.8 0.9
0, 2.0 2.0
N, 86.7 (balance)
Total............. 100.0 11.3 12.4

Since the fuel contains no inert gases, all of the nitrogen in the flue gas came from
air. The oxygen accompanying it is |

20.9
86.7 (79:1— = 22.9 mols

The total free and combined oxygen appearing in the dry flue gas is 12.4 mols, and
that which disappeared is

22.9 — 12.4 = 10.5 mols

This oxygen was consumed in burning net hydrogen of the fuel, and the mols of net
hydrogen or water vapor are

10.5(2) = 21.0
a. The molar ratio of net hydrogen to carbon is
21.0
11.3
(The atomic ratio is twice this value, and can be written CH,,73.)

b. The excess oxygen is the free oxygen left after complete combustion. Burning
the CO requires 1.8/2 = 0.9 mols, and the excess oxygen is

2.0 — 0.9 = 1.1 mols

= 1.86

The exsessairis (100) (z55"27) = 6.06 per con.
Nore: The above flue-gas analysis is not typical.
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HUMIDITY OF AIR AND OF FLUE GAS

Water vapor in flue gas comes from (1) water vapor in the combustion
air, (2) moisture in the fuel, and (3) hydrogen in the fuel. In some cases,
there is a fourth source of water vapor, such as from a steam-atomizing
oil burner or steam injected into a gas producer.

Knowledge of the amount of water vapor in air and in flue gas is
useful and sometimes necessary for furnace calculations. This informa-
tion is essential to the proper operation of certain units such as gas
producers.

Humidity may be determined with fair accuracy from wet- and dry-
bulb temperatures.

Humidity Terms and Definitions. Water exerts a definite vapor
pressure at a given temperature, and when the partial pressure of water
vapor in a gas is equal to the vapor pressure of water at the same tempera-
ture, the gas is saturated. No additional water can be held in the gas
as vapor at that temperature and total pressure. Any increase in total
pressure or decrease in temperature will cause condensation. The
saturation pressure of water vapor is designated p, and will be used in
the units of millimeters of mercury in this chapter.

Relative Humidity. Let p = actual pressure of water vapor in a gas.

Then p/p, is the amount of water vapor present compared to the
total which can be held, or the fractional saturation. 100p/p, is com-
monly referred to in weather reports as the per cent relative humidity.
Note that when the temperature of a gas having a definite water-vapor
content is changed, p, changes while p remains constant, and the rela-
tive humidity changes inversely with p,. Engineering calculations are
more convenient with humidity expressed as an absolute quantity inde-
pendent of p, than in terms of relative humidity.

Absolute Humidity. Let: H = weight humidity, as pounds of water

. vapor per pound of dry air.
H,, = molar humidity, as mols of water
vapor per mol of dry air.

Either H or H,, may be used for hygrometric calculations. Theformer
is the more common but the latter is more convenient where applied to
flue gases. Flue-gas calculations are made on the mol basis and also
the composition of the flue gas with respect to CO; must be taken into
account for accurate calculation of humidity from wet- and dry-bulb
temperatures.

The relations between partial pressure of water vapor and the two
absolute humidities at one atmosphere pressure are

= p
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18p

H = 55660 = )

(8a)

The ratio of actual to saturated humidities for either H,, or H is a
“relative humidity”’ similar to that given by the corresponding ratio of
partial pressures, but the partial pressure ratio is not numerically equal
to the absolute humidity ratio.

Humid Volume. The humid volume is the volume of some unit of
dry air plus the volume of water vapor it carries (at the specified tem-
perature and 1 atm pressure). By definition and Amagat’s law,

Vu. = (molar vol of air) 4 (vol of water vapor carried)

= (1 + H.)(359) (%’") cu ft ©)
Vu =.(vol of 11b dry air) 4 (vol of water vapor carried)

= (L +Z) @50) (ER) curtt (6a)

“\29 ' 18 492

Humid Heat. The humid heat is the heat capacity or the specific
heat of the unit of dry air plus that of the water vapor carried. The
molar heat capacity of dry air (M Cp) near room temperature is approxi-
mately 7.0 Btu/(lb mol)(°F) and that of water vapor is approximately
8.1 in the same units. Hence the humid heats are

8m = 7.0 + 8.1(H,) Btu/(Ilb mol dry air)(°F) )]
and
70 8.1
=29 T8 #
= 0.241 + 0.45(H) Btu/(lb dry air)(°F) (Ta)

Specific Heat and Latent Heat of Vaporization of Water. The spe-
cific heat of water may be taken as 1 Biu/(Ib)(°F) or 18 Btu/(lb mol)(°F).

The latent heat of vaporization (r) changes with temperature, and so
must be read from a chart or table for the temperature in question.

Dew Point. As damp air or other gas containing water vapor is
cooled, the relative humidity increases until the partial pressure of water
vapor carried equals the vapor pressure of water. At that point the gas
is saturated and

p=p;, H=I, Hp =Hpn,

A further decrease in temperature results in condensation of enough
of the water to maintain the gas in saturated condition.

Note that at I atm or any other constant pressure, the dew-point
temperature depends only upon the amount of water vapor present.
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Adiabatic Humidification. Suppose that a quantity of air and a
quantity of water at some lower temperature than the air are confined
together in a space or zone which is thermally insulated from the sur-
roundings, so that the enthalpy (or total heat content) of the system is
constant. Heat is transferred from the air to the water and if allowed
to remain in contact long enough, they will finally attain the same tem-
perature. Also, enough water evaporates finally to saturate the air.

Now if by previous experiment the final or equilibrium temperature
is known, the water may be tntroduced at that temperature. The amount
of heat necessary to cool the air must then exactly balance the latent
heat of the water evaporating. Such a process is called adiabatic humidi-
fication, and the final or equilibrium temperature of the process is called
the adiabatic saturation temperature.

The operation is seen to involve exchange of sensible heat of the air
for latent heat of vaporization of water, with water being transferred
from the water phase to vapor in the air. It need not be continued to
complete saturation of the air; in fact air is frequently given a definite
or controlled humidity. In any case, the water-vapor content of the
air increases and adiabatic humidification temperatures are always higher
than the dew potnts of the original air.

Temperature-humidity Relations. For adiabatic humidification in an
air-water system at 1 atm pressure, a convenient basis of calculation is
1 mol of dry air at ¢;, containing H,,, mols of water vapor. If the water
temperature does not change, the heat-vaporization balance is

(Mols water evap)(molar latent heat) = (molar humid heat)(¢; — {5)

(Hmy — Hum)(1872) = $m,(t1 — ) : (8)
or, for a basis of 1 1b of dry air,
(Ilz ol H;)(rg) = Sl(tl - tz) (80)

where r, is the latent heat of vaporization of water at temperature ¢,.

If the water temperature changes, an additional term must be
included in the equation. The water vaporizing may have an initial
temperature 7' but is properly considered to attain temperature ¢, and
vaporize at t.. Since the sensible heat of water is unity, Eqgs. (8) and
(8a) become for this case,

18(Hm, — Hum)(ts = T + 12) = (sm)a(ts — t2) )
(He — H))(ts — T +1r9) = s1(ts — to) (9a)

When adiabatic humidification is continued until the air is saturated,
ts, Hn, and H; become t,, H.., and H,, respectively, in Egs. (8), (8a), (9),
and (9a).
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Tlustration 4

Air at 100°F and 1 atm has a partial pressure of water vapor of 30 mm.

a. What is its dew point?

b. What is its wet-bulb temperature?

Solution: a. The temperature at which water has a vapor pressure of 30 mm is
84°F which is its dew point.

b. From Eq. (5a), H, = 0.0256. From Eq. (7a) s; = 0.252. Since the wet-bulb
temperature {; is interrelated with r, and H., {; must be found by trial solutions of
Eq. (8a). :

By arbitrarily choosing a trial ¢, of 87°F, r2 becomes 1046 and H, becomes 0.0281.
Solving Eq. (8a) for t,,

ts =1t — (H: — H)) (Z‘}
81

= 100 — (0.0281 — 0.0255) (61—%45% = 89.2°F

If 7o and H, are taken at 88°F, Eq. (8a) gives t, = 85.5°F. Therefore the correct
temperature is between 87 and 88°F. By interpolation, t; = 87.4°F. Ans.

Humidity Charts. Humidity computations are greatly expedited
by the use of a graph of Eqgs. (6) to (8) or (6a), (7a), and (8a). Figure 2
is a plot of the former set of equations (basis, 1 1b of dry air) for air-water
at1 atm. The chartis constructed as follows: The curve labeled ‘ Humid-
ity vs. temperature . . . 1009,” is calculated from the vapor pressures
of water and Eq. (5a). The family of curves below it represent the rela-
tive humidities noted. The curves sloping downward to the right and
ending at the 100 per cent or saturation curve (those nearly straight and
parallel) are plots of Eq. (8a). The curve labeled ‘“Humid Heat vs.
Humidity’ is a plot of Eq. (7a). The curves for specific, humid, and
saturated volumes versus temperature are calculated with Eq. (6a).
Lastly, the latent heat of vaporization (r) is also plotted. Note that the
volume curves and the latent heat curve have separate ordinate scales
at the left-hand border of the plot.

Illustration §

For air at 100°F and humidity (H) = 0.0255 (as in Illustration 4), read from Fig. 2
the relative humidity, the dew point, the wet-bulb temperature, the humid heat, and
the humid volume.

Solution: The point 100°F, I = 0.0256 is located. Its position between the
relative-humidity curves corresponds to a relative humidity of approximately 59 per
cent. H = 0.0266 interseets the saturation curve at 84°F, which is the dew point.
By moving from the original point parallel to the adjacent adiabatic humidification
curves to an intersection with the saturation curve, the adiabatic saturation or wet-
bulb temperature is found to be approximately 87°F. The humid heat read from the
appropriate curve is 0.262. By interpolating between the curves for H = 0.02 and
0.04, the humid volume at 100°F is found to be 14.7 cu ft.

For flue gases, a humidity chart calculated on the mol basis is given
in Fig. 3. The basic construction is the same as for Fig. 2, except that
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molar equations are used and the temperature-humidity range is extended
to much higher levels. Plotting Egs. (5) to (8) gives the curves labeled
“CO;z . . .09%.” Since flue gases contain carbon dioxide which has a
higher heat capacity than air, the specific heat terms in Eqgs. (7) and
(8) were raised to the proper values for flue gases containing the desig-
nated amounts of CO,. The adiabatic humidification curves are seen
to be slightly affected and the humid heat curves are markedly affected

by the presence of CO,. Figure 3 is used in exactly the same manner as
Fig. 2.

WET- AND DRY-BULB THERMOMETRY

When a thermometer whose bulb is kept wet with water is placed
in a current of air or other gas, the water evaporates into the gas and
cools the thermometer bulb. As soon as the temperature of the bulb
has fallen below that of the gas stream, the bulb begins to receive heat
from the gas. This effect limits the temperature decrease or ‘‘wet-bulb
depression’’ to some definite value. When the bulb is maintained wet
and the gas current is stecady, the thermometer will finally indicate a
constant ‘‘wet-bulb temperature.” Since no water would evaporate if
the gas were initially saturated, the wet-bulb depression is related to the
initial humidity of the gas. If certain other variables are fixed, a rela-
tion involving only the initial gas temperature and humidity and the
wet-bulb temperature is obtained. A number of psychrometric charts
and tables have been prepared for determining humidities from wet-
and dry-bulb temperatures.

This psychrometric mechanism is well understood. The psychrom-
eter equation can be put into a form in which the temperatures and
humidities appear exactly as in Eq. (8a). By a curious coincidence of
properties of the air-water system at atmospheric pressure, ordinary
temperatures, and with air velocities between 15 and 25 ft/sec, the other
variables in the psychrometer equation correspond numerically to (s:/r)
of Eq. (8a). The significance of this observation is that Eq. (8a) as
well as the adiabatic humidification lines on Figs. 2 and 3 may be used
to determine humidities from wet- and dry-bulb temperatures, with an
accuracy sufficient for most engineering purposes.*

The Sling Psychrometer. Atmospheric humidity may be readily
determined with the sling psychrometer, which consists of a wet- and
a dry-bulb thermometer mounted so they can be swung manually.
The wet-bulb thermometer has its bulb enclosed in a wick that is dipped

* The humidity of air is also determined by methods of chemical absorption of the
water vapor, and by direct observation of the dew point with apparatus developed for
the purpose. The dew-point apparatus when used on flue gas does not give reliable
values unless all traces of SO; and of dust are first removed from the gas.
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into water. Trial ‘“swings’” are made to determine the approximate
wet-bulb temperature, then the water is adjusted to this temperature
before the final dip and swing are made.

GENERAL APPROACH FOR THE SOLUTION OF PROBLEMS

The combustion material balance involves three streams: air, fuel,
and flue gas, when the fuel is gas or oil. It involves a fourth stream when
the fuel contains a nonvolatile residue such as ash or cinder. The
objective is to relate the quantitics of these streams to their compositions.

100
80N
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Per cent excess air
=
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6 8 10 5 2 40 5060 80 100
Orsat ratio A, /02

F1¢. 4—Chart for determining per cent excess air from Orsat analysis, applicable for
complete combustion of hydrocarbons:

100

Per cent excess air = mém—_—i

Pure Hydrocarbon Fuels. Some fuel oils and natural gas supplies
consist of substantially pure hydrocarbon material. Upon burning, all
of the nitrogen and oxygen present in the flue-gas constituents come from
air, which has the ratio of 3.78 mols of nitrogen per mol of oxygen.
Excess air and the hydrogen-carbon ratio of the fuel may then be cal-
culated from the Orsat analysis alone, as was done in Illustration 3.
When combustion is complete (as indicated by no carbon monoxide in
the flue gas), excess air and weight per cent hydrogen in pure hydro-
carbon fuels can be represented in terms of the Orsat figures by single
curves. These curves are given in Figs. 4 and 5, respectively.
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The relation is readily established between mols of carbon plus
hydrogen in the fuel, the dry air entering the furnace, and the combustion
gases in the stack. To complete the material balance, the additional
water vapor as humidity of the air and any water admitted with the fuel
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Ratio: (N;-3780,)/C0,
Fia. 5~—Chart for estimating hydrogen content of fucl from Orsat analysis, applicable

for complete combustion of hydrocarbons:

Wt per cent H = 100 — 1126

lN’;§78 O’] +7.48

may be included, although water vapor as humidity in the air is relatively
small in comparison to that from the total hydrogen of the fuel.

Illustration 6

Referring to Illustration 3, calculate

a. Weight and volume at 100°F and 750 mm of dry air entering per pound of fuel

burned.

b. Volume of dry flue gas at 500°F and 750 mm per Ib of fuel burned.

¢. Volume of water vapor in the flue gas per pound of fuel, assuming that the air

is dry.

Solution: The ratio or proportionality of weight of fuel to mols of flue gas must
first be found. In this and most other problems, it is simplest to retain the working
basis of 100 mols dry flue gas until the final steps.

Weight of fuel per 100 mols dry flue gas,

C: (11.3)(12) =135.61b
Ha: (21.0)(2.02) = 42.4
178.0 1b hydrocarbon
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a. Dry air entering = (86.7)(100/79.1) /(178) = 0.616 mols
Its weight is (0.616)(29) = 17.9 Ib/lb fuel
Its dry volume (100°F, 750 mm) is
(0.616)(359) (460 + 100)(760)
(492)(750)

b. Volume of dry flue gas (500°F, 750 mm),

(100)(359) (460 + 500)(760)
(178)(492)(750)

c. Volume of water vapor in flue gas,
(21.0)(359) (460 + 500)(760)

(178)(492)(750)
If the entering air had a relative humidity of 50 per cent instcad of being dry,

P, at 100°F = 49.1 mm
Partial pressure of water in the air = (49.1)(0.50) = 24.6 mm

(0.616)(24.6) N
750 — 246 — 0.021 mols water vapor in air per pound of fuel

= 266 cu ft/Ib fuel

= 398 cu ft/lb fuel

= 83.6 cu ft/lb fuel

or 17.8 per cent as much as from the hydrogen of the fuel.

Fuels of Complex Composition. In the general case, the fuel contains
compounds of oxygen, nitrogen, and sulfur in amounts too great to
neglect. With the necessary analytical data on the fuel, the quantities
of fuel and of flue gas are related by a carbon balance, and the air is
related to the flue gas and then to the fuel by a nitrogen balance.

The general procedure utilizes the principle employed in Illustration 6.
For the Orsat analysis, a convenient basis is 100 mols of dry stack gas.
A tabulation is made of the mols of total carbon and total oxygen appear-
ing and the nitrogen. Next, a molar tabulation of the same elements is
made for a convenient unit of fuel, such as 100 b of coal or oil, or 1,000
cu ft of fuel gas (under specified conditions). Since all the carbon in
the flue gas came from the fuel, the quantitative relation between fuel
and dry flue gas is established. With this done, it is simple to calculate
the amounts of water vapor, nitrogen, and sulfur from the fuel which are
present in the flue gas. The flue-gas tabulation may then be extended
to show the split of the total oxygen and nitrogen as quantities brought
in by the fuel and by the air.

A residue of ash or cinder often contains a certain amount of unburned
combustible. In the case of coal ash, the unburned combustible is
essentially coke or carbon. This of course must.be deducted from the
carbon in the fuel in making the carbon balance between fuel and flue
gas. About half of the sulfur in coal exists as iron pyrites (FeS,).
Oxygen is consumed in converting pyrites to Fe,0; and SO,, although
the oxygen combining with the iron is a minor quantity and is usually

neglected. For further illustrations, the supplementary references may
be consulted.
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INTERPRETATION AND RELIABILITY OF THE ORSAT ANALYSIS

In the combustion of fuels, sulfur burns principally to 8Os;. The
Orsat absorption pipette for CO, contains KOH solution which absorbs
both CO; and SO,;. The actual Orsat value is'then CO; 4 SO,. The
two may be separated by calculation if the sulfur and carbon percentages
in the fuel are known. Methods are available for removing the SO,
from a sample of flue gas before an Orsat analysis, although it is usually
not necessary to do so.

When carbon monoxide is present in a flue gas, a certain amount of
free hydrogen will also exist, although usually to a much smaller per-
centage than the CO. Hydrogen is not absorbed by the Orsat and,
when present, is included in the figure for nitrogen.

The chemically combined nitrogen in fuels is released almost quanti-
tatively as free nitrogen in the combustion gases.

Although the Orsat apparatus is capable of CO,, Oz, and CO analyses
accurate to 0.1 per cent, many if not most analyses do not attain this
precision. To obtain greatest accuracy, the instrument must be care-
fully calibrated, the reagents must be properly prepared and renewed
at frequent intervals, and the analyst’s technique must be adequate.
An error that does not seem to be generally recognized may occur when
potassium pyrogallate is used as the oxygen reagent. Water vapor in
the gas samples is also absorbed by the strong alkali of this solution,
which thereby becomes slightly diluted. If the solution is not maintained
in substantially saturated condition with respect to KOH, complete
oxygen absorption will not be obtained.!

Slight errors in the Orsat analysis are greatly magnified when the
analysis is used to calculate the carbon-hydrogen ratio of fuels, and a
ratio so calculated must be regarded as an approximate value only.

Supplementary References

1. ArNoLp, J. Howarp: “Chemical Engineering Stoichiometry,” University of
Towa, 1941.

2. HouceN and WatsoN: ‘“Chemical Process Principles,” Part I, John Wiley & Sons,
Inc., New York, 1943.

3. HasLam and Russern: “Fuels and Their Combustion,” Chap. X, McGraw-Hill
Book Company, Inc., New York, 1926.

4. Lewis and RapascH: ‘“Industrial Stoichiometry,” Chaps. I, II, McGraw-Hill
Book Company, Inc., New York, -1926.

5. WALKER, LEwis, McApawms, and GinriLanp: ‘“Principles of Chemical Engineer-
ing,” 2d ed., pp. 218-223, McGraw-Hill Book Company, Inc., New York, 1937.

Exercises

1. Tabulate the theoretical mols of air required for and total gases resulting from
complete combustion of 1 mol of each of the following gases: Hs, CO, methane, acety-
lene, ethane, propane, a hydrocarbon gas of composition CnHy.

! GriswoLp and Mornis, Refiner Natural Gasoline Mfr. 20, (January, 1941).



114 FUELS, COMBUSTION, AND FURNACES

2. Calculate the cubic feet of air (dry, 60°F and 1 atm) necessary to burn
a. 1,000 cu ft of dry methane, measured at 60°F and 1 atm.
b. 11b of fuel oil containing 13 per cent hydrogen and negligible sulfur.
¢. 11b of coal of the following analysis:

C H o N S Ash

Wt Doeeeeneneiiiiiiin, 78.3 5.3 7.6 1.4 1.2 6.2

8. The fuels of Exercise 2 are burned in a furnace and the gases enter the flue at
600°F and 740 mm. With theoretical air and complete combustion, what are the
volumes of the flue gases?

4. Solve Exercise 3 assuming that 40 per cent excess air was used.

8. Solve Exercise 3 assuming that 25 per cent excess air was used and that 15
per cent of the total carbon burned to CO only.

6 and 7. Calculate the Orsat analyses that would be obtained by analyzing the
burned gases in Exercise 1.

8, 9 and 10. Calculate the Orsat analyses that would be obtained by analyzing
the flue gases in Exercises 2, 4, and 5, respectively.

11. The Orsat analysis of flue gas from a furnace burning a low-sulfur oil shows
10.4 per cent CO,, 6.8 per cent O,, and no CO. Calculate

a. Per cent of excess air.
b. Weight per cent of hydrogen in the oil.

12. Flue gas from a furnace firing coal tests 11.0 per cent CO,, 1.0 per cent CO, and
6.7 per cent O; by the Orsat apparatus. The coal contains 74 per cent carbon, 8 per
cent ash, and negligible nitrogen and sulfur. The refuse from the furnace contains
15 per cent by weight of carbon as coke due to incomplete burning of the fuel. The
air is substantially dry and enters the furnace at 80°F. Barometer = 750 mm.
Calculate

a. Pounds of carbon lost in ashes per 100 Ib of coal fired.

b. Mols of dry flue gases per 100 b of coal fired.

¢. Mols of net hydrogen in fuel, per 100 1b of coal fired.

d. The composition of the coal, as percentages of carbon, net hydrogen, water,
and ash.

e. Cubic feet of flue gases at 600°F per pound of coal fired.

f. Cubic feet of air entering furnace per pound of coal fired.

g. Per cent of excess air.

18. A boiler is fired with natural gas which enters the furnace at 70°F, The flue
gas enters the stack at 450°F. Average analyses of fuel and stack gases follow:

Fuel % Stack gas (Orsat) %
CHuvvovvoi i 88.2 |COz..vvvviiiin i 8.04
(079 - S 8.7 [CO........ovii 1.52
2 O 2.3 |02t e 4.54
Nooooi i 2.8 [Naooiuviiiii i, 85.90

Both air and fuel are substantially dry. The barometer is 745 mm and the fuel is
measured at 760 mm. Calculate
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. Mols of dry stack gas per mol of fuel.
. Mols of water vapor in flue per mol of fucl.
. Cubic feet of flue gases per cubic foot of fucl.
. Cubic feet of air at 90°F entering furnace per cubic foot of fuel.
. Per cent of excess air.
14. For air at 110°F and 1 atm with a relative humidity of 40 per cent, calculate
a. H, H,,,, V}(, V;f,,, 8, 8m.
b. The wet-bulb temperature.
c. Read the weight values for (a¢) and the wet-bulb temperature from the
chart.

a0 o

)

18. Air entering a furnace has a wet-bulb temperature of 72°F and a dry-bulb
temperature of 84°F. Calculate
. The molar humidity.
. The partial pressure of water vapor, as millimeters Hg.
. Per cent of relative humidity.
. The dew point.
. The values for (a), (c), and (d) read from the chart.

18. For the flue gas of Exercise 11 at 600°F, determine
a. The partial pressure of water vapor.
b. The dew point.
¢. The humid volume
d. The wet-bulb temperature.

17. Hot gas from a water-gas set in passing through the wash box is cooled from
1260 to 165°F by evaporation of water in the box. The water remains at a tempera-
ture of approximately 165°F. Calculate the humidity of the gas leaving the box,

a. The partial pressure of water (mm Hg).
b. Pounds of H;0 per 1,000 cu ft gas (dry, SC).
Data:

e o8

o

Dry Gas Water Vapor r at 165° Gas Entering  Total Pressure
MCp =172 MCp = 8.7 1002 Btu/lb. p, = 60mm Hg. 800 mm Hg.



CHAPTER V
TEMPERATURE, ENTHALPY, AND HEAT OF COMBUSTION

NATURE OF INTERNAL ENERGY

All matter in a given state or condition possesses energy or capactity
to affect other portions of matter in the immediate vicinity. This energy
is made up of several interrelated components of molecular, atomic, and
subatomic motion and posiiion or arrangement.

Heat is energy of molecular and atomic motion. The energy of a
monatomic gas consists almost entirely of molecular translation. The
energy of diatomic gases also includes molecular spin and interatomic
vibrations. Polyatomic gases have these three components as well as
other complex rotations and vibrations of larger portions of the molecule.
At extremely high temperatures, gaseous molecules and atoms also
store energy by internal rearrangements: activation (change in atomic
electron orbits) and dissociation (ionization and reversal of certain ele-
mentary combustion reactions).

Molecules of a gas are free to move about, and their translational
movement is restrained only by collision with other molecules or with
the walls of a confining vessel. When a gas condenses to a liquid, it
releases energy in the form of heat. The process takes place under
atmospheric or other pressure. The atmosphere closes in, doing work
on the system as the volume shrinks, and the heat of condensation is
partly from loss of internal energy and partly from work done by the
atmosphere. Heat of fusion is almost entirely an internal energy cffect
since the change in volume is small.

Molecules of a liquid or a solid are relatively close together and their
motions are restrained by intermolecular forces somewhat similar to,
although usually much weaker than, the interatomic or valence forces
that hold a molecule together.

The energy effects accompanying chemical reactions are due to rear-
rangements of certain species of molecules into other more stable mole-
cules. In the case of combustion reactions, molecules containing carbon
and hydrogen in various forms rearrange with gaseous oxygen into CO,
and water vapor as the most stable products.

Temperature is the intensity scale of molecular motion, since heat
always tends to flow from a higher to a lower temperature. For ideal
gases, temperature is directly related to molecular energy of translation.

116
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f

The absolute energy content of a system or discrete portion of matter
is not definitely known and is not required since energy changes can be
readily and accurately determined, from and at a convenient reference
state. Although energy may be transferred by a number of mechanisms
—heat, mechanical work, electricity, and several types of radiation—
this chapter is concerned only with heat.

In most practical cases, heat is transferred to or from gases at a pres-
sure not far from atmospheric. Furthermore, heat exchange is usually
at constant pressure. Under the latter condition of restraint, change in
energy content of a gaseous system is equal to the heat absorbed or
given off only at constant temperature. If the temperature changes,
the volume also changes and the atmosphere receives energy from or
gives energy to the system in the form of work. The measure of this
work is the change in the pressure-volume (PV) product. It is now clear
that atmospheric energy is nearly always involved between changes of
internal energy and heat ecffects.

Enthalpy (pronounced enthal’py) is a thermodynamic function con-
sisting of the sum of internal energy and I’V product or potential external
work function. Algebraically,

H =FE+ PV )

where H = total enthalpy of a system
E = total internal energy of the system
PV = pressure-volume product or potential external work func-
tion of the system
Since we are concerned with cnergy changes or transfers rather than
with absolute energy contents, Kq. (1) is written,*

AH = AE + A(PY) (la)

where AH = enthalpy incrcase of the system
AE = increase in internal energy of the system

A(PV) = decreasec in pressure-volume product (in energy units)

For energy transfers in the form of heat, change in enthalpy is equal
to heat added in the case of ideal gases under constant pressure. Stated
in a slightly different way, the heat absorbed by surroundings from a
system at constant pressure is equal to the enthalpy decrease of the
system.

Q= —aH @

* Here as in common usage, the sign of an enthalpy and of an internal energy
change for an exothermic reaction is negative while that of the PV product of an

expanding gas is positive. Usage of plusiand minus signs causes great confusion if
not kept clearly in mind.
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where Q = heat absorbed by surroundings

—AH = enthalpy (in heat units) given up by system

Equation (2) and the definition preceding it are so commonly used in
engineering that the distinction between enthalpy and change in heat
content is often lost sight of.

Use of the term enthalpy in the text hereafter refers lo change in heac
content at constant pressure, so that Eq. (2) applies.

TEMPERATURE AND HEAT UNITS

The common temperature scales (Fahrenheit and centigrade) are
defined in terms of the freezing and normal boiling points of water and
have illogical minus values at low temperatures. Negative temperature
values are obviated by thermodynamic or absolute temperature scales.
The Rankine and Kelvin temperature scales are absolute, although the
single degrees are of the same size as the Fahrenheit and centigrade
units, respectively. Equivalent temperatures at absolute zero, ice, and
steam points are given in the accompanying table.

Fahrenheit | Rankine | Centigrade | Kelvin

Absolute zero................. —460 0 —273 0
feepoint..................... 32 492 0 273
Steam point.................. 212 672 100 373

From the table,

T°R = 460 4 ¢°F
T°K = 273 4 t°C
T°R = (1.8)(T°K)

The last relation furnishes a rapid means of conversion of absolute
temperature. The formula

t°F = %T°C + 32

may be used for Fahrenheit-centigrade conversions, but for convenience
a temperature conversion table is given in the Appendix, Table 3.
The common heat units are

1 British thermal unit (Btu) = heat to raise the temperature of 1 pound of water
from 60 to 61°F.

1 gram-calorie (cal.) = heat to raise the temperature of 1 gram of water from 15 to
16°C.
1 kilogram-calorie (kg-cal) = 1,000 calories.

1 pound-centigrade unit (Pcu) = heat to raise the temperature of 1 pound of water
.from 15 to 16°C. '
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The temperatures 15 and 16°C, 60 and 61°F were arbitrarily selected
on the basis of convenience. (The pound-centigrade unit or centigrade
heat unit is a definition of convenience, in which heats of reaction and heats
of vaporization have the same numerical values when defined in terms of
Pcu as when defined in terms of calories. It thus avoids multiplying or
dividing by 1.8 in certain cases.)

SPECIFIC HEAT AND MOLAR HEAT CAPACITY

The definition of specific heat is suggested by the definition of a heat
unit, 1.e., the quantity of heat required to raise the temperature of a substance
one degree compared to that required for the same weight of water. The
specific heat of water between 15 and 16°C or 60 and 61°F is taken as
unity.

The common units of specific heat (C) are Btu/(Ib)(°F) and cal/
(gm)(°C). The numerical values are the same in both units for any given
substance; the specific heat of water is one calorie per gram per centigrade
degree and one Btu per pound per Fahrenheit degree. When working
in molar quantities as is usually done with gases, molar heat capacities
(MC) are used; Btu/(lb mol)(°F) and cal/(g mol)(°C).

Specific heats and molar heat capacities at constant pressure (Cp, MCp)
are higher than the values for the same substances at constant volume
(Cv, MCv). The constant-pressure quantities are much more frequently
used than the constant-volume quantities, and notations of specific
heats and molar heat capacities as used hereafter refer to the constant-
pressure quantities unless otherwise designated.

Water has a higher spectfic heat than most other substances, but this
is not true of its molar heat capacity. These constants for water vary so
slightly between 0 and 100°C, that, for engineering calculations, Cp = 1.0
and MCp = 18.0 are used over this temperature range. In other cases
the effect of temperature on specific heat must usually be taken into
account.

HEAT CAPACITY OF GASES

The heat capacity of monatomic and diatomic gases is chiefly due to
the molecular energy of translation. Since different types of molecules
have the same energy of translation at the same temperature, molar heat
capacities of different gases having simple molecules are numerically
closer than are their specific heats. According to classical kinetic theory,
gaseous heat capacities due to translational energy only are

Monatomic Bases. .. ......cuvitiiiiiree e %R
Diatomic Gages. ... ... ...ttt e %R
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where R is the gas constant in heat units; 1.985 cal/(g mol) (°C). Accord-
ingly, the molar heat capacity of all monatomic gases is approximately 5,
and that of diatomic gases is approximately 7. At high temperatures,
other forms of molecular energy become significant for diatomic and
more complex gases.

The heat capacity-temperature relation for any gas may be expressed
by an equation of the type,

MCp=a+bT"+cT2+ - - - 3)

where a, b, and ¢ are constants characteristic of the particular gas. The
form of Eq. (3) is purely arbitrary, but it will fit the data for any gas
to any desired degree of accuracy with a sufficient number of terms. It
is very convenient for mathematical manipulations.

Calculation of Enthalpy Change. Practical combustion problems
are concerned with the heat given up or absorbed by gases (sensible
heat) between two temperaturcs that are often widely different. The
simplest form of equation for calculating the heat effect is

where n = number of mols
(MCp),, = average, or mean molar heat capacity of the ga,s between ¢,
and tz
In order to use Eq. (4) values of (MCp),, must be avaxlable The
relation for (MCp),, in terms of MCp, t,, and ¢, is obtained as follows:
In Eq. (4) (MCp),, becomes MCp over a differential temperature inter-
val, and

Q=n [ (MCp) d (5)
Combining Egs. (3) and (5),

Q =nﬁ’(a+bt+ct2+ Ceyde
Integrating,

Q = n[at + (9b + (et + - - - | ©)

13

Eliminating @ between Eqs. (4) and (6), inserting limits, and solving for
(MCp)uv:

(MCP)m—a+()(tz+t1)+()(t’+tztx+t) )

tl_’tz

Equation (7) thereby gives the proper value of (MCp)., to use in
Eq. (4). This development is shown graphically in Fig. 1.
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By choosing a lower or datum temperature of 60°F for ¢;, Eq. (7) may
be written

(M Cp)éB = a’ + b'(t + 60) + ¢'(¢* + 60t + 3,600) ®
—t .

where ¢ is the upper temperature in degrees Fahrenheit. Note that,
for any single gas, (MCp),., and ¢ are the only variables in Eq. (8). This
permits values for pure gases to be calculated and plotted. Calculated
curves for the common combustion gases and for methane are given in
Fig. 2. The data from which Fig. 2 was constructed are among the
latest to be obtained by the modern spectrometric method. (This
method is generally considered to give more accurate results than the
calorimetric method for gaseous heat capacities at high temperatures.)

MCp, P ——————
MCp,, -
Q/it-t,)

MCp, .,

Fia. 1.

Figure 2 may be used to compute enthalpy changes between any two
temperatures within the range of the chart:

Qsorst, = (MCP)ayyo, (b1 — 60)
Qoosty = (MCD)av,,, (2 — 60)
hence,

Qt—t, = Qoomst, — Qoosyy 9)

Point values of heat capacity may also be calculated from Fig. 2 by
the relation

(MCp). = (MCp)nn + (¢ — 60) [‘-”-(L’dct'ﬁ)ﬂ] (10)

The bracketed term of Eq. (10) is the slope of the curve at temperature ¢
on Fig. 2.
Heat capacities of gases are independent of pressure at low pressures,

and an enthalpy change for a gas mixture is the sum of the values for its
constituents.
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Illustration 1

How many Btu are required to heat 100 mols of air from 60 to 1060°F ? from 560 to
1060°F? What is the heat capacity of air at 1060°F?

Solution: Referring to Fig. 2, the mean molar heat capacity of air between 60 and
1060°F is 7.26 and between 60 and 560°F is 7.07. The sensible heat of 100 mols of
air between 60 and 1060°F is

100(7.26) (1060 — 60) = 726,000 Btu
The sensible heat between 60 and 560°F is
100(7.07) (560 — 60) = 353,500 Btu
and the sensible heat between 560 and 1060°F is
726,000 — 353,500 = 372,600 Btu
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The slope of the curve for air at 1060°F is 4.2 X 10~4 Btu/mol, and by Eq. (10)
(MCp)iosccr = 7.26 + (1060 — 60)(4.2)(1074) = 7.68.
HEAT CAPACITY OF HYDROCARBON VAPORS

A number of correlations have been developed by which the heat
capacity of organic vapors may be calculated from available spectroscopic
data. The results of a comprehensive critical survey for the most
dependable values of heat capacities of fuel and combustion gas con-
stituents and of many individual hydrocarbons have been presented.!

As for complex molecules in general, the specific heats of various hydro-
carbons are numerically much closer together than are the molar heat
capacities. Hence in working with petroleum fractions, specific heats

are used in preference to molar heat capacities. In terms of specific
heats, Eq. (4) becomes

Q = n(MCp)ults — 1)) = (WM)Cpu(ts — )= WChu(ts — 1) (4a)

where W is the weight in pounds.

Watson and Fallon? found that specific heats of petroleum vapors
(consisting of hydrocarbons above pentane) are correlated in terms of
temperature and UOP K value:

Cp, = (0.045K — 0.233) + (0.44 4 0.0177K)10~% — (0.153)10—%% (11)

where Cp, = specific heat at t°F and 1 atm,
K = v/TR/8s  (see Chap. IIT)

1t should be noted that Eq. (11) has the same form as Eq. (3). Hence
the mean or average specific heat between two temperatures is given by
the relation

\

Chw=at5tt)+5@+un+0 (2

where @ = 0.045K — 0.233
= (220 + 8.85K)10~¢

wWie wlo

= (0.051)10~¢

Cp,, is then used in Eq. (4a) for calculating sensible heat changes
for petroleum vapors.

For convenience of use, Eq. (11) has been plotted in Fig. 3. A plot
of average specific heals of petroleum vapors over a range of temperatures

! Selected Values of Hydrocarbons, API Research Project 44, (1942-1946), Nat.
Bur. Standards.

2 Nat. Petroleum News, June 7, 1944, p. R372,
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(similar to Fig. 2 for gases) is not yet available. However, average
specific heats may be obtained from Fig. 3 by the approximation formula:

Cp.e = %6(Cp:, + 4Cp,,, + Cps,) (13)

where C'p,, = average specific heat for use in Eq. (4a)
t; = lower temperature, °F
t; = upper temperature, °F ’

L= b+t
av 2
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Fia. 3.—Specific heat of petroleum vapors. Approximate average specific heat between
t1 and {22

Cpwv = (36)(Cpy, + 4Cp1,, + Cpy), where lay = (i1 + 82) /2.
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Fia. 4.—Bpecific heat of petroleum oils: Cpay = Cpi,,. (Courtesy of K. M. Watson.)
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SPECIFIC HEAT OF PETROLEUM OILS

The specific heat of petroleum oils is correlated? in terms of tempera-
ture, API gravity, and K:

Cp. = [0.355 + (1280)(°API)10~¢ + (503 + 1.17(°A1’I))10‘°t]
X (0.05K + 0.41) (14)
A plot of Eq. (14) is given as Fig. 4. Specific heats of petroleum oils

are substantially linear with temperature.* For this condition it may be
shown that

Cpy + Cpy,
2

(CP)av = (CP)esy (15)

by = bttt
av 2

HEAT CAPACITY OF SOLIDS

When data are lacking, rough vakues of the heat capacities of solids
may be obtained by Kopp’s rule, and the law of Dulong and Petit.

According to Kopp’s rule, the heat capacity of a solid compound is
the sum of weighted values of its constituent elements. Values assigned
to several elements to be used with Kopp’s rule are C = 1.8, H = 2.3,
0 = 40,8 = 6.4, 81 = 3.8, others (with the exceptions of B, F, and P)
are taken as 6.2.

Dulong and Petit’s law requires that the atomic heat capacity of solid
crystalline elements be 6.2. This is approximate for the heavier elements.?

LATENT HEAT OF VAPORIZATION

Pure Compounds. The latent heat of vaporization of any pure
liquid compound is a function of its temperature, vapor pressure, and
specific or molar volumes of vapor and of liquid (see Chap. I1I). Many
correlations between these properties have appeared in recent literature.

To be of engineering importance, a correlation must require only
data that are readily available or can be easily computed. Meissner
correlated latent heats of vaporization with vapor pressure, critical
temperature, and critical pressure.! Since critical temperatures and
pressures are not always available, Meissner and Redding developed a
correlation or method of predicting the needed critical constants.’

* The effect of pressure becomes appreciable at temperatures above the normal
boiling point of an oil, and becomes large as the critical temperature is approached.

? PErrY, J. H., “Chemical Engineers’ Handbook,” 2d ed., p. 634, McGraw-Hill
Book Company, Inc., New York, 1941.

4 Ind. Eng. Chem., 88, 1440 (1941).

8 Ind. Eng. Chem., 84, 521 (1942).
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The correlations in these two articles enable latent heats of vaporization
to be estimated for all common liquid compounds of known boiling point
or vapor pressure, for any desired vaporization temperature.

Petroleum Fractions. The molar heats of vaporization at atmos-
pheric pressure of nonpolar liquids such as hydrocarbons are approxi-
mated by the Kistiakowsky equation:

= (T\*R)[7.58 + 4.57 log (T+*R)] (16)

latent heat, Btu/lb mol

where  Mr

Tw°R = normal boiling point, °R
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F1g. 5.—Heat of vaporization of petroleum oils at 1 atm. (Courtesy of K. M. Watson.)

Equation (16) may be satisfactorily applied to light petroleum frac-
tions, using the mean average boiling point for T (sce Chap. ITII). Watson
finds that Eq. (16) gives low values for heavy petroleum fractions.?
His correlation as developed from data on a wide variety of fractions is
given in Fig. 5. In using Fig. 5, molecular weight should be used in
preference to API gravity whenever possible.

Illustration 2

The gasoline of Illustration 5 in Chap. III is to be used as fuel in a gasoline stove.
The oil is vaporized and preheated to a final temperature of 700°F before it burns.
Calculate the required preheat from liquid at 70°F to vapor at 700°F per pound of
gasoline,

Solution: For calculating enthalpy change in going from an oil to a superheated
vapor, the procedure is to heat the oil to its molar average boiling point, vaporize it at

that temperature and atmospheric pressure, and superheat the vapor to the final
temperature.
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Properties of gasoline:

Gravity = 61.3°API, K =121, MW = 106
ASTM slope = 2.55
Volumetric av hp = 248°F
Mean av bp = 231°F
Molar av bp = 221°F

a. 'The average temperature of the liquid between 70 and 221°F is 145.5°F, From
Fig. 4
Cpev = (1.01)(0.52) = 0.525
"T'o heat the oil to 221°F requires

(0.525)(221 — 70) = 79 Btu/lb

b. From Fig. 5, the heat of vaporization is 133 Btu /lb.
¢. The average temperature of the vapor between 221 and 700°F is 461°F. From

Fig. 3, the specific heats of the vapor at 221, 461, and 700°F are 0.45, 0.575, and 0.695,
respectively.,

Cpav = 3[0.45 + 4(0.575) + 0.695] = 0.574
To superheat the vapor to 700°F requires
(0.574) (700 — 221) = 276 Btu/lb
The total heat requirement is then
79 + 133 4 275 = 487 Btu/lb
ENTHALPY CHARTS

The heat content of pure compounds such as flue-gas constituents and
light hydrocarbons, and also of liquid and vapor petroleum fractions,
may be calculated and plotted. The usual coordinates are Btu per mol
or per pound versus temperature, at 1 atmosphere and above a datum tem-
perature of 32 or 60°F. These charts are great timesavers where many
heat content calculations are to be made; it is merely necessary to read
off the heat contents of each substance at the temperatures concerned
and multiply the differcnce by the number of mols or pounds. Although
enthalpy charts that embody the latest specific and latent heat data
have not been published at the time of writing, charts constructed from
earlier data are available.®—3

HEATS OF COMBUSTION AND OF FORMATION

Gas Calorimetry. The heating value (calorific value, heat of
combustion) of a fuel gas is usually determined with a Junkers-type, con-

¢ For flue gases see Haslam and Russell, ““Fuels and Their Combustion,” p. 210,
McGraw-Hill Book Company, Inc., New York, 1926.

7 For light hydrocarbons see Holcomb and Brown, Ind. Eng. Chem., 34, 590 (1942);
36, 384 (1944).

® For petroleum fractions see Shell Development Co., Petroleum Refiner, 24 (April,
1945).
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tinuous-flow calorimeter. The calorimeter proper is essentially a bunsen-
type burner mounted in a water jacket (Fig. 6). The gas is metered,
burned, and the heat is absorbed by water passing through the jacket.
The water rate is experimentally determined and the air rate is estimated.
These rates with temperatures, gas pressure, and air humidity enable
calculation of the heating value. The heat of combustion of a given
sample may be reported on any of several bases, each having a somewhat
different numerical value.®

Thermorneter

Weighing
bucket

Weft-fest meter

Fi1a. 6.—Diagrammatic sketch of gas calorimeter.

The calorimeter is open to the atmosphere, hence the experimental
value is heat of combustion at constant pressure. The most common basis
for reporting gas heating values is gross or fotal Btu per cubic foot of
fuel gas, measured at 60°F, 30 in. Hy, saturated with water vapor at 60°F
(po = 0.62 in. Hg). Most of the water vapor formed from burning
hydrogen condenses in the calorimeter, releasing its latent heat. How-
ever, all of the water vapor must be accounted for to obtain accurate
values.

? Nat. Bur. Standards, Circs. 48, 417.
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Oxygen Bomb Calorimetry. Heats of combustion of solid and liquid
fuels are determined by igniting and burning weighed samples in an
atmosphere of oxygen in a metal bomb. The bomb is set in a metal
pail containing water, and the whole assembly is mounted in an insulated
jacket (Fig. 7). The heat of combustion is absorbed by and raises the
temperature of bomb, water, and pail by a few degrees. The weight of
sample, temperature rise, and known heat capacity of the assembly
enable calculation of the heat of combustion (see ASTM D 240—39).
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¥1a. 7.—Diagrammatic sketch of oxygen bomb calorimeter.

The heating value determined in this way is the gross or fotal heat
of combustion at constant volume. The water vapor formed condenses
in the calorimeter bomb.

CONVERSION OF HEATING VALUE BASES

Heats of combustion of the more common pure compounds occurring
in fuels are given in Table 1, as gross kilogram-calories per gram mol
at 26°C and one atmosphere. Standard determinations are reported in
the literature in these units. For engineering calculations, the custom-
ary units of heating values are gross and-net Btu per pound. The heat-

ing values of gases are also expressed as Btu per cubic foot at designated
temperatures and pressures.
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TaBLE 1.—Gross HeaTs oF COMBUSTION

—AH, = kg-cal per g mol. 25°C and 1 atm
Heoriiii i 68.3 Isopentane.............. 843.2
L 837.3
S—80s.....cciiiiiiinnn. 69.3
Neopentane............. 840.5
H.S - H,0 +80,......... 132.8 L 835.2
Thiophene................ L 667 n-Pentane............... 845.2
L 838.8
C, graphite................ S 94.05
Coke...oovvvnvennnnnnns S 97.0 Methyleyclopentane. ... .. 948.7
L 941.1
0 67.6
Benzene................. 789.1
Methane.................. 212.8 L 781.0
Acetylene..... e 310.6 Cyclohexene............. L 892
Ethylene.................. 337.2 Cyclohexane............. 944 .8
L 936.9
Ethane................... 372.8
- Hexene-1................ 964.3
Propene......... e 492.0
o n-Hexane............... 1003
Propanc.................. 530.6 L 995
L 526.8
Toluene................. 943.6
Isobutene................. 646.1 L 934.5
L 641.2
Methylcyclohexane. . ..... L igg??
Butene-1.................. 649.7 ’
L 644.8 n-Heptane............... 1160
L 1151
Isobutane................. 686.3
L 681.6 Xylenes (av)............. L 1088
n-Butane................. 688.0 Naphthalene............. S 1233
L 682.8
Diphenyl................ S 1494
Pentene-1................ . 806.9
Anthracene.............. S 1685
Cyclopentane.............. 793.4
I 786.5 lenzoic acid............. S 771.2
Values for bustion from g state unless designated L = liquid or 8 = solid. Principal

sources of data, Nat. Bur. Standards publicati and Chem. Rev. 7 (1940).
To convert gross kg-cal/g mol to
1. Net heat of combustion: Subtract 10.5 kg-cal/mol hydrogen.
2. Btu/lb: Multiply by (1800/mol wt).
3. Btu/cu ft dry. 60°F, 30 in. Hg: Multiply by 4.77 (gaseous state only).
4. Dry to saturated at 60°F: Multiply by 0.983 (gaseous state only).
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The relation between kilogram-calories per gram mol and Btu per
pound is

Btu/lb = (1,800) S‘%/IE:“_@)

where M is molecular weight.

Gaseous Fuels. Conversion of gaseous heating values from kilo-
gram-calories per gram-mol to Biu per cubic foot, 60°F dry, and 30 in.
Hg may be accomplished with engineering accuracy by multiplying by
4.77.* '

At 60°F the vapor pressure of water is 13.2 mm or 0.52 in. Hg. The
dry heating value is converted to the 60° saturaled value by multiplying
by (30 — 0.52)/30 = 0.983.

The heating values (HV) as Btu per cubic foot may be converted
from a basis of any given temperature, pressure, and humidity to any
other specified basis by dividing the heating value by the relative volume
calculated for the new basis. Algebraically,

V 1,P1,Pw
(HV)urape, = (HV)h.PuP"I[ sy ‘]

V‘hPS'Pw,
or for 1 cu ft on the original basis, the conversion is

(HV) t1,P1,Poy

Vlz.Pz.pw,

HV) = (1)

Net Heating Values. Fuel is burned in a furnace under conditions
of constant pressure, and any water in the fuel as well as that formed by
combustion of hydrogen is usually carried out the stack as water vapor.
The heat of condensation of the water (which is included in the gross
heat of combustion) is thercfore not recoverable by the furnace. Other
things being equal, a fuel low in hydrogen shows a higher efficiency than
a fuel high in hydrogen when burned in the same furnace, since the gross
heating value is not 100 per cent available.

To adjust this inequity, the net heating value is sometimes used.
The essential difference between the gross and the net heating values is
the heat of vaporization of the water equivalent to the combustible
hydrogen in gaseous fuels, and to the total hydrogen (which includes mois-

* This factor is 4:76 calculated from the ideal-gas law, assuming the heat of
combustion to be the same at 60°F as at 25°C. Error resulting from the latter
approximation is small, but gas-law deviations are appreciable and increase with
molecular weight of the compound. The factor 4.77 applies to manufactured and
natural gas fuels, and is an average value that includes both gas-law deviation and
temperature level corrections. For the most accurate individual values as Btu per
cubic foot, see Appendix, Table 7.
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ture) in liquid and solid fuels. For calculation of net heating values,
the value for the latent heat of vaporization of water is 1050 Btu/lb
(as at 25°C). This is equivalent to 10.5 kg-cal/g mol of hydrogen or 94
Btu for each 1 per cent of hydrogen per pound of fuel. These figures apply
to heating values reported as at constant pressure, as in Table 1.

Oxygen bomb determinations are at constant volume, and the water
vapor is condensed under conditions of constant volume rather than of
constant pressure. The correction for constant volume to constant
pressure is (430 Btu/lb of water) or (+0.3 kg-cal/g mol of total hydrogen).
For converting bomb heating values from gross Btu at constant volume to
net Btu at constant pressure, the two factors above are combined, giving
1020 Btu/lb of water, 10.2 kg-cal/g mol of hydrogen, or 91 Btu for each
1 per cent of total hydrogen per pound of fuel.*

Gas heating value determinations:

Net kg-cal/g mol = gross kg-cal/g mol — 10.5(mols H,)
Net Btu/lb = gross Btu/lb — 94(per cent H)
gross Btu/lb — 1050(1b H:O formed)

An empirical correlation that applies to natural gases containing only
hydrocarbons and inerts is!?

Net HV = 0.933(gross HV) — 0.317(100 — per cent inerts)

Bomb heating value determinations (reported as at constant volume):

Net Btu/lb = gross Btu/lb — 91(per cent total H)
gross Btu/lb — 1020(lb total H,0)

Illustration 3

A natural gas consists of 85 per cent methane, 7 per cent ethane, 3 per cent propane,
and 5 per cent nitrogen. Calculate its gross and net heating values as kilogram-
calories per gram mol, Btu per pound, Btu per cubic foot dry and saturated at 60°F
and 30 in. Hg.

Solution (basis, 100 mols gas):

—AH,
Mols | MW Lb Mols H; (Kg-cal per g mol)
Methane............ 85 16 1,360 170 212.8
Ethane............. 7 30 210 21 372.8
Propane............ 3 44 132 12 530.6
Nitrogen............ 5 28 140
Total............. .. .. 1,842 203

* ASTM practice (D407-44) is to report heating values as at 20°C and deduct
1030 Btu/lb of water to convert gross to net values.

1o HeapLEE and Havy, Ind. Eng. Ghem., 86, 953 (1944).
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The gross heating value is
(85)(212.8) + (7)(372.8) + (3)(530.6)
100

= 223 kg-cal/g mol

(1800)(223)(100)
e e = 21,800 Btu/lb

(223)(4.77) = 1066 Btu/cu ft 60° dry, 3Q.in. Hg
(1065)(0.983) = 1046 Btu/cu ft 60° sat, 80 in. Hg

Since 100 mols of the gus contains 203 mols of hydrogen, the deductions to obtain
net heating values are

(2.03)(10.5) = 21.3 kg-cal /g mol gas
(2.03)(18.02)(1050) _
- —i 84_2» = 2090 Btu /lb
and the net heating values are
223 — 21.3 = 201.7 kg-cal/g mol
21,800 — 2090 = 19,710 Btu/lb
(201.7)(4.77) = 962 Btu/cu ft 60° dry, 30 in. Hg
(962)(0.983) = 946 Btu/cu ft 60° sat, 30 in. Hg

HEAT OF FORMATION

A heat effect accompanies any chemical reaction. The heat effect
accompanying the formation of a compound from its clements is desig-
nated heat of formation. The heats of formation of hydrocarbons and
fuels substances (containing no combined oxygen) are small compared to
their heats of combustion but are nevertheless appreciable. The heat
of formation of a compound is obtained by calculation from its heat of
combustion and those of its elements. (The heats of formation of CO,
and of H;O are equal in numerical value but opposite in sign to heats of
combustion of carbon and of hydrogen, respectively.) The heats of
combustion of carbon (as graphite) and of hydrogen have been deter-
mined very accurately to serve as bases for calculation of heats of
formation.

For hydrocarbons,

Heat of formation = —(AH);
= (heat of formation of equivalent CO; and H,O from
C and H) — (heat of combustion of hydrocarbon)
= (94.05)(mols C) + (68.3)(mols Hy) — (—AH,) (17)

Equation (17) is in the units of kilogram-calories per gram mol. A
few heats of formation calculated from the heats of combustion are given
in Table 1.

—(AH),
Methane......... +17.8 | Propene. ........ —4.9 | Cyclohexane (L).| +37.2
Acetylene........ —54.2 | Propane......... +24.8 | Benzene (L)..... -11.8
Ethylene. ........ —12.5 | n-Butane........ +29.7 | Toluene (L)..... -2.9
Ethane.......... +20.2 | n-Pentane....... +34.9 | Xylenes (L)..... +5.9
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Inspection of the above values shows that the heat of formation
of petroleum fuels may amount to several per cent of their heat of
combustion.

CORRELATIONS OF HEATING VALUES OF FUELS

Means of estimating heating values of fuels from known or easily
determinable properties are of great importance, since direct calorimetric
data are not always available. Chemical analyses furnish the most
reliable basis for such estimations when they are to be had. Lacking
chemical analysis data, calorific values may still be satisfactorily approxi-
mated from various physical properties.

Hereafter, all heats of combustion are gross values unless otherwise
destgnated.

Gases. The heating value of a fuel gas is readily calculated from its
analysis, as in Hlustration 3. The calculated value is as accurate as the
analysis, since the heats of combustion of all normal constituents of
gaseous fuels are available.

The orygen required for combustion of a fuel gas furnishes an approxi-
mation of its heating value:

Btu/cu ft, 60°dry, 30 in. Hg = 96(theoretical cu ft
air/cu ft gas) + 96 (18)

Equation (18) is not valid for fuel gases that contain free oxygen,
such as from air infiltration. However if the oxygen content is known,
it may be corrected for and the equation applied to the oxygen-free
residue. Measurements of air or flue-gas rate and the fuel rate during
a test on a furnace enable use of the correlation.

Hydrocarbon gases are correlated in terms of gas gravity:

Btu/cu ft 60° dry, 30 in. Hg = 1500(gravity) + 185 (19)

Equation (19) gives good results for most fuel gases. The calculated
value for hydrogen is high, and the values for hydrocarbons above
methane are somewhat low. For the many gases that contain both
hydrogen and hydrocarbons, these errors largely offset each other.

The equation is invalid for gases containing inerts but may be applied
if the gas analysis with respect to inerts is known, by first calculating
the gravity for the inert-free material in the fuel. Hydrogen sulfide is
not correlated by either Eq. (18) or Eq. (19).

Fuel Oils. When the heating value of a fuel oil is calculated as the
sum of the heats of the constituent carbon, hydrogen, and sulfur, the
value so obtained is several per cent high owing to neglect of the heat of
formation.



TEMPERATURE, ENTHALPY, AND HEAT OF COMBUSTION 135

The calorific values of a wide variety of gasolines (hydrocarbon mix-
tures containing only traces of sulfur) have been published.!! The plot
of these data with a number of pure hydrocarbons, as gross Btu per pound
versus weight per cent of hydrogen, is given in Flg 8. The straight line on
the plot is represented by the equation,

Btu/lb = 323.5(per cent H) + 15,410 (20)
s 21000 =
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Fiag. 8.-—Correlation of heat of combustion with per cent hydrogen, applicable to petroleum
fuels. (Courtesy of Jones and Starr.)

If a term for sulfur is included (using 69.3 kg-cal/g mol as its heat of
combustion), the formula becomes

Btu/lb = 323.5(per cent H) — 115(per cent S) 4 15,410 (21)

Calorimetric data obtained in the author’s laboratory indicate that Eq.
(21) applies to all grades of fuel oil with accuracy equal to that for gaso-
lines. The hydrogen content may be calculated by the equations given
in Chap. III. The sulfur correction is small, and the sulfur content need
not be known with high precision; as an estimate, 0.5 per cent sulfur may
be used for light fuels and 1 per cent or more for heavy fuels, depending
upon the parent crude oil.

11 JoNES and STARR, Ind. Eng. Chem., Anal. Ed., 18, 287 (1941).
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When no tests except gravity are available, the heat of combustion
of fuel oils may be estimated by the formula,!?

Btu/lb = 22,320 — 3780(Se)? (22)

where Seo is the specific gravity at 60°F.

Equations (21) and (22) were developed for water- and sediment-
free oils. If the water content of a heavy fuel is known, the necessary
constants for use in these equations may be calculated for the dry oil,
and allowance made for the weight of nonheating impurities present.

Solid Fuels. The proximate analysis has been correlated with the
heating value of certain coals. The heating value of anthracite is given
by the formula,!?

Btu/Ib = 14,803 + 75.8(VM) — 167.4(A) (23)

The heating value of bituminous coals containing more than 10 per
cent and less than 40 per cent volatile matteris correlated by the author’s
equation, '

_ 270(VM)?

In Eqgs. (23) and (24) VM, FC, and A are per cents of volatile maiter,
fixed carbon, and ash, respectively, on the dry basis. Neither equation
is accurate for weathered samples. Equation (24) is not accurate for
lignites, boghead, and cannel coals.

When the ultimate analysis is available, the heating value of a coal
may be approximated by a modification of the Dulong formula,

Btu/lb = 145.4C + 620 (H - %) + 418 (25)

in which C, H, O, and S are weight per cents of carbon, total hydrogen,
oxygen, and sulfur, respectively. The original form of Eq. (25) was a
summation of the heats of combustion of carbon as coke, net hydrogen,
and sulfur as iron pyrites. A compilation of the numerous heating value
formulas for coal has appeared.!4

Equation (25) can be converted into another useful form. On the
basis of 1 Ib of carbon in coal,

Btu/Ib carbon = 14,540 + 62,030 (net %) + 4050 (g) (26)

A}

12 CragoE, C. 8., Nat. But. Standards, Misc. Pub. 97 (1929).
13 8corr, JoNES and CooPER, Ing. Eng. Chem., 81, 1025 (1939).

4 8prvie and GiBsoN, ‘‘Chemistry of Coal Utilization,” Vol. I, Chap. 4, John
Wiley & Sons, Inc., New York, 1945.
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H, C, and S are weight percentages of hydrogen, carbon, and sulfur,
respectively. Equation (23) or (24) with Eq. (26) may be used to esti-
mate the hydrogen/carbon ratio from the proximate analysis of a coal.

For convenience, a summary of the more commonly used of Eqgs. (13)
to (26) is given as Table 2 at the end of this chapter.

EFFECT OF TEMPERATURE LEVEL

The effect of temperature level on the heat of a chemical reaction or
a change of phase may be visualized by a four-step cycle on temperature-
energy coordinates, as in Fig. 9:
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F1u. 9.— Effect of temperature level on heat of reaction and/or heat of vaporization.

To go from (1) to (4), there are two routes on the diagram,

(1)-(2). 1eat added to initial system, raising its temperature from
7,1 to Tz.

(2)-(4). An isothermal chemical reaction or change of phase at T,
Alternately,

(1)-(3). An isothermal chemical reaction or change of phase at T';.

(3)—(4). Heat added to reacted system, raising its temperature from
Tito 1. ‘
For combustion or other chemical reaction at constant pressure:

(i"ICp)romtnnh(T2 - Tl) + QT: = QT, + (“[Cp)pmducu(T2 - T[)
Qr, = Qr, — [(MCP)ronctants = (MCP)produess) (T2 — T1)  (27)

For a vaporization process at constant pressure:

(MCP)ua(T2 — T1) + (Mr)r, = (Mr)r, + (MCP)vapore(T2 — T'y)
(Mr)r, = (M1r)r, = [(MCPlia — (MCPrapad (T2 — T1)  (28)

The effect of temperature level on Q or Mr is seen to be determined by
the difference in heat capacities of the initial and final components of the

system. Heats of combustion are alfected only slightly by temperaturc
level in most cases.
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Heats of vaporization decrease with increasing temperature, approach-
ing and becoming zero as the temperature approaches and attains the
critical temperature, where the distinction between vapor and liquid
disappears.

ADIABATIC COMBUSTION TEMPERATURES

If a fuel could be burned under conditions in which no heat was lost
by conduction, convection, or radiation, all of the heat of combustion
of the fuel would go to increasing the sensible heat of the combustion
gases. The temperature calculated for such a condition is designated
adiabatic combustion temperature and is the highest temperature that any
part of a furnace may have to withstand.

Adiabatic combustion temperature is computed by a heat balance,
in which the net heat of combustion of the fuel is set equal to the sensible
heat gained by the combustion gases. For a pound or a mol of fuel
burned with a definite per cent of excess air,

Let n = mols of a combustion gas product

MCp = mean molar heat capacity between the initial and final tempera-
tures ¢, and ¢,

Then, '

(—BH )ao = [(nMCp)co, + (nMCP)uo + (nMCp)co + (nMCp)o,
+ (RMCp)x, + (RMCp)so](tz — t1)  (29)

Since {; is the unknown to be solved for and the molar heat capacities
depend on ¢, Eq. (29) must be solved by successive approximations.
This is readily accomplished since the heat capacities change only slowly
with temperature. In most cases, the amount of excess air is of greater
influence on the adiabatic combustion temperature than are the char-
acteristics of the fuel. The principal exceptions are acetylenc and fuel
gases containing large amounts of inerts, such as producer gas.

When ¢, is taken as 60°F, molar heat capacities for use in Eq. (29)
are read from Fig. 2. As a first approximation, molar heat capacities
may be taken as at 4000°F for no excess air; as at 3000°F for 50 per cent
excess air; or as at 2500°F for 100 per cent excess air. A second solution
of Eq. (29) using mean heat capacities at the trial value of {; usually
gives results within the precision of reading Fig. 2.

Flame Temperatures. The term flame temperature is indefinite. It
has been used to denote maximum temperature occurring in a flame,
and also as the overall temperature (that of the combustion products if
no heat were removed from them). Since neither air-fuel mixing nor
combustion processes are instantaneous, the local temperature at various
points on a flame varies greatly (see Chap. VI). In the case of gas-burner
flames, the highest local temperature occurs at the center of the flame
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envelope (or on the axis of a burner port) at a short distance beyond the
point at which ignition takes place, i.e., a short distance beyond the
inner cone of a bunsen-type flame. Under some conditions, the actual
temperature at this point is higher than the adiabatic combustion tem-
perature. Experimental flame temperatures are in fairly good agree-
ment with adiabatic combustion temperatures for gases when burned with
high percentages of primary or premixed air.

The adiabatic combustion temperature with theoretical air is desig-
nated stoichiometric mazimum flame temperature in this text and has been
designated elsewhere as theoretical mazimum flame temperature. Stoichio-
metric maximum flame temperatures are usually 50 to 300°F higher than
actual maximum flame temperatures. The highest actual temperatures
occur when a fuel is burned with a slight deficiency of air. Actual
maximum temperatures for pure combustible gases burned in air that is
not preheated range from 3400 to 3800°F, with a principal exception of
acetylene, whose maximum temperature is much higher.

At temperatures above 3000°F, combustion reactions are not quanti-
tative (see Chap. V1), the heat eapacities given in Fig. 2 may not entirely
account for energy stored by atomic activation, and it is virtually impos-
sible completely to eliminate radiation of heat from a flame in an experi-
mental apparatus.

HEAT BALANCE ON INDUSTRIAL FURNACES

Before making an experimental heat balance, it is well to enumerate
first the measurements required for a complete material balance: the
quantities or average flow rates of all strcams entering and leaving the
process and chemical analyses where needed. These data with tempera-
tures of the streams and heat of combustion of the fuel enable calcula-
tion of the heat balance.

Preliminary study of an operating unit reveals what quantities and
temperatures are obtainable with existing plant equipment. It is often
necessary to install some thermometers and to devise means and some-
times apparatus for obtaining flow rates of material. Continuous
processes are always subject to certain degrees of fluctuation of operating
conditions. When flow rates rather than absolute quantities are measured,
instantaneous data are not dependable. Accordingly, the magnitudes
of flow rate and temperature fluctuation should be ascertained and a
test extended over a sufficient time interval to yield data whose averages
give the desired accuracy.

To make a heat balance around a furnace, the sensible heat of all
streams entering it—air, raw material, and fuel, plus the heat of combus-
tion of the fuel—is equated to the total heat content of all streams leaving
it—flue gas, product (ash, plus undeveloped heat as unburned combustible
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in ash), and carbon monoxide in the flue gas. If chemical reactions occur
in the material being processed, their heat effects must be accounted for.

When the results are compiled, total heat output is normally some-
what less than total tnput; the difference consisting of heat losses from the
outside of the furnace walls and the net of all accumulated errors. The
difference between total input and total output is designated radiation
and unaccounted-for.

Equations are given in Chaps. XIT and XIIT whereby the heat loss
from furnace walls may be calculated if wall surface temperatures and
wind velocity are known. This completes the heat balance and, if data
on any one stream are incomplete, its heat content may then be calcu-
lated by difference.

An experimental heat balance on a steam superheater is given in
Ilustration 4, and heat balances on other units are given at the ends of

Chaps. XV and XVI.

Illustration 4

A small furnace unit is superheating steam used in a bubble tower in an oil refinery.
The superheater is fired with refinery gas which has a gross heating value of 1740
Btu/cu ft, 60° dry, 30 in. Hg. The fuel gas contains 27 mol per cent air and 73 per
cent hydrogen and hydrocarbons. The flue gas from the superheater is at 1350°F
and is fed into a large tube heater so that its heat is not lost.

The superheater is constructed of a single course of fircbrick, and heat loss to the
atmosphere is unusually high. The following data are average figures obtained on a
24-hr test:

Fuel gas: 2,285 cu ft/hr, 60°F, dry, 30 in. Hg

Air in: 91°F, wet-bulb = 71°F, dry-bulb = 81°F

Steam in: 270°F, 5,850 b /hr, assumed dry, saturated

Steam out: 706°F, pressure = 16 psig.

Orsat analysis of flue gas: CO; = 9.8 per cent, CO = 0, O, = 6.2 per cent

Make the heat balance around the superheater by the following calculations:

a. The net heat input to the steam.

b. The hydrogen/carbon ratio of the fuel gas.

¢. The gravity of the combustible portion of the fuel using Eq. (19). Then with
(b), evaluate m and n in the empirical formula for the combustible: m(CH,), and
the hourly mols of carbon and hydrogen in the fuel fired.

d. The hourly mols of combustion air and the water vapor it contains.

. The hourly mols of dry flue gas and total water vapor.

f. The hourly heat balance: Heat input as sensible heat of combustion air and heat
of combustion of the fuel; heat output as net heat into steam, sensible heat in
flue gases, radiation and unaccounted-for.

Solution: a. From Appendix, Table 5, the heat content of dry saturated steam at

270°F is 1170.6 Btu/lb and, by interpolation, that of superheated steam at 706°F
and 16 psig (= 30.7 psia) is 1385.4 Btu/lb. The net heat into steam is then

5850(1385.4 — 1170.6) = 1.26 X 10° Btu/hr
b. On the basis of 100 mols of dry flue gas,

O; entering as air = (84)(20.9/79.1) = 22.2 mols -
O, disappearing to burn hydrogen = 22.2 — 9.8 — 6.2 = 6.2 mols
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Hydrogen/carbon ratio = (6'92)8(2) = 1.2656 mols/mol

¢, The heating value of the combustible portion of the fuel gas is

1740
073 = 2380 Btu/cu ft.

From Eq. (19),
Btu — 185 _ 2380 — 185

Gravity = 15000 < T 1800 = 1.466

From (b), the empirical ratio of hydrogen to carbon may be written (CH,.s3), whose
molecular weight is 12 4+ (2.53)(1.008) = 14.55.
The value of m necessary to give the calculated gravity of 1.465 is

1.465

29) \ 1235

and the empirical formula for the combustible is 2.92(CH,.g3).
The carbon in the fuel fired is

(2285.454)(192620)(2.92)(0.73) = 12.9 mols/hr

and the combustible hydrogen is
(12.9) (32’3) = 16.8 mols/hr

d. ‘The air in the fuel gas is
(2285554)(49%£20)(0.27) = 1.6 mols/hr

and the total air entering the furnace is

(12.9) (9 s) (79 1) = 140 mols/hr

Hence the combustion air is 140 — 1.6 = 138.4 mols/hr.

By Fig. 2 in Chap. 1V, air having wet- and dry-bulb temperatures of 71 and 81°
has a humidity of 0.013 Ib/lb or (0.013)(2%{s) = 0.0209 mols H,O/mol dry air.

The water vapor brought in by the combustion air is

(138.4)(0.0209) = 2.9 mols/hr

e. The dry flue gas is (100)(12.9/9.8) = 131.6 mols/hr and the total water vapor
in the flue is 16.3 + 2.9 = 19.2 mols/hr, or 14.6 mols per 100 mols dry flue gas.
f. ‘'The heat of combustion of the fuel is

(2285)(1740) = 3.98 X 10® Btu/hr

The molar average heat capacity of air between 60 and 91° from Fig. 2 is 7.05,
and that of water vapor is:8.07. The heat input from combustion air above 60°F is
then

[(139.8)(7.05) + (2.9)(8.07)1(91 — 60) = 31,200 Btu/hr
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The calculation of sensible heat above 60°F in 100 mols of dry flue gas and its water
vapor is

Mols MCpso—iaso | (Mols) (M Cp)

COn. o 9.8 11.35 111.2
Ot 6.2 7.73 48.0
N e e e e e e e 84.0 7.32 61.5
HoO. . o e 14.1 8.83 124.6__»_4 )
Total. ... e e 898.8

The net sensible heat output in the flue gases above 60°F is

El:g) (898.8)(1350 — 60) = 1.63 X 10° Btu/hr

100
Basis: 1 hr; datum temp = 60°F.
Heat in Heat out
Btu % Btu %
Air.......... ... ..., 31,200 0.8 | To steam........... 1.26 X 10¢| 31.4
Combustion of fuel...| 3.98 X 10%|99.2 | Net in flue gas. ....11.53 X 10| 38.2
Radiation and unac-
counted for........| 1.22 X 10%| 30.4
Total............... 401 X1081100.0|.........ccovvnnn.. 4.01 X 10%|100.0

TABLE 2.—SuMMARY oF HEAT ('ORRELATIONS
Gross Calorific Value of Gases (Dry, 60°F, 1 atm):
Natural gas (hydrogen-hydrocarbon mixture) free from inerts,
Btu/cu ft = 1500 (gravity) + 185
Fuel gas, O, free: Btu/cu ft = 96 (theoretical cu ft air/cu ft gas) + 96
Petroleum Fractions:
UOP Characterization Factor = K = v/ T.°R/Ss0

Cp, = (0.045K — 0.233) + (0.44 + 0.0177K)10-3 ¢ — (0.153)10-¢ ¢2
Cpr = [0.355 + (1280)(°API)10~® + (503 + 1.17(°API))107%] X (0.05K + 0.41)
Mr = (T+’R)[7.58 + 4.571 log (T+°R)], as Btu/lb mol at 1 atm

Gross Calorific Value of Oils:
(a) Btu/lb = 22,320 — 3780(Ss0)?
() Btu/lb = 323.5(%H) — 115(%S) + 15,410
Wt. %H = 14.2 + 0.173(°API) — 7250/T,°R
Gross Calorific Value of Coal:
From proximate analysis,

Anthracite: Btu/lb = 14,803 + 756.8(VM) — 167.4(A)
Bituminous: Btu/lb = 147.5(FC) + 255(VM) — 270(VM)?/(FC + VM)
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TaBLE 2.—SuMMARY oF HEAT CoRRELATIONS.—(Continued)

(A, FC, and VM are per cents of ash, fixed carbon, and vo'atile matter, on dry
basis. Correlations from proximate analysis are not accurate for weathered samples,
lignites, boghead, and cannel coals.)

From ultimate analysis,

Btu/lb = 145.4C + 620 (H - g) +418
(C, H, O, and S are total weight per cents.)

Btu/lb C = 14,540 + 62,030 (’—‘%H) + 4050 (f—,)
(Correlations from ultimate analysis may also be used for low- and high-temper-
ature coke.)

Net Btu/lb, coal and oils = (gross Btu/lb) — 91 (wt % total H)

Supplementary Reference

HouaeN and WaTtson: ‘“Chemical Process Principles,” Part I, John Wiley & Sons,
Inc., New York, 1943.

Exercises

Temperature Enthalpy

1. Calculate molal heat capacities of nitrogen: (a) between 15.5 and 600°C.,
(b) at 600°C.

2. Using Fig. 2, calculate the molal heat capacity of CO. at (a) 1500°F, and
(b) 3000°F. (c) How many Btu are required to cool 100 mols of steam from 2500 to
1000°F?

8. Calculate the heat of combustion at 2500°F of (a) 1 mol of carbon as coke
and (b) 1 mol of hydrogen. Assume that the reactions are quantitative. Take the
average atomic heat capacity of carbon from 60 to 2500°F as 5.0.

4. Calculate the adiabatic combustion temperatures with theoretical air, for
(a) coke to CO, (b) coke to CO,, (c) CO to CO.. The reactants are initially at 60°F.

6. Calculate the adiabatic combustion temperatures with theoretical air, for
(a) hydrogen, (b) methane, (¢) acetylene. The reactants are initially at 60°F.

8. Solve Exercise 4 using 40 per cent excess air.

7. Solve Exercise 5 using 40 per cent excess air.

8. Calculate the gas temperature at which 50 per cent of the heat of combustion
of coke will be lost in the fluc gases, (a) with 40 per cent excess air and (b) with 100
per cent excess. The reactants are at 60°F initially, and combustion is complete.

9. Calculate the gas temperature at which 50 per cent of the gross heat of com-
bustion of methane will be lost in the flue gases, (a) with 40 per cent excess air and
(b) with 100 per cent. The reactants are at 60°F initially, and combustion is
complete.

10. A refinery cracking stock has an API gravity of 30, an average boiling point of

530°F, and an average molecular weight of 210. Calculate the heat required to
produce 1 Ib of vapor at 530°F from oil at 60°F.

Heat of Combustion
11. A coke-oven gas has the following analysis: H,, 57; CO, 6; CH,, 30; C.H,, 2.5;
C;H,, 1.5; C¢Hyg, 0.5; balance inerts.
a. What is its heating value as gross Btu /cu ft, dry, 60°F, 1 atm?
b. What is its net heating value for the same conditions?
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12. By what per cent is the net heating value lower than the gross value for
a. Methane?
b. A low-sulfur fuel oil containing 12.1 per cent hydrogen?
¢. A bituminous coal having the analysis: C, 78; H, 5.2; O, 7.5; N,1.2; §, 1.0
per cent?
13. A natural gas has a heating value of 1010 Btu cu ft dry, measured at 32°F and
760 mm.
a. What is its heating value under standard test conditions (which are 60°F,
30in. Hg and saturated with water vapor) as Btu/cu ft?
b. What is its heating value under delivery conditions of 14.4 psia and 60°F if
its dew point is 30°F at this pressure?
14. A dry natural gas tested: gravity, 0.764; H,S, 1.2; N,, 4.3; O, 0.1 per cent.
Estimate its heating value as gross Btu/cu ft, 60°F, dry, 1 atm.

16. A carbureted water gas gave the following partial analysis: gravity, 0.578;
H.S, 0.0; Ny, 5.2; 0,4, 0.7; CO, 16.2; CO,, 3.4 per cent.  Estimate its heating value as
gross Btu/cu ft, 60°F saturated, 1 atm.

16. The Orsat analysis of flue gas from a refinery eracking unit showed 8.7 per
cent CO,, 0.0 per cent CO, and 6.0 per cent Oz, The unit was burning a dry refinery
gas which was found to contain no H,8, and only small amounts of inert gases. Oper-
ating figures showed that 21.3 cu ft of air were being admitted to the furnace for each
cubic foot of fuel, corrected to the same temperature and pressure.

a. Calculate the molal Hy/C ratio of the fuel.
b. What per cent excess air is used?
c¢. Estimate the gross Btu/cu ft of the fuel.

17. A furnace oil being used to fire a pottery kiln had an API gravity of 30.6,
a 50 per cent distillation temperature of 565°F, and negligible sulfur. Estimate
a. The weight per cent hydrogen.
b. The net Btu/lb of the fuel.

18. The flue gas from a small power plant burning lignite tested 9.6 per cent CO,,
0.2 per cent CO, and 8.2 per cent Q.. The fuel contains 46.3 per cent carbon, 6.3
per cent ash, and negligible nitrogen and sulfur.

a. Complete the analysis of the lignite with respect to net hydrogen and water.
b. Estimate the heating value of the lignite as net Btu/Ib on the “as-received
basis.



CHAPTER VI
EQUILIBRIUM AND KINETICS

PART 1. THERMODYNAMIC EQUILIBRIUM
LAW OF MASS ACTION

The cornerstone of the science of equilibrium and kinetics is the
law of mass action, which was first clearly enunciated by Guldberg and
Waage. Their statement is essentially: The rate at which a chemical
reaction proceeds is proportional to the aclive masses of reactants present.
“Active masses” were assumed to be molecular concentrations of the
reagents or reacting substances. A chemical reaction conducted batch-
wise (as by simply mixing the reactants) normally proceeds fastest at
first, continually slows down, and eventually ceases with certain con-
centrations of the reagents still present. This condition at which reac-
tion scems to stop is designated equilibrium, and the concentrations of
reactants and products at this point are the equiltbrium concentrations.
Many reactions satisfy these general conditions.

The active mass-law concentration of a substance, however, is often
significantly lower than its actual molecular concentration. Investiga-
tions during the past two decades have made great progress on relations
between active and molecular concentrations of many substances under
various conditions. Gas-law deviations and their effect on equilibria
can be accurately predicted in most cases by the use of fugacities. The
applicability of the mass law is greatly extended when active rather than
total concentrations are used in it.

Any chemical reaction in which all reactants and products are stable
(or undergo no changes other than those of the principal reaction itself)
is a reversible reaction. That is, it reverses in direction under suitable
conditions.* It follows that no reaction is absolutely quantitative, and
it is also proper to assume that a reversible reaction proceeds simul-
taneously in both directions.

For reversible reactions in general,

A+B=Y+Z (1)

* Reversible reaction should not be confused with reversible thermodynamic process.
The former is a property of certain chemical reactions whereas the latter is the most
efficient path of a thermodynamic process.

145
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Let ks = a proportionality constant for the rate at which A reacts with B
k, = a proportionality constant for the rate at which Y reacts with Z
Then according to the mass law,

Ratelelt—’ri‘ht = kG(A) (B)
Rateri‘ht—)leﬂ = ku( Y) (Z)

(Parentheses around capital letters denote concentrations of the substances
so enclosed.)

Take, for example, the burning of a stoichiometric mixture of hydro-
gen and oxygen. Definite and determinable concentrations of these
elements exist in equilibrium with water vapor at flame temperatures.
When the mixture is cooled to room temperature, residual hydrogen and
oxygen may not be detectable although, according to theory, definite
albeit minuscule quantities must remain. The reaction can be reversed
(water dissociated into hydrogen and oxygen) by the application of
extremely high temperature, or by electrolysis of an aqueous solution.

Equation (1) assumes that the molecules must collide or at least
approach each other very closely in order to react. Consequently when
two molecules of A are necessary for a reaction,

A+ A4+ B=Y+Z
Rateietrigns = ka(A4)3(B)

In the general case, the concentration of each component must be raised
to a power equivalent to the number of molecules reacting. Thus,

aA+bB+ - -=2yY +z2Z+ - - -
and
Rateit g = ka(4)*(B)> + - - - (2)

When a reacting system is at equilibrium, the rates in both directions
must be equal, and

(Y)y(Z)z I ka _ s
(0 @

Equation (3) defines the equilibrium constant K. The relation may
be applied to both liquid and gaseous systems using appropriate units
for expressing concentrations. When a reactant is present in the pure
solid state, its concentration is constant and is taken as unity.

For a given system, the value of K depends upon temperature. Equa-
tion (3) is exact only in terms of fugacities, but may be used in terms of
partial pressures or of concentrations with sufficiently accurate results
for many important applications, 7.e., gas reactions at low pressures.

Except for the important case of internal-combustion engines, indus-
trial combustions are usually conducted at a constant pressure of 1
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atm and, for equilibrium calculations, combustion gases may be assumed
to be ideal gases under furnace conditions. In this event, concentrations
are directly proportional to partial pressures, and Eq. (3) is used in
terms of partial pressures with the equilibrium constant K,. Thus,
(pyr)¥(p2)* - - -
25 Yo =K 3a
AT R 3e)
By convention, the left-hand terms of a reaction as written are always
put in the denominator of the equilibrium equation.

FREE ENERGY

A driving force or thermodynamic potential must be available to cause
any reaction to proceed spontaneously. This driving force also deter-
mines the degree of completion or point of equilibrium to which the
reaction will proceed. It is designated the free energy change of the
reaction and obviously must be quantitatively related to K. The free
energy change of a reaction may be visualized as the theoretical mazximum
energy evolved or available for effective work, other than that equivalent to
work done by the system expanding against an atmosphere or other resisting
pressure. 'The formal definition of free energy is

F=H-T8S
and for a free-energy transfer or change,
AF = Al — T AS 4)

where AF = change in free energy
AH = change in enthalpy of system
T = absolute temperature
AS = change in entropy of system
All terms in Eq. (4) are customarily expressed in heat units. AH, as
the change in total energy, includes external work against an atmosphere.
T AS is the theoretical minimum energy change necessary to bring the
system from the original to the final state. The difference between the
two terms is then the energy available for driving the reaction under
specified conditions of temperature and pressure.* Since AF and AH
are taken as energy decreases of the system, a reaction has a high driving
force when AH has a high negative value.
The free energy of formation of a compound from its elements is a
definite quantity just asis heat of formation. The analogy also applies to

* Tabulations of free energies, enthalpies, and entropies are usually given at the
“standard state” of 25°C and 1 atm. These values change with temperature and
pressure, and the free cnergy of a reaction under other conditions may be widely
different from its value at the standard state.
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the free energy of a reaction, which may be calculated by subtracting the
free energies of formation of the products from the sum of those of the
reactants. Critical surveys and compilations of free energy and other
thermodynamic properties of hydrocarbons and other compounds, includ-
ing the principal.constituents of gaseous fuels, have recently been made.!-2

A compound is thermodynamically unstable with respect to decom-
position into its elements unless its free energy of formation has a sizable
minus value. Thermodynamic instability of hydrocarbons increases
with temperature except for acetylene and possibly some of its derivatives.
In other words, most hydrocarbons tend to decompose at clevated
temperatures.

EFFECT OF TEMPERATURE ON EQUILIBRIUM

The free energy of formation of a compound and that of a reaction
may be calculated at various temperatures from the values at the stand-
ard state. The other thermodynamic properties needed for this calcula-
tion are the specific heat-temperature relations for “the substances
involved. From thermodynamics,

d(AH) = (ACp) dT

Specific heats are conveniently expressed as a function of temperature
by the empirical relation,

Cp=a+bT +cT*+ - -

Combining the above for a given compound or reaction, the temperature-
enthalpy relation becomes

AH = AHy 4+ d'T +b0T2 4T3+ - - - (5)

where AH, is the constant of integration. (By inspection it is an alge-
braic extrapolation of AH to absolute zero.)
From the definition of free energy, the relation

AF AH
Ja(7)-- [ GPar ®
may be derived.

Combining Egs. (5) and (6) and integrating give

AF = AHo—aTlnT+b’T’+()T’+ - +IT (7

Equation (7) is the conventional relation for AF of a reaction in terms of
temperature. I is the constant of integration.
1 THACKER, FoLKINS, and MILLER, Ind. Eng. Chem., 88, 584 (1941).

2 Selected Values of Properties of Hydrocarbons, API Research Project 44 (1942-
1946), Nat. Bur. Standards.
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Calculation of Equilibrium Constant. From the definition of free
energy and Eq. (3)*

AF° = —RTIn K 8)

where values of both AF® and K must be taken at temperature 7'.
The relation for K in terms of temperature is obtained by eliminating
AF between Eqs (7) and (8) or by integrating the van’t Hoff equation,

din K AH
4T~ RT? )

after eliminating AH between Eqs. (5) and (9). By either procedure the
final equation is

_ _ AH, (YN [ ,
log K = — smm + (R) T 4 (’R) T + (2—19 T+ I'T (10)

where I’ is a constant of integration.

In the foregoing equations, the customary units of AF and AH are
calories per gram mol, with 7' in degrees Kelvin. This requires that Cp
and R be expressed in calories per gram mol per centigrade degree.

For a given substance or reaction, AH,, a’, b’, and ¢’ have the same
numerical values in Egs. (5), (7), and (10). ‘

Results of a critical survey? of the equilibrium constants for reactions
between constituents of combustion gases are plotted in Fig. 1.

Illustration 1
For the hydrogenatipn of ethylene,
C.H, + H, = C.H,

a. Determine the enthalpy and the free energy of the reaction at 25°C.
(AS298 = 29.)
Evaluate the expression for AH vs. temperature.
Evaluate the expression for AF° vs. temperature.
Evaluate the expression for log K, vs. temperature.
For an original mol of ethane, calculate the equilibrium fraction dehydrogenated
at 1000°K and 1 atm constant pressure.

Solution: a. From Chap. V, Table 1, the heats of combustion at 25°C of hydrogen,
ethylene, and cthanc are 68.3, 337.2, and 372.8 kg-cal/g mol, respectively, whence

PR

—AlH 5 = 68.3 + 337.2 — 372.8 = 32,800 cal
AF°08 = Al 393 — (T AS)20s
—32,700 + (298)(29) = —24,060 cal

* More complete details of the definitions, derivations, and restrictions applying
to the equations given in this chapter may be found in textbooks on physical chemis-
try, on thermodynamics, and in the ‘“Chemical Engineers’ Handbook.” AF° is the
free energy change under standard or unit pressure, 1 atm for an ideal gas.

3 Lewis and voN ELBE, J. Am. Chem. Soc., 8T, 612 (1935).
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Example:

~
b. The AH-temperature relation involves heat capacities of all reactants. For
simplicity, ACp will be assumed linear with temperature,

ACp =da' +b'T
The two temperatures of interest to this problem are 25°C and 1000°K. For con-

venience in evaluating a’ and b’, a temperature of 300°K will be used. From data in
the literature:
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MCp 300°K | 1000°K
Hydrogen.............coiiiiiiiiienna .. 6.90 7.23
Ethylene............. ... . ... ..., . 10.49 22.62
Ethane........................ ... 13.16 29.82

from which,
(ACD) 300 = 6.90 + 10.49 — 13.16 = —4.23

(ACP) 1000 = 7.23 + 22.62 — 29.82 —0.03
and
ACp = —6.03 + 0.006T
Equation (5) is
AH = Ay + o'T + T2+ + - -

Substituting values at 298°K, All, = —381,170 cal and
Al = —31,27) — 6.03T + 0.00672 Ans.
c. Equation (7) for this case is
AF° = Ally —a'T'In T = b'T? + IT
Substituting values at 298°K, I = —8.6 and
AF° = —31,170 4+ 6.037" In 7" — (0.006)7'? — 8.6T. Ans.
d. Substituting values of the constants just obtained into Eq. (10),

log K = 6",‘[@ —~3.04log T + 1.313 X 10°°7 + 1.88. Ans.

e. From the above equation,
Kok = 8.2

Letting = fraction dehydrogenated at 1000°K and 1 atm constant pressure,

e _1-2°

_Pome  _1-
(pcand) (pue) z?

= 8.2

z = 0.30 = 30 per cent dehydrogenated at 1000°K  Ans.
NotE: The best experimental value of K at 1000°K is about 5. Experimental and
calculated values agree when calculations are carried out in a more refined manner.*

Illustration 2

The equilibrium constant for the reaction of hydrogen and oxygen to steam is 3 at
about 4000°K.

When steam is heated to this temperature, what fraction is dissociated into H,
and O;at 0.1, at 1.0, and at 10.0 atm total pressure? To simplify the problem, assume
that no other type of dissociation occurs.

Solution: For the equation

H: + 1940; = H)0; K, = G;gg,oo,)h

¢ Supplementary Reference 2, pages 36-41.
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Let z = fraction decomposed of 1 mol original steam. Then,

H; + 40; = H,0
z z/2 (1—-2)

and total volume = (z 4+ 2/2 +1 — z) = (1 + z/2). Partial pressures of the
constituents are

( vol H, L3
P = 7T \{otal vol) =~ 1 + z/2
Po: = Y4pm,

(1 — 2)

e N Y)
Substituting these expressions for partial pressures into the equilibrium equation and
simplifying,
z = %1 — (4.5v — }§)z%
which is readily solved by successive approximation to give

mat. ... 0.1 1.0 10.0
z = fraction decomposed................ 0.677 0.44 0.24 Ans.

Free energies of hydrocarbons and of their reactions have been the
subject of much study in recent years because of the commercial impor-
tance of predicting equilibria such as hydrocarbon syntheses from carbon
monoxide and hydrogen, catalytic cracking, alkylation, isomerization,
hydrogenation, and dehydrogenation.

PART 2. CHEMICAL KINETICS

The concept of dynamic equilibrium has shown that the extent of
completion of a reaction often depends upon the relative rates of forward
and reverse changes. In almost all organic reactions, the ‘“yield” is
determined by the rate at which the desired reaction proceeds as com-
pared to the rates at which undesired side reactions occur. For any
process, the time required to obtain a definite amount of product is
controlled by the rate of the reaction. The branch of chemistry that deals
with factors influencing such rates of reaction is known as chemical
kinetics.

The study of kinetics is one of the most difficult and complex branches
of modern chemistry. Experimental measurements must always be
made on a system while concentrations are changing. Also, a reaction
for which one may write a single simple stoichiometric equation is very
often the result of a complex series of steps. In rate studies, these
individual steps must be completely distinguished in order to determine
the true mechanism or path of the reaction. For example, the influence
of moisture on the rusting of iron is well known; kinetically, the reactions
of metallic iron with dry, gaseous oxygen and with oxygen dissolved
in water are two radically different processes. In cases such as these it
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may be difficult to determine what intermediate substances are actually
involved.

Rate Constants and Units. The specific reaction velocity constant
of a chemical reaction—designated by the symbol k—is defined as the
time rate of reaction under conditions of unit concentration. The rate
of reaction at any other concentration may be calculated by using k as a
proportionality factor. (The specific reaction velocity is analogous to
quantities such as specific gravity and specific heat.)

The symbols and units commonly employed are 8 for time (seconds)
and ¢ (mols per liter) for concentration. It is assumed in all theoretical
rate equations that the concentrations used are the irue active concentra-
tions of all the various reagents.* In practice, the problem of evalua-
tion of active concentrations is often a major source of error in rate
determinations.

Since the specific reaction velocity constant involves concentrations,
the absolute rate of reaction in a finite system is continuously decreasing.
To permit easy perception of relative rates, they are sometimes expressed
in terms of the ‘‘half-life period”; 7.e., the time required for one-half
of a given quantity of reactant to be converted. Typical values for
velocity constants with their calculated half-life periods for thermal
decomposition of some hydrocarbons are given in Table 1.5

TaBLE 1.—RATEs or THERMAL DecomrositioN oF Some Hybprocarsons 550°C

Specific react Calculated
vel const half lifes

(k X 10%) sec™!
Ethane............................. 2.3 8 hr 29 min
Propane.................... ... ... 45 26 min
n-Heptane....................... ... 360 3 min
Ethylbenzene....................... 28 41 min
Pentane-2............... ... ... ... 137 8 min
Cyclohexane........................ 130 9 min

s Assumes negligible rates of roverse reactions; not always valid.

CONCENTRATION EFFECTS; ORDER OF REACTION

Where the law of mass action is obeyed, there is a definite relation
between the rate of a reaction and the concentration of its reagents. The
form of this relation varies with different reactions and, on the basis of
the number and type of concentration terms involved, reactions may be
classified in terms of “order.”

* Hereafter, reagent is used synonymously with reactant, in order to avoid frequent
syllabic repetition between the latter and reaction.
5 Puase and MorToN, J. Am. Chem. Soc., 56, 3190 (1933).
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A reaction is designated as of the nth order if the rate can be expressed
by an equation of the form:
—dc

3 = ken (11)

Simple-order reactions with their concentration-rate expressions are:
First order:

A—-D+
9 ke (12)
Second order:
24 - D +
_‘é-‘;f = ke? (13)
or
A+ B—D+
:d—dﬂﬂ = keico (14)
Third order:
34—D+ - -
‘Tgﬁ = ke (15)
or
A+B+CoD+ - -
:d%c! = keicacs (16)
or
24 4+B—D+ - - -
:a%c»* = kelcs (17)

where ¢ denotes concentration, 6 time, and k the specific reaction velocity
constant.

First-order Reaction. The simplest case is that of a reaction such as
decomposition or isomerization involving only one reagent and whose
rate is directly proportional to concentration, according to Eq. (12).

Integration of Eq. (12) gives

— In ¢ = k0 4 constant

This requires that when values of In ¢ are plotted against corresponding
time values, a straight line results. Other integrated forms of Eq. (12)
follow:
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Integration between limits gives

k(6; — 6,) = In (ﬁ-:)

where c; and c; are the concentrations at time 6, and 6,, respectively.
If ¢, is the initial concentration, 8, is zero, and the equation reduces to

_1 co) _ 2.303 2
k= i In (c) =5 log (c)

1f the half-life period is to be calculated, ¢ is one-half ¢, and

2.303 0.693
by, = % log (2) = %
It should be noted that for a first-order reaction, the value of 6y, will be
independent of co; thus the time required for 75 per cent of a sample to
react is twice that required for 50 per cent of it to react.
In some cases reaction velocity may be followed by observing the
rate of appearance of the product. Then,
dx
6= k(a — )
where a is the initial concentration of reagent and r the concentration
of reagent stoichiometrically consistent with the amount of product
present at time 6. For this case,

It should be noted that the rates of first-order reactions are appar-
ently independent of total pressure.

Second-order Reaction. Integration of Eq. (13) for a second-order
reaction gives

% = k@ + constant

Accordingly, a graph of 1/c¢c versus corresponding times produces a
straight line.
Integration between limits gives

1_1
[ Co
k=1 ‘EL:_‘_’)

k(6 — 6,) =

O\ coc
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It is obvious that

1
a”—k—c;

since at half-life time, (co — ¢) = ¢. Thus, for a second-order reaction,
the calculated half-life period varies inversely as the initial concentration.

If the rate of appearance of a product is to be measured, the rate
equation is used in the form,

dz
% = ka - 2?
or
1 z
k= Gala — 2)

If two different reagents are involved, Eq. (14) applies, where a and
b are the initial concentrations of the two reagents. Integrating and

solving for k,
_ 1 b(a — x)
e [«'z(b = x)]

Third-order Reaction. A similar analysis of KEq. (15) shows that

1
92

= k6 4 constant

A graph of values of 1/c? versus corresponding time values then gives a
straight line. Other integrated forms for the special type of third-order
reaction having but a single reagent are

_1fg—¢?
k—§(2cgc’)

3
=) 1 1
20| (@ — x)2 a?
For a third-order reaction having three reagents,
dz
= k(a — z)(b — z)(c ~ x)
which integrates to

b 1 c
b-—x+mlnc—————z

wherea’ = (a — b), b’ = (b —¢), ¢’ = (c — a).

1 a 1
k= a’c’alna —z + a’b’(z?ln
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If the initial concentrations of two of three reagents are equal,

% = k(a — 2)%c — 2)

k=(—1-) 1 [(c—alglnc(a—x)]
0/ (c—a)la(ea —z) alc—=zx)

In practice, the ‘“‘apparent” order of a reaction is commonly deter-
mined by measuring the concentration of reagents at various time inter-
vals and then plotting functions such as log ¢, 1/¢, 1/¢* against 6 to
determine which gives a straight-line relationship. The reaction velocity
constant & may then be determined from the slope of the line.

Reaction order may also be calculated from half-life values at differ-
ent concentrations, or by comparing values of £ from the different equa-
tions. (In a given experiment, k is constant when the correct equation
is used.)

and

Illustration 3

Table 2 gives the experimental results on the decomposition of nitromethane® at
209.8°C, according to the equation,

CH;,NO; —» NO + %HCHO + };CH,0H

The partial pressure of nitromethane (p) is used as the measure of its concentra~
tion.

TABLE 2.—RATE 0F DECOMPOSITION OF NITROMETHANE

4
6, min P, mm log p 1/p k), calc ks ;(a,l(lxo’
0 230.1 2.36192 0.00435
7 184.2 2.26555 0.00543 0.0316 1.546
11 163.6 2.21379 0.00611 0.0298 1.708
16 139.7 2.14511 0.00716 0.0316 2.092
20 123.6 2.09189 0.00809 0.0306 2.332
23 112.3 2.05034 0.00891 0.0318 2.721
27 98.9 1.99539 0.01011 0.0316 3.015

On Fig. 2, log p and 1/p are plotted against time. The values of log p form a
straight line as required for a first-order reaction.
The slope of the line is —0.01357 and

k = —(2.303) (slope) = 0.0313

¢ STEACIE and SHAW, Proc. Roy. Soc. (London), A148, 388 (1934).



158 FUELS, COMBUSTION, AND FURNACES

In the fifth column of Table 2 are tabulated values of k calculated for a first-order
reaction:

For example, between 11 and 16 min,

2.303 163.6

m 10[( i—3.§.—7 = 0.0313

k=i

1 | |
S S =
o o
8 8 oS

5
o
o
-3
Ip

0.005

1.8 L

1 1 0.
0 5 N S RN S
8, (Min)

F1g. 2—Rate of thermal decomposition of nitromethane at 209.8°C.

In the sixth column are tabulated values of k calculated for a second-order reaction:

k= 1 p1 — Pa)
0 — 0y Pap1

For example,

b1 (163.6 — 130.7
16 — 11 \163.6 X 130.7

) = 2.092

The first-order values show only random variation, whereas the second-order
values change consistently. The reaction must therefore be first-order.

Anomalies in Apparent Reaction Orders. More often than not,
experimental rate data cannot be accurately represented by equations
for first-, second-, or third-order reactions. This indicates fundamental
inadequacy of the assumptions on which Eqs. (12) to (17) are based,
in that the true reaction mechanism is not properly and completely
accounted for.
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Occasionally the rate of a reaction may be closely represented as of
fractional order. For example, the decomposition of acetaldehyde at low
temperature,’

CH;CHO — CH, + CO’
proceeds according to the rate equation,

ACHOHO) _ g (cm,cO)

There is ample evidence, however, that most chemical changes are
combinations of only first- or second-order steps. Apparent higher
orders or fractional orders of reaction are actually the overall effect of
the combination of much simpler steps. Consider the reactions

2A=8B (rapid)
and B+C—-D
overall : 2A +C—-D

The rate of production of D) would involve the expression

dD) _
T = kB)©)

but (B) = K(A)?, where K is the equilibrium constant. Therefore,

dD) _ . ias
“i = FE@A)(©C)

= k'(A)*(C)

Experimentally, the overall effect of these steps is a third-order reaction.

Occasionally a zero order of reaction is observed, in which dz/d8 = k,
with the rate of reaction seemingly independent of concentration. Such
an effect may result from a saturated surface in a catalytic reaction, or
when an outside agency such as energy from light is necessary. The
degree of catalyst surface adsorption in the former case and the rate of
introduction of the light energy in the latter case, rather than the con-
centration of reagent, are then the controlling factors.

INTRODUCTORY MECHANISM

The simplest explanation of the effects of concentration of the various
rate and equilibrium expressions is that collision between molecules is
required for reaction. The number of molecules present in a given
volume—the specific concentration—determines the probable frequency

" LeTorT, M., J. chim. phys., 84, 206, 265, 355, 428 (1937).
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of molecular collisions. The experimental rate of reaction is directly
related to the frequency of collision if this assumption is correct. The
probability of more than three molecules colliding simultaneously is
negligible, hence a reaction requiring more than three molecules of
necessity involves a sequence of two or more steps. Consider the reac-
tions whose stoichiometric equations are

2HI b d Hz + Iz
2N,05 — 4NO; + O,

Experimentally, the first is second-order and may therefore be considered
truly bimolecular and resulting from collision of two HI molecules.
The second reaction, although involving two reagent molecules as written,
is kinetically unimolecular. The explanation is found in the series of
reactions,

N,05 — N,0; + O, (slow)
. NzO; — NO + NOz (fast)
NO + NgOs b 3N02 (fa,st)

2N2()5 - 4N02 + 02

The overall reaction involves two molecules of nitrogen pentoxide, but
the observed rate of decomposition is determined by the slow first step.
However, the order of reaction for a given set of conditions does not
conclusively prove the mechanism. For example,
1. The hydrolysis of ethyl acetate in dilutc water solution is first-
order, yet the equation

EtOAc + H,0 — EtOH + HOAc

as written requires a bimolecular mechanism. Actually, the reaction is
bimolecular, but experimental studies on dilute solutions indicate a first-
order reaction because water is present in such large excess that its con-
centration undergoes no appreciable variation. Such a reaction is
sometimes designated pseudo-unimolecular.

2. Experimentally, the reaction between iodide and iodate ions in
solution is fifth-order, hence it must be concluded that the change actually
involves several steps.

TEMPERATURE EFFECTS—ENERGY OF ACTIVATION

From a study of experimental data available at the time, Arrhenius
discovered in 1889 that a general relation between temperature and rate
of reaction is

= o (18)
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where T is the absolute temperature, R the molar gas constant, and E a
constant characteristic of the reaction. (E is expressed in energy units
consistent with B and T'.)*

Integration of Eq. (18) gives

k = aewer (19)

where a is a constant for a given reaction and is designated the frequency
factor. The quantity E is called the energy of activation. It may be seen
that the Arrhenius equation is similar to the van’t Hoff equation which
relates the equilibrium constant to temperature, and that E is analogous
to the energy term (AH) of Eq. (9).

Values of a and of E for a given reaction may be determined by meas-
uring the rate of a reaction at different temperatures. Integration of the
Arrhenius equation between the limits of T'; and T'; and k, and k. gives

B _E(L_1
In <-E;) = -R <T1 Tz) (20)

But when rate data at a number of temperatures are available, E is
best evaluated graphically. Equation (20) may be written

E (1
Ink = B (—7—,) + constant

from which it is seen that a plot of log k against 1/T should give a straight,
line whose slope is £/2.303R.

A numerical value of kq/k, is designated temperature cocflicient of a
reaction and is usually evaluated over a 10°C temperature interval.
Another method of expressing the increase in rate with temperature is
by the number of degrees required to double the rate of reaction, or T, — T
for which (ks/k,) = 2. Inspection of Eq. (20) shows that where E is
independent of temperature, the temperature coefficient decreases and
the temperature interval required to double the rate increases with
tncreasing temperature level. Likewise, the smaller the value of E, the
smaller will be the effect of temperature. In many cases, the temperature
interval necessary to double the rate is about 10°C at ordinary tempera-
tures, and as much as 25°C at extremely high temperatures.

Illustration 4
For uncatalyzed thermal dehydrogenation of ethylbenzene to styrene,
CeH;C.Hy — CeH;CH=CII; 4+ H,
k is found to have v;,‘lues given in the second column in the accompanying table.3

* The Arrhenius equation is not exact or universal but a very good approximation
over fairly wide ranges of temperature.
8 Pease and MoRrTON, 0p. cit.
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Temp °C k X 104 Temp coeff, kq/k, E, cal per mol
540 1.6
550 2.8 1.75 74,400
560 4.5 1.61 64,600
580 12.1 1.35 70,200

The temperature coefficient between 540 and 550°C, is

k. 28 X 1078

BT 16 x 10~ 178

The coefficients between other 10-degree intervals are tabulated in the third column

40
38+ -
CeH; C; H; —~Co H;C; Hy+H,
Slope of /ine
- -E/23R ]

Py
3

3.2

30

8 1 ‘1 1 ]
2l.l7 118 19 120 I.IZI 122 l.éS 1.2
(1/T°K) x 103

F1a. 3.—Thermal dehydrogenation of ethylbenzene at 1 atm.

The energy of activation is calculated from Kq. (20)
ks, T.Th
E = 23R 108 (k_l) (T;-:’I'l)

823 X 813
E = 2.303 X 1.987 (log 1.75) (mﬁ
= 74,400 cal/mol

Since determinations at four temperatures are available, k is better determined
graphically. The above data are plotted on Fig. 3, from which,

For example,

. —-E
Slope of line = 23R —-15,150

whence B
E = (15,150)(2.3)(1.99) = 69,300 cal/mol
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Energies of activation and frequency factors of a few typical hydro-
carbon reactions are given in Table 3. The value of 79,385 cal required
for thermal decomposition of methane is one of the highest encountered
in organic reactions. Values for hydrocarbon reactions and combustion

TaBLE 3.—Basic ConNsTANTS FOR UNcATALYZED HYDROCARBON REACTIONS

Frequency factor, | E, cal per
a mol

Thermal decomposition:

Methane......................... 1.0 X 102 79,385

Ethane.......................... 1.26 X 10 69,800

Propane................ PR 6.4 X 101 62,100

n-Butane.................... . .. 1.13 X 10V 73,900
Polymerization (to dimers):

Ethylene......................... 7.1 X 10t 37,700

Isobutane........................ 2.0 X 10 43,000
Hydrogenation:

Fthylene........... ... ... ..... 3.77 X 10% 43,150

processes are often between 25,000 and 60,000 cal. Activation energies
of catalytic reactions may be much lower.

THERMAL DECOMPOSITION OF HYDROCARBONS

Hydrocarbons spontancously decompose at elevated temperatures.
Depending upon the temperature and the type of hydrocarbon, there
may also occur molecular rearrangements, dehydrogenation, and poly-
merization. Thermal decomposition of high-molecular-weight paraffins
is barely perceptible at 500°F, but the rates of all such reactions increase
rapidly with temperature. The temperature range for commercial
processes of thermal cracking and other uncatalyzed hydrocarbon reac-
tions is about 850 to 1125°F. Thermal aromatization and certain dehy-
drogenation processes employ even higher temperatures (see Chap. II,
Part 6).

" "Hydrocarbon decomposition reactions are approximately first-order.
Because of the commercial importance of these reactions, many experi-
ments have been made from which reaction velocity may be computed.
Velocity constants of a number of these are summarized in Fig. 4.1
The plot was developed from data of which the rate of disappearance
of the original stock could be observed or computed. The curves are
stated to be dependable for depths of cracking (fractional decompositions)

T Frb'm Supplementary Reference 3.
. 1 NEewLsoN, W. L,, ‘“Petroleum Refinery Engineering,” 2d ed., p. 306, McGraw-Hill
Book Company, Inc., New York, 1941.



164 FUELS, COMBUSTION, AND FURNACES

1.0
04
a3
o2 LEGEND )

e {n g

K READ FROM THIS CHART
o4 &= TIME (SECONDY }
08 X = PERCENTAGE DECOMP. y i 4
o8 V4 ;, l’ 1‘ ll
ol 1 11
o [/ )y v
02

>
~, '\‘
Loy,
SIS
Ty

£
[
5 &
§ oos} ¢ 7
008 7 7
1008
§ ood} ; [ L
' 003 ! ,
lr' ,'
£ o2 ! 4 - 7 A
o 3 ] & H
o ./ ] I
I Ay .7 ;
> oo0s 3 - ‘y_"". v
s i 7
§ o a YA 7
= 0004 r) ? L / !
oot N A I (0 7. A 4 &
< o ' |/ VAR l-ll (o) e
g 0002 ’{ g /.I 'l {! 5"‘
,7 7 yé’: 7 ¥
£ q 4 ¢ ] '
184 / ]
ATE N / ¢
000i|—- Tay K,
00008} —] —7 ] L
] " r 2 ]
pooest 1t . 7
y ’
100003 ! a +
’
00002 . .
N
‘00001 % 18001700 1900 |

00 400
TEMPERATURE - DEGREES °F

Fia. 4—Constants for initial rates of thermal decomposition of hydrocarbons and petro-
leum fractions. (Courtesy of W. L. Nelson.)

up to about 25 per cent per pass, and in some cases are valid up to greater
fractional decompositions.*
Using the notation on Fig. 4,

K1=—1-ln( a )
t a —

* In deep-cracking operations, secondary reactions may produce compounds that
are not distinguished from the original stock by the particular method of measuring
decomposition. The rate constants are also invalidated by alteration of total mols
of all compounds present or of the volume of the system during the reaction, as occurs
progressively during the course of the cracking reaction.
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_ 1y (100
T 100 — z

where K, = constant from Fig. 4
{ = time at decomposition temperature, sec
a = fraction of crackable material in original stock (¢ = 100 for
a ‘‘pure”’ stock such as a pure hydrocarbon or virgin gas
oil)
z = fraction or percentage of stock decomposed or of a molar or
volumetric equivalent of primary product formed:
1. For hydrocarbon gases (methane through heptane), z is
mol or gas volume fraction of hydrocarbon decomposed
2. For naphthas through heavy residua, x is liquid volume
fraction of 400°EP gasoline produced
Figure 4 may be used to estimate decomposition (with limitations as
noted) but it is not suitable for caleufation of energies of activation.

or,

Illustration &

Estimate the decomposition of butane during 5 sec at 1200°F in a thermal cracking
unit.

Solution: From Fig. 4, K, for butane at 1200°F is 0.06. Solving the first-order
equation,

1 100 2.3 100
0.06 = 5 In (u“)b_i z) =5 B \i0 = 2
z = 25.9 per cent decomposed

THEORIES OF ABSOLUTE REACTION RATES

The ultimate goal of chemical kinetics is to predict reaction rates
from fundamental properties of the molecular species involved. The
essential problem is to be able to derive a satisfactory value of the specific
reaction velocity constant from data that do not involve rate determina-
tions. There are at present two lines of approach to the prediction of
reaction rates. Both are based upon Eq. (19):

k = M_E/RT

Molecular energy is ultimately thermal in nature, and as the tempera-
ture of a system is raised the fraction of activated molecules it contains
increases. For simple reactions, the exponential term .in the preceding
equation is a direct measure of the concentration of activated molecules,
by the following reasoning: The translational velocity of a gaseous mole-
cule is related toits energy. The molecules in any gas have a very regular
numerical velocity distribution as represented by the Maxwell-Boltzmann
curves (Fig. 5).
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Let ¢ be the energy of activation for one molecule, or the minimum
energy content it must possess to be capable of reacting. Let » be the
velocity of a molecule having energy e. The fraction of molecules having
velocities in excess of v then have energies in excess of € and are in the
activated state. This fraction may be calculated from the relation:

Fraction = ¢~//T = ¢~*'T
or, for any quantity of gas such as 1 mol,
Fraction = ¢—&/xr

The value of E is the energy to ‘‘activate” the molecules so that they
may react.

J00°K

o,
8
T

, m. per
g

)

Per cent of molecules having velocities

1 1 [l
200 400 600 800
U=Molecular velocity, m. per sec.

Fia. 5.

o

between Uo and (U+0.0]
8

This simple hypothesis is not entirely adequate, as witnessed by the
fact that the Arrhenius equation does not give the temperature coefficient
of all reactions with absolute exactness. The frequency factor (a) may
vary appreciably with temperature. The two current theories of abso-
lute reaction rates differ in the method used to calculate this factor.
The theories are designated, (1) collision, and (2) transition state (or
activated complex).

Collision Theory. The collision theory is based upon the logical
concept that reaction cannot occur between two or more molecules
until those molecules come in contact with or close proximity to one
another. A primary factor in determining the rate of a reaction is
therefore the frequency of collisions between molecules. This is in addi-
tion to the second requirement that the molecules possess a certain
minimum energy content. The absolute rate of reaction should then be
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obtained by multiplying the number of collisions per unit time by the fraction
of molecules which contait the required energy.

The influence of concentration on the rate of reaction is explained
by its influence on the frequency of molecular collisions. In the case
of gaseous materials, the number of collisions under specified conditions
may be calculated on the basis of the kinetic theory using the laws of
probability. Calculations show that the relation between number of
collisions per unit volume and number of molecules per unit volume is
identical with the relation between rate of reaction and concentration.
For a simple reaction such as

H; + 1, — 2HI

the frequency at which molecular collisions occur is numerically equal
to the frequency factor a of Iiq. (19).

The collision theory has the advantage that it provides a clear-cut
mechanical model for the reaction process, but its calculations cannot in
general be extended beyond simple, homogeneous, gas-phase reactions.

Many cases arc known in which there is no agreement between cal-
culated and observed values of the frequency factor. This is not sur-
prising since the use of the term e~#/27 is based on the assumption that
only the translational component of molecular energy influences reac-
tivity of a molecule. ¥or complex molecules, rotational and vibrational
energy become important. For such molecules, factors such as orienta-
tion, internal energy, and distribution may well be expected to assume
even more importance than the total number of collisions. As of the
present, this seems to be a fundamental limitation to the collision theory.

This theory also fails to predict a negative temperature-rate coefficient.
(For some reactions over limited temperature ranges, a rise in tempera-
ture causes a decrease in rate.)

Transition-state Concept. The second theory of reaction rates dis-
cussed by Daniels!! is based upon the concept that the reaction of a
molecule must be preceded by the formation of some sort of “intermediate
complex.” This complex then breaks down, either to form the original
substances or new products. The complex (transition state) will exist
only temporarily and may consist of a single ‘hot,” activated molecule
or of some grouping of molecules; but some such intermediate must be
postulated for each reaction. Thus the reaction

A+B->C
involves two steps:

(1) A + B=(AB)
11 DANIBLS, .F., Ind. Eng. Chem., 85, 504 (1943).
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(2 (AB) »C

AB denotes the activated complex or transition state.

According to this theory, the observed rate of change will depend
upon the rate of step (2) and thus upon the concentration of the activated
complex. This in turn will depend upon the position of equilibrium in
step (1).

Formally,

d(AB)
—T k1(AB)
where k1 denotes the specific rate of conversion of (AB) to C.
For the equilibrium in step (1)

_ (AB)
Ki=w®)
Therefore,

d(AB) _
—gi = FIKH(A)(B)

The ordinary rate equation for this reaction would be

d(AB) _
"d—a - obs(A)(B)
Then
kobl = kIKI

Eyring and others have shown,!? on the basis of modern concepts of
quantum and statistical mechanics, that a reasonable value for k} may
usually be obtained from the relation

RT
k= W
where R is the Boltzmann gas constant, h is Planck’s constant, and N
is the Avogadro number.
The equation then becomes

RT

kom = 75

K}

This relation is useful because K} is an equilibrium constant, to which
. the familiar thermodynamic relations and calculations are applicable.
Thus,

AFf = — RT In K} = AHY — T ASt

[4
12 GLASSTONE, LAIDLER, and EYring, ‘‘ The Theory of Rate Processes,” McGraw-
Hill Book Company, Inc., New York, 1941.
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where AFf, AH{, ASt represent changes of free energy, enthalpy, and
entropy, respectively, tnvolved in the formation of the activated complex.
From the above,
RT TR

Kove = oy - €-AFI/ET = N - @bSI/R . g—AHY/RT

Nh
Comparison with Eq. (19)
ko = ae—E/RT

shows that the energy of activation (E) corresponds closely to the enthalpy
of activation (AHI). Actually, ¥ = AH}f — RT. The frequency factor
a will be determined essentially by the entropy of activation (ASt). It
may also be noted that the RT/Nh term serves to explain the discrep-
ancies already noted in the application of the Arrhenius equation to
various reactions.

The influence of concentrations of the reagents upon the rate of reac-
tion is explained by their influence upon the position of equilibrium and
thus upon the concentration of the activated complex. The influence
of temperature upon the rate is explained by its influence upon the value
of the equilibrium constant K{.

The transition-state concept has the advantage that the rate of reac-
tion may be easily calculated whenever the necessary energy values are
known. The major difficulty in its use at the present time is that the
methods whereby these energies must be calculated are those of quantum
and statistical mechanics. The calculations are quite laborious, and
numerical values of the energies have not been calculated except for
very simple reactions. These energy quantities may however be deter-
mined experimentally.

Summary and Comparison. A complete reaction process may be
visualized as consisting of three steps:

€)) A+M=A*+M

@) A* + B= (AB)

3) (AB)-»C+D
A4+B->C+D

In step (1) a molecule of reagent A collides with some other molecule
M and gains energy. In step (2) an activated complex is formed; and
in step (3) the complex decomposes to form the products.

According to the collision theory, step (1) or (2) controls the overall
rate. According to the transition-state theory, the third step determines
the rate, and it depends upon the concentration of activated complexes.
Actually there is no fundamental conflict between these theories. It is
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probable that the mechanisms of both theories are involved in a reaction,
the mechanism of one theory or of the other controlling the rate according
to the special conditions that prevail.

At present, rates of reaction have been predicted successfully in but
few cases. The frequency factor and the energy of activation must
usually be determined from observed rates of reaction and the results
summarized according to Eq. (19). In some cases, it has been necessary
to introduce a correction factor into the transition-state equations to
represent the probability of the activated complex crossing the energy
barrier.

CATALYSIS

Kinetic studies show that a catalyst increases the rate of an overall
reaction by providing new intermediate steps that require lower energies
of activation. The final product is then formed more rapidly under the
same conditions of temperature and concentration. The catalyst is a
true reagent and only seems to take no part in the reaction because it is
constantly regenerated. It has already been shown that a molecule
must acquire a certain minimum of energy in order to react, and that
the height of this energy barrier—as measured by the activation energy
(E) or enthalpy (AH})—is a primary factor in the rate of reaction. The
catalyst may serve (through formation of some intermediate compound)
to make available a “‘pass’’ through this energy barrier, 7.e., a reaction
mechanism involving a lower energy of activation. For example, the
thermal decomposition of diethyl ether requires an energy of activation
of 53,000 cal/mol. A trace of iodine catalyzes this reaction, decreasing
the energy of activation to 34,300 cal/mol.

Distinction is sometimes attempted between an “intermediate com-
pound”’ type of catalyst and a ‘“contact’ catalyst. The latter appar-
ently functions by mere contact with the reagents. -

A well-known example of ‘‘contact catalysis” is the decomposition
of ethyl alcohol. In the presence of metallic copper, the principal reac-
tion is dehydrogenation:

Cu
CsHsOH g CHaCHO + Hz

When alumina is used instead of copper, the alcohol is dehydrated,

Al,0,
C.H;0OH — C.H, 4+ H.O

This phenomenon is explainable only on the basis of interaction between
the alcohol and the catalyst. Careful study shows that the alcohol is
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adsorbed on the catalyst surface. Thus one may write intermediate reac-
tions such as, -

Cll + CzHaOI‘I b d (CllCszOH)
(Cu.C.H;OH) — CH3CHO + H,; + Cu

Some such adsorption is involved in the functioning of contact catalysts
in general. In every case, an effective catalyst is an integral reagent in
the true mechanism.

The preceding reactions illustrate what may be called ‘selectivity”’
of a catalyst for promoting only a certain reaction or type of reaction where
more than one type is possible. This characteristic is of major practical
importance, since catalysts can often be found that promote only a
desired reaction. With the use of such a catalyst, there is much less
time for undesired side reactions to occur and the yield of desired product
is correspondingly greater. In addition to the time factor, a catalyst
may increase further the yield of desired product by permitting the
reaction to be carried out under milder or more favorable conditions of
temperature and pressure so that undesired side reactions actually
proceed at slower rates.

A catalyst usually lowers the energy of activation, but this is not the
only means by which it may influence the rate. In recent studies on
denaturation of proteins, certain reactions that show comparable rates
have widely different energies of activation. Reaction velocity also
involves a frequency factor, and this may conceivably be affected by a
catalyst. In terms of the transition-state theory, alteration of the fre-
quency factor involves a change in the entropy of activation. In certain
cases of thermodynamic cquilibria, entropy differences are of greater
importance in determining the point of equilibrium than are the enthalpy
differences. The same considerations should apply to the point of
equilibrium of the transition state (whose relation to reaction rate is
discussed in the preceding section).

COMPLEX REACTIONS

As previously discussed, interpretation of reaction mechanism is com-
plicated by the fact that an overall change (as represented by a simple
stoichiometric equation) frequently involves a series of consecutive
“reactions’’ in the kinetic sense.

In some cases (as in nitrogen pentoxide decomposition) one step may
be so much slower than any of the others that it determines the rate of
the whole process. Other cases are much more difficult to represent
by rate equations because several consecutive steps have rates of the
same order of magnitude and each is influential upon the overall rate.
Such complex reactions may be classified into three types:
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1. Opposing Reactions: _
For the reactions

A=B+C

— =55 = (&) = k(B)(©)

where %, and k, are rate constants for the forward and reverse reactions,
respectively. Such a system finally attains equilibrium, where the
equilibrium constant is

Therefore
d(A)

K
— g5 = k) - £ ®©

’
Accurate determinations of both the equilibrium constant and the
rate of approach to equilibrium at various (,oncentlatlons permit &k, and
k2 to be calculated.
2. Side Reactions:

A—B
N
C

— ) _ k@) + k)

This situation is very common in organic reactions. The rate con-
stants are determined best by measuring the rates of appearance of the
products B and C independently. Many systems are much more com-
plex, involving several different products.

3. Consecutive Reactions:

A-B->C
d(A) d(B)

ST i 1(A) and - = ks(B)

Rate calculations here are complicated by the fact that the rate of
the second step depends upon the continuously changing concentration
of B.

Only the simplest possible cases—such as that of two successive
first-order reactions—may be solved, unless independent methods are
available for determining the concentration of each intermediate sub-
stance as well as that of the final product. If more than two steps are
involved or if any step is of higher order, the relations become too com-
plex for solution from overall rate determinations.
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CHAIN REACTIONS

A chain reaction may be regarded as an important special case of
consecutive reactions. In a chain reaction, one or more of the first
products is itsclf a reagent (‘‘chain carrier’’).” A chain carrier is con-
sumed by one step but emerges from a later step, so that a given series
of steps may be repeated indefinitely. The reaction between hydrogen
and chlorine is a classical example:

This is not a simple bimolecular reaction but is rather the result of the
“chain’’ of reactions:

(1) Cl+ H, > HCl+ H
@) H + Cl, — HCI + Cl

where steps (1) and (2) depend upon each other but continue in alter-
nating sequence as long as conditions are favorable.

The chain is initiated by the formation of atoms of hydrogen or
chlorine. Thus a hydrogen-chloride mixture that reacts very slowly in
the dark may explode when exposed to light because the light may cause
dissociation of the chlorine molecules and initiate numerous chains.

The steps shown above might continue until hydrogen or chlorine is
exhausted, except for the occurrence of *‘chain-breaking” reactions that
destroy the chain carriers, e.g.,

H4+H-H.
Cl + Cl1-Cl,
H + Cl — HCl

In general, the combination of atoms into molecules results in chain
breaking.

It may be noted that the rate of production of hydrogen chloride
depends upon a complex balance between the rates of chain-starting,
chain-propagating, and chain-breaking steps.

This complex mechanism is also sensitive to experimental conditions.
Recombination of atoms occurs readily on many surfaces; therefore the
rate may be decreased very materially by increasing the relative amount
of surface exposed to a reaction mixture. Any other substance or
impurity present may influence the rate by reacting with and thus destroy-
ing chain carriers.*

In other cases, the surfaces of vessel walls or of other substances
tncrease the rate by producing chain carriers.

* Certain substances suppress a reaction when present in very small or “trace”
concentrations by destroying chain carriers. These are chlled “inhibitors.”
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Free Radicals. Propagation of a chain requires very active ‘‘car-
riers” or reagents containing sufficient energy to undergo rapid reaction
without further activation. Free atoms are active chain carriers, but
there are many chain reactions in which free atoms play only a minor or
insignificant part. ‘

Hexaphenylethane molecules are known to dissociate into two non-
ionic groups in solutions. Lead tetraethyl when heated forms particles of
sufficient reactivity to remove thin metallic mirrors previously deposited
on a glass surface. Such particles must be ‘“free radicals’’—groups such
as C,H;—existing uncombined. There is ample spectroscopic and other
evidence of the existence of the free radicals, CH; CH, OH, CN, and
many others. Free radicals are molecules in the physical sense but are
inordinately ‘‘unsaturated’’ or reactive in the chemical sense.

Free radicals may act as chain carriers just as do free atoms. The
photochemical decomposition of acetaldehyde, corresponding to the
overall reaction

CH,CHO — CII, + CO
appears to have the chain mechanism

CH;CHO + light — CH; + CHO
CH; 4+ CH;CHO — CH, + CO 4 CH;

The chain-breaking steps apparently involve the reaction’
CH; + CHO — CH3;CHO

Chain Branching. Studies of oxidation reactions show that if the
reaction of a chain carrier results in the production of not one but two
new chain carriers, the resulting ‘“branched chain” will show rapid
acceleration and explosion. When branching occurs and chain carriers
are not removed, the result is a rapid accumulation of carriers with con-
sequent increased reaction and further production of carriers; this results
almost instantaneously in a reaction of explosive rate.

Consider the hypothetical reaction of 1 cc of a stoichiometric (2:1)
mixture of H, and O, at standard conditions. For the purpose of this
illustration, assume that OH is the only chain carrier. If one new radical
is formed for each radical reacting, the number of H; molecules reacting
will effectively equal the number colliding with an OH radical. The
number of collisions per second is approximated by the formulat®

" 4
z = 2’n1n2(0'1,2)2 (2"::'7)

13 KasseL, L. 8., “Kinetics of Homogeneous Gas Reactions,” p. 31, Reinhold
Publishing Corporation, Néw York, 1932,
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where ¢;,2 = ‘““collision diameter,”” approximately 3 X 10~8 em

r = gas constant, per molecule

p = “reduced mass’’ (function of molecular weights)
_ mm.
T m+ m,

n; = 10H radical
ny = 1.73 X 10!®* H, molecules

then,
z = 9.18 X 10° collisions per second

and according to Eq. (14),

whence,
k=531 X 1010

If n; remains constant at 10H per ce, the reaction is first-order with respect
to rate, and the half life for consumption of hydrogen is

0.693
531 % 10-10 "¢ = 41.4 years

Now suppose instead that branching occurs in fraction f of all hydrogen
collisions. Then, at any given moment,

n1=l+fz

Ne = a — 2

where a = initial concentration of H, and z = concentration that has
reacted. The relation between time and collisions for constant frac-

tion of branching is
1 a(l +72)] _
[z [ 2] - w0

Accordingly, if 1 per cent of the collisions result in branching (f = 0.01),
the time for 99.9 per cent of the hydrogen to react is 5.57 X 107 sec.
Although these times are only rough approximations, they show the
enormous influence of chain branching on rate of reaction. Branching
of only 1 per cent of the chain steps accelerated a very slow reaction to
explosive rate. Borderline conditions of pressure and temperature at
which chain branching becomes appreciable are called ‘explosion limits.”
A branched-chain reaction is not necessarily explosive. Reactions
on surfaces or with other molecules in the gas phase may remove the
extra chain carriers as rapidly as produced. The overall reaction may
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then have any rate between very slow and explosive depending upon the
balance between branching and breaking steps.

Evaluation of Chain Reactions. The kinetic equations become highly
complex when applied to a series of consecutive steps such as occur in
chain reactions. This leads to different and more elaborate techniques
for studying chain reactions than are needed for simple rate studies.
For example, a chain reaction may be carried out as a continuous process
under carefully controlled conditions and flow rates, so that concentra-
tions of all reagents at a given point attain a dynamic equilibrium or
remain constant with respect to time.

With whatever information is available beforehand, a postulation of a
possible or probable series of reactions is made, that is supposed to include
all transitory and terminal products. The single and collective effects
of different variables are studied, such as temperature, pressure, surfaces
(clean and coated with salt, vessel-packing materials to provide additional
surface area), and extraneous reagents. The effect of each of these
variables upon the rate is then checked for theoretical agrecement with
the postulated reactions. Where discrepancies appear, further experi-
mental data may be needed. Quantitative kinetic evaluation of a chain-
reaction mechanism is a tremendouy job beset with many difficulties.

THE HYDROGEN-OXYGEN REACTION

Chain reactions are of major practical importance if for no other
reason than that combustion reactions are all of the chain type. The
efficient operation of spark ignition and of diesel engines depends upon
the control of chain reactions between the fuel hydrocarbons and oxygen
of the air. Gas-phase combustion reactions are very rapid in a kinetic
sense and are called ‘‘explosive’” when the rate tends to become almost
infinitely fast.

The hydrogen-oxygen reaction has been the subject of very extensive
studies, since it is an almost ideal example of chain, combustion, and
explosion reactions. It is the simplest overall combustion reaction
(with the possible exception of formation of CO), and the only one of
which both qualitative and quantitative knowledge is as yet nearing com-
pleteness. A recent article by Lewis and von Elbe! treats this reaction
comprehensively.

At certain temperatures, there are three distinct boundary values of
total pressure, designated as first, second, and third explosion ltmits. Upon
increasing the pressure, the reaction rate changes from slow to fast, fast
to slow, or slow to fast, respectively, when first, second, or third limits
are traversed. Although the exact pressures at which these phenomena

14 J, Chem. Phys., 10, 366 (1942).
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occur are influenced by the nature and area of exposed surface, typical
values encountered at 570°C are shown in Fig. 6. The explanation of
the phenomena will now be outlined.

Reactions in the combustion of hydrogen involve chain carriers of
which OH is very prominent. Exactly how the first OH radicals are
formed is not of great importance, but it seems that hydrogen peroxide
forms in traces on the walls of the containing vessel and may then
decompose,

H,0.+ M —-20H+ M

where M is any third body such as the wall or a gas molecule.

3rd. explosion lrmit

Increasing rate of reaction —
Tst explosion lirmit
_ _2nd_explosion lirri¥

1 1 1 L 1 1 I
0 100 200 300 400 500 600 700 800
Pressure of 2H,+0,), m.m.

I'ta. 6.—Explosion limits of stoichiometric hydrogen-oxygen mixture at 570°C.

The important chain steps in the conversion of hydrogen molecules
into water molecules are

(1 OH+H, - H,O0+H
(2 H+0,—-0H+O0
3) O+ H,—»OH+ H

Step (1) is chain propagating, producing one molecule of final product
(water), plus an atom of hydrogen to carry on the chain. Steps (2)
and (3), however, are branching reactions, in which each radical destroyed
produces two others. When steps (2) and (3) predominate, the rate of
reaction will accelerate to explosive velocity.

First Explosion Limit. There are two distinct means by which chain
carriers may be removed: by reactions at solid surfaces and by reactions
in the gas phase. Below the first explosion limit, the rate of reaction
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becomes very small because chain carriers rapidly find their way to the
walls where they are destroyed. At comparatively low pressures where
few molecules are present, H, O, and OH may collide with the walls and
be absorbed before they collide with H, or O, molecules in the volume.
Thus the reaction remains slow. Increased pressure increases the prob-
ability of collision with other molecules before the chain carriers reach
the walls. As soon as a condition is reached at which the H, O, and OH
are produced faster than they are eliminated at the walls, explosion
occeurs.

Support of this concept is obtained from the experimental fact that
the first explosion limit varies consistently with the size and shape of the
reaction vessel, the nature of its surface, presence of solid packing mate-
rial, etc.

} Second Explosion Limit. A second limit will exist if H, O, or OH
radicals react with some gaseous molecule that effectively destroys them.
At high pressures, gas-phase collisions are frequent and chain carriers
may be removed with sufficient rapidity to keep the reaction slow. A
decrease in pressure to the point where these reactions could not remove
the carriers as fast as produced would then result in explosion.

In Hz-O; mixtures the homogeneous chain-breaking mechanism is

@) H+ 0.+ M — HO, + M

where M may represent any third particle (such as N, H;O, etc.) present
in the mixture and involved in a collision. HO, is not a stable ‘“‘com-
pound” in the ordinary chemical sense, but it is far less active than the
H atom. It can exist long enough to reach the walls of the container
and be adsorbed there, thus effectively removing H from the reacting
mixture.

There are two possible type reactions upon collision of H and Oa:

(4) (2)
0. 0.
HO;,+M <~ H—-OH 4+ O
M
(slow reaction-)*- 111?6 é?f _I:_I: H.0
+ o+ 4+
H H H
(explosion)

As indicated, an explosion occurs when step (2) predominates. An
increase of pressure promotes the three-body step (4) relatively more than
it promotes the two-body step (2), thereby suppressing branching.

At the second explosion limit, an increase of pressure actually pre-
vents explosion by the effects just noted.
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Third Explosion Limit. A reaction that is self-propagating must be
exothermic. Thus the temperature of a reacting system tends to rise,
whereupon an increasing fraction of the reagents becomes activated or
forms radicals, and the rate is then self-accelerating. However, as soon
as the temperature of the system becomes higher than that of the sur-
roundings, heat is transferred out of the system. The maximum tem-
perature attained by a reacting system depends upon a balance between
rate of heat generation and rate of heat loss. Under favorable conditions,
of which high pressure is a very important factor, a reaction may acceler-
ate to explosive velocity.

The third explosion limit for the hydrogen-oxygen reaction shown on
Fig. 6 apparently has a thermal basis. In contrast to the first and second
limits which exhibit abrupt changes, temperature and rate at the third
limit increase slowly at first but accelerate steadily to a final explosive
velocity.
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Exercises

1. The free energy of isomerization of butane

n-butane = isobutane

is 41,700 cal at 900°K and —160 cal at 400°K.

a. What percentage of isobutanc in a mixture with n-butane is it theoretically
possible to obtain by thermal isomerization of n-butane at 900°K?

b. What percentage of isobutane is possible by catalytic (AICl,—HCI) isomeriza-
tion of n-butane at 400°K?

2. If methane is in equilibrium at 900°C and 1 atm with a producer gas that
contains 10 per cent Ho,
C 4 2H, = CH,

what per cent methane does the gas contain?
8. The secondary reaction from burning coke with insufficient air is

CO; + C - 2C0

If a gas from dry air is at equilibrium at 900°C and 1 atm, what per cent of CO;
will it contain?

4. Calculate the heat liberated on burning a mol of CO with theoretical air, taking
into account the equilibrium between CO and CO: at atmospheric pressure and (a)
2000°C and (b) 2500°C.
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Nore: Fraction CO at equilibrium = ¢ = (——---’-’ 99.~-~)
pco + pco:

and heat liberated

=Qr = (1 — ¢) [Qu* — (MCProsots = MCPproas) (t — 15°)]

Assume Qisc = —AH e from Table 1, Chap. V.

6. For decomposition of n-heptane (assumed to give only n-heptene and hydrogen)
with an initial pressure of 190 mm heptane, the time required for 25 per cent decom-
position of the heptane is 130 sec at 540°C<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>