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FUEL ECONOMY AND
CO2 RECORDERS

CHAPTER I
PRINCIPLES OF COMBUSTION

Many believe that to understand combustion and other matters,
such as flue-gas analysis, it is necessary to have a good knowledge
of chemistry. This is not so. However, it is easiest as one goes
along to have a working idea of a few simple technical terms.
Therefore, when you come to paragraphs dealing with dry
definitions do not shy around them but wade through. They are
there for a purpose and you will be paid for your trouble.

When an engineer talks about combustion he means the burning
of such fuels as wood, peat, the various grades of coal, such as
lignites, bituminous coals and anthracite; coke, oil, gases and
such byproduct fuels as tar, bagasse, which is sugar cane after the
sugar has been extracted, spent tan bark, corn and corn cobs, etc.

The principal element in all of these fuels is carbon which, by
the way, is one of the most widely distributed elements in nature.
The diamond is pure carbon; sugar contains a large proportion of
it; coke is almost pure carbon; paper contains carbon, so does ink;
plants, trees, etc., are composed largely of carbon, and even the
human being has a large percentage of this element in his
makeup.

It is now important to know what an element is. Any gas,
liquid or solid which cannot be changed by some process or other
which causes chemical change, into two or more substances of
distinctly separate natures is called an element. On the other

hand, a gas, liquid or solid which can be changed is called a com-
I
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TABLE L—COMBUSTION DATA

Col. 1 Col. 2 Col. 3 Col. 4
Nemeol Element | it | Copbimbe [ Ognbusien
Carbon C 12 C+ O0=CO
C + 20 = COx
CO+ O = CO,
Hydrogen H 1 2H+4 O = H,0
Sulphur S 32 S 4+ 20 = SO,
S + 30 = SO,
Oxygen (0] 305 MR e SN
Nitrogen N B A s i %o o 4 e o
Col. 5 Col. 6 Col. 7 Col. 8
Heat Liber- | Pounds of Oxy- ' Pounds of Air
Compound Pormed | tedyBte. | genRequied | Reapired per
. Combustible Combustible Combustible
Carbon Monoxide (Incom- 4,450 1} 5.76
plete Combustion)
Carbon Dioxide (Complete 14,600 2} T 52
Combustion)
Carbon Dioxide 4,350 % 2.47
Water 62,000 8 34.56
SelcEaRDoxidarss iSRS i el s
SulpimesRrioxide S8 S e S B B S E T s LT L,

pound. To illustrate, pure iron is an element because there is no
way to convert it or “break it up” into anything but iron. Iron-
rust, however, is a compound, because it is a chemical combina-
tion of iron and oxygen and can be divided by a chemical process
into iron and oxygen. Water is a compound because it can be
divided by intense heat or by electricity into two gases, hydrogen
and oxygen.

These two gases, hydrogen and oxygen, are elements because
it is impossible to convert them into anything but what they are.
They may, however, be reunited chemically with other elements
or with compounds and form many different substances. Air
is neither an element nor a compound. It is simply a mixture
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of elements, mainly oxygen and nitrogen, which may be separated
without any chemical change-taking place in the mixture.

Although there are thousands of chemical compounds, there are
but 79 known elements and nearly half of these are exceedingly
rare ones. In the study of combustion, we deal with but the
five shown in Table I.

There are two kinds of changes possible in nature, physical
changes and chemical changes. A physical change is one that
affects the form of a substance but not its character, while a
chemical change usually affects both form and character. Two
examples of physical changes are the freezing of water to form
ice and the heating of water to form steam. While each of these
causes the form of the water to change (in one case to a solid; in
the other to a vapor) the composition remains exactly the same.
If you take a lump of coal and hammer it into a powder you have
caused only a physical change, for you have only changed the
form of the coal from a lump to a powder which is simply a mass
of very small lumps of coal having the same characteristics as the
original big lump. But if you burn a lump of coal, it gives off
light and heat and the coal changes into an ash and some in-
visible gases. This is a chemical change because the nature of
the substance is completely altered. First you had coal, composed
of a large proportion of carbon and small proportions of other
substances, such as hydrogen, sulphur, etc. After the change
you had left a little ash. The rest of the coal was converted into
gases and these passed off into the air.

From this, then, we can describe combustion as a chemical
combination of one or a number of combustibles (such as those in
Table I), with oxygen (the supporter of combustion), when light
and heat are produced.

A fact which is very fortunate from our point of view is this:
Chemical elements follow exact laws when they enter into
chemical combinations with each other; a fixed weight of one ele-
ment always combines with a fixed weight of another to form a
given compound. Also, a definite amount of heat is always
created when a given combination takes place. Thus, when
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hydrogen, one of the combustible elements of many fuels, burns, it
always requires a fixed amount of oxygen; it always causes a
certain amount of heat, and it always results in a certain quantity
of the product of its combustion.

CARBON

Carbon in its pure state is a solid, such as graphite and
diamonds. As found in solid fuels, part of it is pure and part is in
combination with hydrogen forming hydrogen-carbon combina-
tions which, for brevity, are spelled and pronounced hydrocarbons.
The pure carbon part of a fuel is usually referred to as ‘““fixed
carbon” because when the fuel is heated the hydorcarbons
vaporize and pass off in the air, the same as water in a sponge
vaporizes and passes off. The pure carbon remains behind,
consequently we say it is ‘““fixed.”

In liquid fuel, such as crude oil or any of the products of crude
oil, such as kerosene and gasoline, carbon is not found in the pure
state but is always present in combinations with hydrogen as
hydrocarbons. Carbon exists in gaseous fuels, such as natural
gas, illuminating gas, blast-furnace gas, etc., but only in com-
bination with either hydrogen or oxygen (principally with hy-
drogen in the shape of hydrocarbons).

When carbon burns completely, it always requires a certain
amount of oxygen, and hence, a certain amount of air, because
the oxygen is supplied by the air and the proportion of oxygen
found in the air is the same in New York as it is in Punxsutawney
or San Francisco; in fact, the proportion remains the same the
world over. You may supply more oxygen by supplying more
air but the excess will not be used. A given amount of carbon
will use (or combine with) only so much oxygen, never any more
and never any less.

Did you notice in the beginning of the last paragraph that it
was said “when carbon burns completely”? Care was taken to
specify complete combustion because carbon will undergo partial
or incomplete combustion when conditions are not right for
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complete combustion. But this need not worry us, because this
incomplete combustion also follows definite laws. A certain
amount of carbon incompletely burned will use a certain amount
of air every time and will give up a certain amount of heat every
time. What the oxygen or air requirement is in each case and
what the amount of heat is created will be taken up later. Just
now we will talk about some of the other elements.

HYDROGEN

Pure hydrogen is a colorless and odorless gas. It exists in coal
in combination with carbon, forming the hydrocarbons mentioned
before. These hydrocarbons form the principal part of the
volatile matter in coal. When a coal is heated to a certain tem-
perature, certain quantities of vapors or gases are given off,
depending on the nature of the coal. With bituminous or “soft”
coals, large quantities are given off; with anthracite or “hard”
coals only small quantities are given off. These vapors or gases
are known as the volatile matter of the coal. Hydrogen is like-
wise found in a combined state in the liquid fuels. In gaseous
fuels it exists in both the free and the combined state.

When hydrogen burns, it burns completely; there is no part or
half-way process with it as is the case with carbon. Hydrogen
produces intense heat and as a fuel it has great value.

SULPHUR

Sulphur in its pure state is a yellow solid substance which
burns very easily and forms a disagreeable smoke. It exists to
some extent in practically all coals and fuel oils. It is undesirable
in fuel because its heat value is very small and because it tends
to form an acid which quickly corrodes the ironwork of flues and
chimneys. Sulphur also increases the clinkering properties of
the coal. Ordinarily the amount of sulphur found in coal and
oil is small, and hence, because its heat value is low, we can
easily afford to ignore it in our calculations. It is well to bear
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in mind, however, that the less sulphur a fuel contains the more
desirable it is. ¢

MoisTuRE, AsH, E1cC.

In addition to the elements just mentioned, all solid fuels
contain water, ash and a few other impurities. The water is
usually referred to as moisture. This water cannot be squeezed
out like water from a sponge, but it can practically all be dried
out from coal simply by heating the coal for a certain length of
time. In oil fuel, which also contains moisture, most of the water
will settle out when the oil is allowed to stand for a sufficient time.

The amount of moisture which a coal contains depends almost
entirely upon the nature of the coal. Some coals are more sponge-
like than others; that is, they have greater capacity for holding
water than others. The amount of ash or unburnable solid
material in coal also varies greatly with the kind of coal, and some-
times the same kind of coal will run very unevenly in this respect.
As ash and moisture do not create heat, naturally, the less of
these a fuel contains the better it is.

In addition to the ash and moisture, coal contains a few other
impurities, principally oxygen and nitrogen. The latter need
not worry us in the least because the amount of it is small and it
has but slight effect on the results anyhow. The oxygen con-
tained in coal sometimes runs rather large in quantity and hence
it is important to know about it, although in our ordinary work
in boiler-room economy we can afford to forget about it, and we
will, later on, when we ‘“get down to cases.” But it is a good
idea to get a fair understanding of the whole story so that when
we read technical articles and reports we will have some idea of
what they are all about.

Even the scientists are not certain as to exactly what form
oxygen exists in coal. They are not sure whether it is there as an
element, that is, as free or uncombined oxygen; or as a compound
with hydrogen in the form of water so tightly mixed up in the coal
that no amount of heating, short of burning, will drive it out
like ordinary water; or whether it is in the coal in some com-
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bination with carbon as carbon dioxide or CO,. However, it is
generally believed, and always assumed that the oxygen exists in
the coal as a compound with hydrogen in the form of water.
Hence, when an analysis of a coal shows that it contains both
oxygen and hydrogen, only part of the hydrogen is considered as
available for combustion. The other part is considered as being
already combined chemically with the oxygen of the coal in the
form of water, H;O. And, as water is noncombustible, the
hydrogen thus combined is useless as fuel. Hence, when you see
the term ‘““available hydrogen” in a report of a coal analysis,
you will know that it means, not all the hydrogen found in the
coal, but only the part which is in excess of the amount required
by the oxygen existing in the coal to form water.

A1r

Air is composed of the gases, oxygen and nitrogen, and very
small quantities of a few other elements and a few compounds.
The oxygen and nitrogen form such a large part of the air (99 per
cent. or more) that for all practical purposes they are the only
constituents to be considered. As found in the air they are both
pure, that is, uncombined with any other elements.

Some people have difficulty in realizing that a gas has weight.
They think: “You never could weigh a gas; it is too light; it
would not stay on the scale.” Consequently, they get confused
when they read about pounds of air or pounds of oxygen. It is
really easy to weigh a gas if you have a good strong tank or
cylinder and a pair of scales that are very sensitive and accurate.
Suppose you wished to weigh air, for instance. Although air is
not a simple gas, but a mixture of the two gases, oxygen and ni-
trogen, it makes no difference, the action is the same.

Close the valve on the tank, put the tank on the scale and
weigh it. We know that the tank is full of air at atmospheric
pressure, because a pressure gage attached to the tank would
show zero pressure. Now, connect a good vacuum pump to the
tank and pump and pump and pump until the vacuum gage
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shows as near 3o in. of vacuum as you can get it to show. Then
weigh the tank again. This time the weight will be less, proving
that air has weight. If the temperature of the air was 6o deg.,
if the tank had a capacity of 5 cu. ft. and if it weighed 75 lb. the
first time, it would weigh something like 74.618 lb. the second

F1c. 1.—Experiment to show that air has weight.

time, showing that the 5 cu. ft. of air pumped out weighed 0.382
Ib. or that air at 6o deg. temperature and atmospheric pressure
weighs

0.382

5

= 0.0764 Ib. per cubic foot.

(By the way, it was not necessary to close the valve on the tank
for the first weighing. But this is another story to be taken up
later.) ;
You will notice that the temperature of the air when the weigh-
ing took place was specified. This was done because air (or any
gas) is a very elastic fluid and expands and contracts very easily
by being heated and cooled; hence its weight per cubic foot
changes with change of temperature; that is, unless it happens
to be inclosed in some vessel that will not let it expand. Then it
is not the volume nor the weight that changes, but the pressure.
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If you think of a gas as a very light fluid it is easy to realize
that it has weight just the same as any other fluid, such as water.

By volume, air is composed of 21 per cent. oxygen and 79 per
cent. nitrogen. That is, out of every 100 cu. ft. of air, 21 cu. ft.
is oxygen and 79 nitrogen. By weight, air is composed of 23.15
per cent. oxygen and 76.85 per cent. nitrogen. That is, out of
every 100 lb. of air, 23.15 Ib. is oxygen and 76.85 Ib. nitrogen.

MEASUREMENT OF HEAT

Now, before we take up combustion, coal analysis and similar
subjects, we ought to get a good working idea about how heat is
measured because it is necessary to measure the heat generated
and absorbed so as to know what results we are getting.

Heat is measured by its intensity or degree and by its amount
or quantity. If you lighted an ordinary match and held it so the
flame struck the business end of a quick-acting thermometer
that could stand the treatment, the thermometer would indicate
a certain temperature, let us say goo deg. Then, if you lighted
two matches and held them so that both flames struck the ther-
mometer it might astonish you when you found the thermometer
showed only the same temperature as before. You could easily
see that there was twice as much flame and it stands to reason
that there was twice as much heat because you were burning
two matches instead of one and two matches have twice as much
wood as one. Then, why was not the temperature twice as great?
Because the temperature or the intensity of heat depends upon
the nature of the fuel and the way it is burned while the amount
burned determines the quantity of heat created. The fire under a
so-hp. boiler may be just as “hot,” the temperature may be just
as high, as the one under a 500-hp. boiler, yet it does not do as
much work, that is, heat as much water, because it does not burn
as much fuel and consequently does not generate as great a quan-
tity of heat.

Now, it is seldom possible to measure the quantity of heat
direct, but it is quite easy to calculate the quantity when the
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melting ice has a temperature of 32 deg. and boiling water a
temperature of 212 deg.

The unit of heat quantity commonly used is the British thermal
unit or the B.t.u., as it is usually written and pronounced. It
gets its name from the fact that British scientists established it or
used it first and the word thermal means heat or warmth. An-
other way of expressing it would be, British unit of heat measure-
ment. In fact, we often use the term heat unit when we really
mean B.t.u. ;

One B.t.u. is the quantity of heat required to raise the tem-
_ perature of 1 lb. of water 1 deg.! As a gallon of water weighs 8%
lb., it requires 8% B.t.u. to raise the temperature of 1 gallon 1 deg.,
or 16% B.t.u. to raise the temperature 2 deg., and so on.

Thus, when a given coal is said to have a heat value of 13,800
B.t.u. per pound, it is meant that if all the heat caused by the
complete combustion of 1 Ib. of that coal could be transmitted
to 13,800 lb. of water it would raise the temperature of that
water 1 deg. Or, if all the heat could be transmitted to, say
138 1b. of water, it would raise the temperature of that water
just oo deg., because

138 X 100 = 13,800

The pounds of water heated multiplied by the number of degrees
the temperature has been raised equals the number of B.t.u.
Indeed, the standard method of finding the heat value of a
fuel is to burn a small sample of it in a tight steel bomb under
water. Theheat caused by the burning of the sample is then all
absorbed by the water and by multiplying the weight of the

1 This is only approximately true. It takes a different amount of heat to
raise a pound of water from 32 deg. to 33 deg. than it does to raise it
from 100 deg. to 1o1 deg., or from 211 deg. to 212 deg. The B. t.u.,therefore,
is variously defined as the amount of heat necessary to raise a pound of
water 1 deg. at its temperature of maximum density, about 39 deg.; or, at
some arbitrary temperature, 6o or 62 deg., because that is assumed to be the
average temperature of the surrounding air when experiments to determine
the amount of heat are made; or 1} of the amount of heat required to raise
a pound of water from 32 to 212 deg. (the average amount of heat per degree).
The latter definition is finding the most favor.
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water by its rise in temperature and dividing by the weight
of the sample, the heat value of the coal is calculated direct in
B.t.u.perpound. Thus,if we burned a small sample weighing one-
five-hundredth of a pound in a bomb immersed in 3 lb. of water
and if the temperature of that water increased from, say, 70.4 deg.
to 75.92 deg.,a rise of 5.52 deg., the heat value of the coal would be

5X5-52 _
e, 3,800 B.tl.u. per pound.

CoMBINING WEIGHTS OF ELEMENTS

Whenever a chemical action, such as combustion, takes place,
the elements or compounds always combine in fixed proportions
by weight. Because of this fact we are able to use Col. 3 in Table
1, which gives the combining weights of the various elements.
Whenever two or more elements combine they do so either in
direct proportion to the numbers shown in Col. 3 or in some mul-
tiple of those numbers. The exact manner in which they combine
is shown by the formulas in Col. 4. Thus, when carbon combines
with other elements it always combines in weights of 12 or some
multiple of 12, such as 24, 36, 48, etc., depending on the for-
mula. When oxygen combines it does so in weights of 16 or
multiples of 16. And so with all other elements, they combine
according to their combining weights or atomic weights as the
chemist usually calls them.

CoMBUSTION OF CARBON

Carbon has two ways of combining with oxygen. One is called
complete combustion and the other incomplete combustion.
Whether combustion is complete or incomplete depends upon
conditions. If sufficient air is supplied to every particle of the
carbon, combustion will be complete; if not, some of the carbon
will be only partially burned.

Taking up incomplete combustion first, the formula in Col. 4 is

C+0=CO
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This means that the carbon combines with the oxygen in the pro-
portion by weight of 12 to-16, because those are the combining
weights of the two elements. This reduces to 1 to 13. Hence,
for every pound of carbon incompletely burned 1% Ib. of oxygen
are required. If 27 lb. of carbon were incompletely burned the
amount of oxygen used would be 36 lb., because the proportion
of 27 to 36 is the same as 12 to 16 or 1 to 14. The figuring is just
the same for all other quantities of carbon no matter whether the
amount is a fraction of an ounce or thousands of tons.

The product of the incomplete combustion of carbon is a gas
called carbon monoxide and its chemical symbol is CO.

The name monoxide is one of those built-up words from mono,
meaning one or one part, and oxide, meaning the chemical union
of oxygen with some other substance. Thus, carbon monoxide
means one part of oxygen united with carbon. When the number
of parts of the other element is not stated it is always taken as
one. Hence, the exact meaning of carbon monoxide is one part
of carbon united with one part of oxygen.

To calculate the amount in pounds of the CO formed it is only
necessary to add the weight of the carbon burned and the weight
of the oxygen required according to the formula; the result is
the weight of the carbon monoxide. What the volume of this
gas is depends upon the temperature as has been explained.

Thus, if 5 Ib. of carbon are incompletely burned the weight of
CO formed is

Weight of carBon i &t Soie e ar e TS bR e A1 e e o v g the 5 Ib.
Weight of exyigen Fequited & m . oot el ot o e 63 1b.
Weight of carbon monoxide formed.................ccoiiieia.... 113 Ib.

This carbon monoxide is a combustible gas and if supplied with
air so that it can unite with the required amount of oxygen it will
burn when heated to its temperature of ignition. Its formula is

CO + O = CO,
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This means that the CO or carbon monoxide combines with
oxygen in the proportion of

C4+0toO
12 4 16 to 16 = 28 to 16

or 1 to ¥§, which equals 1 to 4. Thus, for every pound of CO
burned % of a pound of oxygen is required.

The product of the combustion of CO is a gas called carbon
dioxide, which has the chemical symbol CO..

The name dioxide is built up in a manner similar to monoxide,
the prefix di meaning two or two parts. Thus, carbon dioxide
means one part of carbon combined with two parts of oxygen.
By “parts” it must be remembered we mean ‘‘chemical parts,”
i.e., combining weights as shown in Table I and explained before.
The weight of CO, formed by the combustion of CO is found by
adding the weight of CO burned to the amount of oxygen required
according to the formula. Thus, if 6 1b. of CO were burned to
CO. the weight of CO; formed would be

Woeight SfLCO Durmad s Spahu o F o e N T o L s ol s fe s 6 Ib.
Weight of oxygen required 6 X #....ocvvvnerneneinnenanns _;%}b_.‘
Weight of carbon dioxide formed...............covvunen, o# Ib.

If sufficient air is supplied in the first place so that each particle
of carbon can unite with all the oxygen it desires, complete com-
bustion results, the formula for which follows:

C 4 20 = CO,

This means that the carbon unites with the oxygen in the
proportion of
C 4+ 20 = CO,

12 + 2 (16) = 44
producing $4 = 3% Ib. of CO, for every pound of carbon burned.

Every pound of carbon when completely burned requires $3 = 2%
Ib. of oxygen.
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CoMmBUSTION OF HYDROGEN

When carbon is burned, part of it may be burned completely
to form CO; and the rest may be only partly burned to form CO.
This is not true of hydrogen. The hydrogen either burns com-
pletely or not at all. Thus, if not enough air is supplied for a
given quantity of hydrogen, part of the hydrogen (enough to
use up all the oxygen in the air supplied) burns completely and
the balance does not burn at all.

The formula for the combustion of hydrogen is

2H 4+ 0 = H;0

According to Table I, Col. 3, the combining weight of hydrogen
is 1, that of oxygen 16, the same as in all other cases. Thus,
substituting in the formula, we have

2H+O=H20
2(1) + 16 =

It requires then 4% = 8 Ib. of oxygen for the complete combus-
tion of every pound of hydrogen burned, and the weight of the
product formed is 4,2 = ¢ Ib.

The product formed by the combustion of hydrogen is water
(H20) in the shape of highly superheated steam. This steam
can be condensed just the same as steam made directly from
water can be condensed back into water again.

Sulphur burns with oxygen and forms SO. in much the same
way that carbon burns to form CO,. The formula is

S + 20 = SO,
32 + 2 (16) = 64
From this it will be seen that

35 =1
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of oxygen is required for the combustion of every pound of sulphur
and that
$4 =210

of sulphur dioxide are formed.
Sulphur will also combine according to this formula

S + 30 = SOs

Here } lIb. more of oxygen is required for combustion. These
products (SO: and SOs) easily combine with water and form sul-
phurous and sulphuric acid as follows:

SOz + H20 — HzSOa
SOs + H:0 = H,S0,

These acids strongly attack iron and hence do injury to flues
and chimneys made of that material.

As pointed out previously, the heat value of sulphur is so low
and the percentage of sulphur found in the average grade of coal
is so small that we can easily afford to neglect it completely in
our calculations.

WEIGHT OF AIR REQUIRED

So far we have been talking about and figuring for the quantity
of oxygen required for the combustion of the various elements.

The only cheap source of oxygen for the purpose of combustion
is the air, which is free for everyone to use. The nitrogen of the
air is an incombustible gas; that is, it will not burn with oxygen no
matter how much it is heated, neither will it burn with any of the
combustibles of the fuels. Hence, it is entirely useless for the
purpose of combustion. But, there is no economical way of
separating the oxygen from the nitrogen and as they are thor-
oughly mixed together we must supply the nitrogen to the fire
along with the oxygen.
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As the ratio by weight of nitrogen to oxygen is 76.85 to 23.15,
for every pound of oxygen required we must supply

of nitrogen and hence for every pound of oxygen required we must
supply x

Oxygen + Nitrogen = Air

1 + 3.32 = 4.32 1b. of air

Col. 8, Table I, gives the pounds of air required per pound of
combustible in Col. 4. These figures may be used to shorten the
work when figuring the air required.

If, instead of burning just a single combustible element, such as
carbon or hydrogen, we burn a fuel containing both of these ele-
ments, we figure the oxygen or the air required for the amount of
each element contained in 1 lb. of the fuel just the same as
though that element was the only one under consideration. The
sum of the amounts of air required for each element then equals
the amount of air required per pound of the fuel in question.

Thus, if we had a coal which contained, say 8o per cent. carbon;
5 per cent. available hydrogen; 2 per cent. sulphur; 1 per cent.
nitrogen, and 7 per cent. ash; the air required would be estimated
as follows:

Carbon contained in a pound of the coal equals 0.8 Ib. From
Table I, Col. 8, air required for complete combustion of 1 lb.
of carbon equals 11.52 lb. Then the air required for 0.8 Ib.
carbon equals

0.8 X 11.52 = 9.216 /b.

The available hydrogen equals 0.05 1b.  Air required per pound
of hydrogen (Table I) equals 34.56. Air required for o.o5 lb.
hydrogen equals

0.05 X 34.56 = 1.728 Ib.

Adding these two quantities together, we have

2
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Afr required:fof carbon i coals v T TR TiL L . 9.216 lb.
Air required for available hydrogen................... 1.728 1b.
Airirequired per-pound of coal...... g lias SN L .. 10.944 b,

The air required for the sulphur in the coal we neglect as the
amount of sulphur is small and, besides, the sulphur may already
be combined with some other element and hence be incombustible
anyhow. The ash and nitrogen, being incombustible, require no
air.

Two more illustrations of how the weight of air required for
a given weight of fuel is estimated may assist to fix the method
in mind more securely. Let us assume that we are burning a fuel
oil in our plant which is composed of the following: Carbon, 82
per cent.; available hydrogen, 13 per cent.; moisture, 5 per cent.
How many pounds of air are theoretically required for the com-
bustion of this oil?

In every pound of the oil there is 0.82 Ib. of carbon. Then, as
1 Ib. of carbon requires 11.52 lb. of air for complete com-
bustion (see Table I, Col. 8) 0.82 Ib. will require

0.82 X 11.52 = 9.45 Ib.

Then 13 per cent. of a pound (the amount of hydrogen contained
in 1 Ib. of the oil) equals 0.13 Ib. Referring again to Table I,
Col. 8, 1 Ib. of hydrogen requires 34.56 lb. of air and hence
o.13 lb. requires

0.13 X 34.56 = 4.49 Ib.

Adding the two quantities of air required, we have

Air required by carbon part of 1 1b. of oil.............. 9.45 1b.
Air required by hydrogen part of 1 Ib. of oil............ _4.491b.
Total air required per pound of oil.............couenn. 13.94 b,

If we were burning a gas containing 70 per cent. carbon and
24 per cent. hydrogen, what would be the weight of air required
per pound of gas?
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Air required by the carbon in 1 lb. of gas = 0.7 X 11.52 = 8.06 lb.
Air required by hydrogen in 11b. of gas................ 8.29 1b.

Total air required per pound of gas................. 16.35 lb.

This same method of calculating the amount of air required by
a fuel can be expressed in the form of a formula thus:

W = 11.52.C -+ 34.56 (H — g)

in which
W = Weight of air required per Ib. of fuel;

C /— Welght Of car bOn per ].b. Of fue].,
( —_ —)
8

The available hydrogen is found by subtracting % of the weight
of oxygen in the fuel from the total weight of hydrogen in the fuel
—just as the expression in the formula indicates.

Suppose we had a fuel with this analysis: Carbon, 78 per cent.;
total hydrogen, 7 per cent.; sulphur, 1.5 per cent.; oxygen, 4 per
cent.; nitrogen, 1.5 per cent., and ash, 8 per cent. Substituting
in the formula we have

Available hydrogen per 1b. of fuel.

W = 11.52 X 0.78 + 34.56 (o.o7 - %)

or
W = 11.52 X 0.78 4 34.56 X 0.065 = 11.23 Ib.

of air required per pound of fuel.

For those who wish: to test their understanding of what has
been set forth in the foregoing chapter and who wish practice in
calculations involving percentages and decimal fractions, the
following problems are offered:

Given a coal with the following analysis: Carbon, 78.75 per
cent.; total hydrogen, 5 per cent.; oxygen, 2 per cent.; nitrogen,
2 per cent.; sulphur, 3.75 per cent.; ash, 8.5 per cent. Neglecting
the sulphur, what is the weight of air required for complete
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combustion per pound of this coal? What would be the weight of
the products of combustion?

Given a fuel oil containing: Carbon, 84.85 per cent.; available
hydrogen, 11.15 per cent., and moisture, 4 per cent. What is
the weight of air required per pound of oil and what would be the
weight of the products of combustion?

A feed-water heater is handling 7575 1b. of water per hour. It
raises the temperature of the water from 73 to 197.5 deg. F. How
much heat is being put into the water per hour?

These problems will be fully worked out below.

Substituting in the formula preceding the questions, the weights of carbon
and hydrogen per pound of coal given in the problem, we have

W = 11.52 C 4+ 34.56 ( - —g)

W = 11.52 X 0.7875 + 34.56 (°'°5 o ?’;}2)

W = (11.52 X 0.7875 + (34.56 X 0.0475)
W = g.07 + 1.64 = 10.71 lb.
air required per pound of coal. As the weight of the products of combustion

always equals the weight of air required plus the weight of the combustibles
themselves, we have

Wt. of air required + Wt. of carbon + Wt. of available hydrogen = Wi. of
products of combustion

10.71 4+ 0.7875 + 0.0475 = 11.54 Ib.

In finding the weight of air required for the combustion of the fuel oil,
exactly the same formula is used as in the case of coal, except that the avail-

able hydrogen, represented by the term H — 9, is given and, as a result, our
work is simplified,
W = 11.52 C + 34.56 (II - %)

W = (11.52 X 0.8485) 4+ (34.56 X o.1115)
W = 9.77 + 3.85 = 13.62 Ib.






CHAPTER II
ANALYSIS OF COAL

When you analyze a fuel you find out what it is composed of.
In previous lessons we saw that the combustible or burnable
makeup of all fuels consists of a few elements: Carbon, hydrogen
and sulphur. Besides these combustibles a fuel contains oxygen,
nitrogen and ash. ’

Now as the heat value of a fuel depends upon the amount of
carbon, hydrogen and to a slight extent sulphur which it contains,
it may be important to know what the analysis or makeup of a
given fuel is so as to be able to estimate what amount of heat
ought reasonably to be expected from its combustion under the
boiler.

ULTIMATE ANALYSIS

There are two kinds of fuel analysis; they are called ultimate
analysis and proximate analysis. The ultimate analysis tells the
amount of carbon, hydrogen, oxygen, nitrogen, sulphur and ash
which the dry fuel contains. In other words, ultimate analysis
means complete analysis, giving the proportions of all the
constituents.

To make an ultimate analysis requires expert skill, costly
apparatus and a much more advanced knowledge of chemistry
than we need for our study here. Ultimate analyses are seldom
attempted by any but expert chemists in regular laboratories
suitably fitted for the purpose. However, reports of ultimate
analyses of the coal or oil of a certain district, seam or mine are
often available, and, consequently, it is well to know what an
ultimate analysis is and how to use it in estimating the heat value
of a given fuel.

8
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PROXIMATE ANALYSIS

The approximate, or as it is usually called, proximate analysis,
gives the amounts or percentages of moisture, volatile matter,
fixed carbon and ash contained in the fuel.

Coal is about the only fuel to which the proximate analysis is
applied, although, of course, the proximate analysis of any solid
fuel can be made. The proximate analysis of fuel oil is practically
useless as in the average case there would be but one item, the
oil being nearly all volatile matter.

The moisture is, of course, the amount of water which the coal
has soaked up and this is liable to vary in a given coal from time
to time, depending on the way the coal is stored, state of the
weather, etc.

The volatile matter consists principally of the hydrocarbons
described in the first lesson on this subject. When we say that a
thing is volatile, we mean that it can be changed from the solid,
the semi-solid or from the liquid state into a vapor fairly easily,
and without having its nature changed; that is, without under-
going a chemical change. Quicksilver, or mercury, is a liquid-like
metal which can be turned into a vapor, therefore, mercury is
volatile.

In fuels, the hydrocarbons can be changed into vapors at fairly
low temperatures and driven off without being burned, hence,
they are called volatile. These hydrocarbons exist in a great
variety of form; that is, although they all consist of nothing but
hydrogen and carbon, the proportion of each varies greatly,
making substances of different characteristics. Thus, marsh
gas, or methane, has the chemical formula CHy; acetylene, C.Ho;
olefiant gas, C,H,; ethane, C;He, etc. Each combination has its
own physical qualities. Some, known as “light” hydrocarbons,
have the quality of vaporizing at fairly low temperatures while
others, known as “heavy” hydrocarbons, do not vaporize until
the temperature becomes very high. For instance, gasoline is a
very light hydrocarbon, as it changes into a vapor at about 2co
deg. F., while cylinder oils are composed of heavy hydrocarbons
because they remain liquid at temperatures as high as 600 deg.
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The fixed carbon is the pure or uncombined carbon which
remains after the heating process has vaporized the hydrocarbons;
it can be driven off only by actual burning and not by any process
of vaporizing or distillation.

The ash is simply the unburnable solid matter which fuel
contains, and consists principally of slate, dirt, etc.

The proximate analysis is not difficult to make and it is valuable
in comparing one lot of coal with another, in estimating the heat
value and in checking up furnace operation.

The proximate analysis consists simply of heating an accurately
weighed sample at a low temperature, for a certain length of
time to dry out the moisture. The sample is then weighed again;
the loss in weight divided by the original weight is taken as the
percentage of moisture. The second heating (at a higher tem-
perature this time) and the third weighing give the volatile matter.
And from the third heating (at high temperature) and fourth
weighing, the fixed carbon and ash are determined. Details of
the method will be given later.

TAKING THE SAMPLE

There are really two steps to be taken in securing a proximate
analysis: First, selecting the sample; second, making the analysis
itself. The reliability of the results depends upon the care taken
with each step.

In selecting the sample, the object is to secure a small quantity
of coal which represents the average character of a very large
quantity. If the coal were of uniform character all the way
through, or if the lot to be sampled could be thoroughly mixed or
stirred, it would be an easy matter simply to pick up a few lumps
or handfuls at any convenient point and use them as the sample
to analyze. But as such is not the case it is necessary to select
many small quantities from all parts of the lot, of such size that
when all are put together the pile will be small enough to thor-
oughly turn and mix after which a suitable sample can be taken
therefrom. No exact rules can be offered to suit all cases, and
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the method of sampling must be adapted to the local conditions.
If the quantity of coal to be-sampled is large, care must be taken
to avoid making the sample pile too large to work thoroughly, yet,
at the same time, the pile must be composed of as many small
samples as possible in order that it will closely represent the real
character of the coal.

One commonly used method where coal is received incarload
lots is to make a corer which can be driven down through the coal
in several places in the car. This method gives samples of the
coal from top to bottom at the various points, and when thor-
oughly mixed these samples may be taken as a fair average for
the whole car. The corer may be made of heavy 2- or 23-in.
iron pipe, 5 or 6 ft. long, sharpened at one end and with the other
end capped or reinforced so that it can be driven with a sledge.
Enough samples should be taken with the corer to make a large
sample of 50 to 100 Ib. Any lumps in this large sample should
then be crushed so that
there are no pieces larger
than } in. diameter, after
which the sample should
be thoroughly mixed and 2 5
“quartered down” wuntil }Zfoafzzf
about 5 lb. remain. 4

This “quartering down”
is done by spreading the
sample out thin in the shape
of a circle; dividing this
circle into quarters, and
throwing away the first and e
third quarters, as shown in gy, 3.—Diagram of methoc,i,° of quar-
Fig. 3. Thus, the quantity tering sample.
is reduced one-half. The
two remaining quarters are then mixed thoroughly, spread
out and again quartered. This process is continued until the
remainder of the sample is of the desired size.

If the sample is not to be analyzed right away it should be put

This Quarter 4
Thrown Away
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into a glass jar or a tin fitted with a tight cover and stored in a
reasonably cool place until used.

APPARATUS REQUIRED FOR PROXIMATE ANALYSIS

The following pieces of apparatus or their equivalent are
required for making a proximate analysis:

1 chemist’s balance (sensitive to 1 milligram)............ $12.00
1 set of weights (50 grams to 1 milligram)................ 2.25
1 porcelain crucible with cover (15 c.c. capacity).......... 0.15
1 iron ring stand oriron tripod......................... 0.25
1 Bunsen burner or gasoline blow torch, 25c.or........... eLIs
1 desiccator (sulphuric acid) (4 in. in diameter)........... e ek
1 1b. sulphuric acid (chemically pure).................... 0.30
s 06 Lozt o) TR s T A5, T S s s b b oy G RSNy 1.10
1 100-mesh sieve (small size)........................... 1.40
1 mortar and pestle (porcelain).............«........... 0.35
2 porcelain insulated wire triangles (2-in.)................ 0.15
1. pair erucibleltong®uieit (2 5. Jh b skl L 0.35
1, coffee Ml (CatiImon ) oy vl 5.z - rec€ o oka e e o4 are o 1.15

$23.45

Thus, you see, for a total cost of less than the price of a good
steam-engine indicator any man can own the means of examining
the coal used in his plant. And, although the indicator is a
splendid instrument for effecting economy, it is even more im-
portant to examine into the character of the coal you purchase.
If the ash or moisture content in a certain lot of coal is larger than
normal, you should know it and take steps to avoid being ‘“stuck ”
in a similar way again. If the character of the combustible part
of the coal undergoes a marked change you should know it in
order that the firing methods may, if necessary, be changed to
suit.

It certainly is to the best interests (in every sense of the word)
of every engineer operating a coal-burning plant, to analyze, if
not a sample from every shipment of coal received, at least fre-
quently enough to know with fair certainty whether the character
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of the coal changes, and to keep a record of all analyses together
with the price of the coal from year to year for the purpose of
future reference.

Now, the cost shown by my list may be reduced somewhat by
substituting home-made apparatus and this point will be taken up
as we discuss each individual piece.

THE BALANCE

The most important piece of apparatus is the balance and the
price given in the list is that of about the cheapest that can be
used. More sensitive balances, capable of giving close results,
would cost $25, $50, §75 or $100. But for the average power-
plant requirements the $12 balance is satisfactory when used
carefully. An actual picture of such a balance is seen in the
assembly view, Fig. 4, and a sketch is given in Fig. s.

The box rests on three legs, a stationary one at the rear and the
two adjustable ones 4 at the front of the sides, by means of which
the balance is leveled. The leveling in the present case must be
done by placing a small spirit level on the top of the box, first
extending left and right, then front and back, and adjusting the
thumb-screws to suit. Some balances are fitted with a small
plumb-bob for leveling, in which case the spirit level is unnecessary.

The balance beam, fitted with a small knife-edge shaft of hard
steel at its middle, rests in the saddle B, at the top of the upright,
which has V-shaped hard-steel bearings. A hard-steel knife-edge
shaft at each end of the beam carries a stirrup with hard-steel
V-shaped bearings from which the scales are hung. The scale
pans C are removable. The saddle B is raised and lowered by
means of the thumb-screw C; in the lowered position the scales
rest on the box, as shown; in the raised, they clear the box by
about § in. and the beam is thus free to swing and indicate whether
the contents of the pans are equal in weight or not. The object
of this arrangement is to make it more easy toload and unload the
pans. The balance is so sensitive that if you attempted to lift
one pan off or take out or put in a weight much greater than I
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gram, the other pan, unless first supported or steadied, would
bang down on the box and perhaps upset whatever it contained
or even dislocate its stirrup on the beam above. Thus, before
greatly disturbing the equilibrium it is convenient to lower the
pans so that they rest on the box. Of course, when weighing,
after an approximate balance has been established, the addition
to or removal from the weight pan of a weight of 200 milligrams or
less does not make the balance swing violently and the pans need
not be lowered.

Before weighing, the balance should be tested by putting the
empty pans in the scales, raising the beam and noticing whether
the pointer D either remains on the center line of the scale E or
swings an equal number of divisions to each side of the center
line. If slight' adjustment is necessary this can be made by
turning the adjusting screw F one way or the other until the bal-
ance is correct. Best results are accomplished when the balance
is placed where it is free from even the slightest air currents and
uneven variations in temperature. The more expensive balances
are housed in glass cases which have fronts that slide up and down,
the cases being closed when the final balancing is being tried.
The ingenious man who wishes to get the best results with his
$12 balance may build a glass case for it, constructing the case,
of course, so that the thumb-screw C, for raising and lowering the
scales, projects through the front and can be manipulated when
the front is closed. :

The weights are furnished in a special box which has compart-
ments for each size and they should always be kept in the box.
As soon as a weight is removed from the balance it should be
placed directly in its compartment and not laid upon the table
or anything else when it is in danger of becoming lost, dirty or
damaged. A pair of forceps for handling the weights is furnished
with every set and should always be used in preference to the bare
fingers as moisture from the latter is liable to cause tarnishing or
the accumulation of dirt, or other foreign matter.

The weights are based on the French or metric standards;
the units used being grams and milligrams. The reason for using
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the French units instead of the English pounds, ounces, etc., is
that as the French units are based on the decimal system they
make calculation more simple. A gram equals about 0.035 of
an ounce. One milligram equals 1977 of a gram, and, hence
toreduce grams to milligrams or vice versa it is simply a matter of
adding theright number of ciphers or locating the decimal point.
To illustrate, 526 milligrams equal 0.526 gram; 62 grams equal
62,000 milligrams; 13.27 grams equal 13,270 milligrams, etc.

One set of weights consists of one go-gram, two 20-gram, one
10-gram, one 5-gram, two 2-gram, one 1-gram, one 5oo-milligram,
two 200-milligram, one 1oo-milligram, one so-milligram, two
20-milligram, one 1o-milligram, one 5-milligram, two 2-milligram
and one 1-milligram weights, so that their range is from 1 milli-
gram (oc.0or of a gram) up to rrr.rr grams advancing by
milligrams.

CRUCIBLE

The crucible is the little vessel in which the sample of coal is
heated. One made of porcelain will answer all our purposes.. In
ordering, specify the 15-c.c. size with lid. Its cost is so small
that while a fair substitute could be devised it is not worth while
doing so as the extra care required in handling would more than
offset the saving effected.

The ringstand, shown in Fig. 6, can easily be made from
$-in. iron pipe and fittings, and, being adjustable, it is more
convenient to use than the tripod shown in Fig. 4.

If a good supply of gas is available (as in almost any city) a
bunsen burner is the most convenient form of heater to use. If
not, a gasoline blow torch, such as shown in Fig. 4, will be needed;
or an ordinary plumber’s or electrician’s torch will do nicely.
The latter, however, usually gives a horizontal flame and will have
to be tilted a little in order to make the flame strike the oven or
crucible to best effect.

A home-made Bunsen burner as per Fig. 7 will give just as
satisfactory results as a purchased burner. To regulate the air
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supply a loose sleeve is placed above the union on the §-in.
nipple and is provided with four holes to match the holes in the

nipple.

DESICCATOR

When the moisture has all been driven off from the sample of
coal by the first heating and the sample is dry and still hot it would
rapidly absorb moisture from the air if left exposed to it in that
condition. And the same thing would happen after each subse-
quent heating if the sample were left exposed to the ordinary air.

Hence, the sample is transferred direct from the oven or from
the tripod to the desiccator or drier to cool off before being
weighed. The commonest form of desiccator is that shown in
Fig. 4. It consists simply of a glass jar and lid; the joint between
jar and lid being ground to an air-tight fit. The lower part or
well of the desiccator is about quarter or half filled with pure
sulphuric acid. The upper part contains a glass or porcelain tray
upon which to set the crucible containing the sample of coal.

The principle of the desiccator is this: Sulphuric acid has a
strong affinity for water or moisture. Hence, with an air-tight
lid, what little moisture there is in the air entrapped in the desic-
cator is soon absorbed by the acid and the hot sample of coal does
not get a chance to absorb any moisture and thus cause an error
in the analysis.

One pound of chemically pure sulphuric acid (enough for use in
the desiccator for a long time) can be purchased for 3oc.; this
includes the glass-stoppered bottle to contain it. How long
the acid in the desiccator will remain effective depends on the
manner in which it is used. If means are available for accurately
weighing the acid or the desiccator before and after the acid has
been put in, the acid may be renewed when the gain in weight is
equal to 25 per cent. of the original weight of the acid. To
illustrate, suppose 4 1b. (or about 113 grams) of the dry acid were
put into the desiccator and after six months or a year, the weight
was found to be 5 oz. (a gain of 25 per cent.) it would then be



ANALYSIS OF COAL 33

advisable to refill the desiccator with fresh acid. If it is not
convenient to check up the condition of the acid by weighing, it is
safest to renew it about once a year.

Great caution must be used in handling sulphuric acid as it will
attack or “eat away” the clothing, also iron, copper and many
other metals. And, if it comes in contact with flesh it may
cause a bad burn. Keep the bottle where it is not in danger of
being broken and be sure that none of the acid is allowed to spill
out of the desiccator. Also, never allow any water to come in
contact with the acid as much heat is generated thereby and the
acid might spatter on the face and hands. Always keep the lid
on the desiccator to prevent the acid from absorbing moisture
from the air and thus becoming weakened too soon.

Drving OVEN

The drying oven is used for the first heating of the sample to
determine the moisture content.

If you were to purchase a standard oven it would cost at least
$5. The oven shown in Fig. 4 can be manufactured for $1.10 or
even less. Secure a 1-qt. tin pail (about 4 in. in diameter by
about 4% in. high) cost 1oc. Punch a hole, about 1% in. in diame-
ter, in the center of the lid. Next, secure a good sound cork to
fit the hole and bore a hole in the cork so that .the thermometer
will fit in it snugly, as shown.

See that the lid of the pail fits loosely so that it can be removed
without the necessity of holding the pail, as the latter will be hot
and awkward to handle most of the time and the sample might be
spilled if force is used. If necessary, cut off or bend in the flange
on the lid. Punch a hole about 1 in. in diameter in the bottom
of the pail and one or two small ones in the lid to provide for a
small circulation of air.

Purchase a chemical thermometer having a range from zero to
200 deg. C., cost $1. Insert this in the cork, as shown in Fig. 4,
so that the bulb projects into the pail about 12 in.

Bend down the ends of a porcelain-insulated wire triangle so as

3
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to form a little stand for the crucible, as shown in Fig. 8. Put
this stand in the pail and place the pail on the ringstand or tripod
over the burner and our home-made oven is ready for “business.”

The next item on our list, the 10o-mesh sieve, is desirable but
not absolutely essential. It is used for sifting the sample before
the analysis. If economy in first cost is imperative, the sample
may be prepared without sifting, but extreme care should be used
to crush the sample uniformly and as fine as possible.

/ Pieces of old
clay pipe sfeTs

F16. 8.—Home-made triangles.

The mortar and pestle, for crushing the sample, may also be
dispensed with if desired; but the price is so small and they are so
convenient that this is not recommended. If the sample is
crushed with a hammer in an iron pot, on a sheet of iron, slab of
stone or other hard surface, care must be taken that particles of
incombustible foreign matter do not get mixed with the coal, thus
causing an error in the analysis.

The next item on the list, the porcelain-insulated wire triangles,
are used, one for supporting the crucible on the tripod or ringstand
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over the flame, the other, bent as just described, for supporting
the crucible in the drying oven. Satisfactory home-made tri-
angles may be made as shown in Fig. 8.

The crucible tongs, shown in Fig. 4, are used for handling the
crucible and lid throughout the analysis. A pair of home-made
tongs could be devised, but it is doubtful if the effort is worth
while as they probably would not be as “handy” or as smooth
working as a purchased pair.

The last item on the list, the coffee mill, is employed to coarsely
grind the sample before it receives the final mixing and crushing.
If an old coffee mill is available, so much the better, as it will
answer just as well as a new one and the cost of the new one will
besaved. Itshould bestrong enough, however, to stand theserv-
ice. One made of cast iron would be suitable.

MAKING THE ANALYSIS

You have now been introduced to all the apparatus needed in
making a proximate analysis and all that remains to be acquired
is a little practice in handling the equipment and running the
actual analysis. Run five or six analyses just for the practice.

From the outset, remember that the more careful and pains-
taking you are with the work, the more accurate and reliable will
be the results. The sample dealt with, 1 gram, and the differ-
ences to be determined in the weight of that sample after each
step, are so small that it requires but a slight inaccuracy to throw
out the entire work.

Get into the habit of following exactly the same process with
each analysis. Do not use one method one day and then vary it,
even slightly, the next. Decide by experiment in the beginning
the best method for you to follow and stick as closely to that
method as possible with all your analyses. The object of this
advice is to insure uniformity in results. If you use one method
one day and a slightly different method the next, the results are
not likely tobe uniform. And what you want is a fair comparison,
one day with another.
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A good method to follow is this: Assume that a s-lb. sample of
the coal to be tested has been collected as described. Rule off a
form on which to record the analysis. The one shown, already
filled out, in Fig. ¢ is convenient but may need slight modifications
to suit special needs. If you expect to analyze coal regularly, it
will pay to have the form printed or mimeographed.

First, see that the crucible is thoroughly clean and dry. Then
weigh it, together with its cover, as accurately as possible, remem-

PROXIMATE ANALYSIS OF COAL

Plant %Z% Vi - .

Analysis | Analysis
of Coal as| of Dry
Grams Received | Coal

Wt. of crucible and lid
plus sample....... v |24 522

Wt. less moisture....... 2/.4¢,5” |Per cent. moisture TAA
Wt. less volatile matter. .| 2/, /67’ Per cent. vol. matter| .27. f 30./2.
Wt. less fixed carbon. ... 20. ‘-37 Per,cent. fixed carbon O] J7 42

LT TR A5 ol jﬂ.J,ZZ Per cent. ash....... //-:5— /2.46

Heat t;slue of dry coal

(by calorimeter)........ B.t.u. perlb. Cost of Coal, $.... ’1' ooy per ton
Heat value of combust- No. B.t.u. purchased _ ¢
ible (estimated) 437 . B.t.u. per Ib. for 1 cent......... FCHG/0 . ..

Heat value of dry coal

(estimated) /'?a 7‘*?.7, ..B.t.u. per Ib.
Heat value of coal as received
(estimated) /20,4527, . .B.tu. per 1b.

F16. 9.—Proximate analysis report form.

bering to test the balance first. Weigh the crucible and cover
before every analysis, to be sure that the weight is accurate, for
if a slight chip should break off from either, the results would be
wrong unless the new weight of the crucible were used. Enter
the weight in the proper space on the report sheet. Then, fill

out the first space by adding 1 gram to the weight of crucible
and lid.
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When weighing it is not necessary to wait for the balance to
come to rest each time; simply notice whether the pointer swings
uniformly a given number of divisions each side of the center line
on the scale. But be sure that the swing is exactly uniform.
Leave the crucible in the scale pan ready to receive the sample.

Spread out the s-1b. sample on a clean surface (such as a piece
of newspaper) mix thoroughly and quarter down to about 1
Ib. Put this quantity through the coffee mill once or twice,
grinding as fine as possible with the mill. Again mix and spread
out thin on a clean surface. Then, with a knife blade, select
small quantities from a half dozen places in the mass and put them
in the mortar, thus obtaining about 1 0z. Crush thoroughly
with the pestle. Sift this finely crushed sample through the 100-
mesh sieve into the tray that comes with the latter. If any of the
sample will not pass through, put it back into the mortar and crush
until practically all passes through.

If you are working without a sieve be sure that the sample is
crushed fine enough. It should look like a very fine dust—so fine
and uniform that no individual particles are distinguishable.

Now, add 1 gram to the weights in the balance and put
enough of the powdered sample into the crucible to again restore
equilibrium.

Put the crucible (without cover) into the oven and heat to 110
deg. C. for 1 hour. Keep heat as uniform as possible. Now,
quickly transfer the crucible to the desiccator and allow it to cool
off. This will take about 10 minutes. When cool, weigh crucible
(with lid on) and enter weight in the second space on the report
sheet. Subtract this weight from the one above, move the decimal
point two places to the right and enter result as percentage of
moisture in the proper space.

Next, place the crucible, with lid on and in an upright position,
on the triangle and ringstand over the burner, as shown at the
left in Fig. 4. Turn the flame up strong and heat the crucible
for full 7 minutes. The flame should be long enough and placed
close enough to the crucible to completely envelop it and shoot
above for a distance of an inch or more.
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At the end of the 7 minutes remove the flame and transfer the
crucible and lid to the desiccator to cool. Inspect the sides of the
crucible to make sure that the porcelain insulators on the triangles
have not softened under the heat and left small particles sticking
to the former. If this occurs the analysis will have to be done
over, as the weighing would be inaccurate. If this occurs fre-
quently, a “Nichrome’ wire triangle will have to be used instead
of the porcelain insulated one. The cost of one of this kind is
about 35c., but it is durable and will not stick.

In heating to drive off the volatile matter a black smudge of
carbon will probably be made on the outside of the crucible.
Most people burn this off before transferring to the desiccator by
playing the flame on the sides. I am not going to advise you to
do this because, unless carefully done, it leads to the breakage of
crucible or lid, thus spoiling an analysis. Besides, the error caused
is so very slight that it is hardly worth the trouble taken to
eliminate it, and, if the same practice is followed each time, the
importance of the error is still more reduced. However, before
another analysis is made in the crucible both it and the lid should
be cleaned by carefully burning off this carbon deposit.

When the crucible is cool, weigh and enter the weight as before.
The loss in weight this time represents the percentage of volatile
matter contained in the coal.

Next, place the crucible, without cover, on the stand again,
only this time tilt it as far on its side as you can without danger
of any of the contents being spilled or blown out. Turn the flame
on strong, as before, and heat thus for at least 2 hours. See
that the flame concentrates under that part where the sample lies.

At the end of the heating, cool in the desiccator and weigh
again with the lid. The loss in weight this time represents the
percentage of fixed carbon. And, the difference between this
last weight and the weight of the empty crucible with lid repre-
sents the percentage of ash in the coal.

The analysis is now finished and all that remains is to stow the
apparatus safely away until next needed and to calculate the
analysis of the dry coal.
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The analysis which we have just completed is that of the coal
“as received.” Strictly speaking, it is not the true analysis of
the coal as received because some of the moisture dried out while
the sample was being prepared for testing. But, as long as about
the same length of time is taken up in preparing the sample in
each case and as long as the process of treatment is the same, the
error remains about the same and, so, we may call it the “as
received” analysis and do no particular harm.

With some grades of coal which have a great capacity for
absorbing moisture it is necessary to air dry the sample before it
can be passed through the sieve. In such cases if extreme ac-
curacy is important, a preliminary air-drying test must be made
and the moisture thus eliminated must be included in the calcu-
lations. But as, this complicates matters somewhat, I do not
recommend that it be attempted in ordinary work. If the coal will
not sift through the sieve readily when first crushed, it may be
allowed to stand exposed to the air for one-half to one hour. A
better method to employ, becauseit insures more uniform analyses,
is tocoarsegrind a sample of a pound or two in the coffee mill, spread
it out in a thin layer and leave it exposed to the air at 70 to 8o deg.
F. for 24 hours. If this method is adopted regularly, the term
‘““air dried” should be substituted for ‘““as received’’ throughout
the report form in Fig. 9.

To figure the analysis of the dry coal from the analysis of the
“as received” sample, simply divide the percentage of volatile
matter, fixed carbon and ash (each in turn) by the sum of all
three. Thus, taking the analysis given in Fig. 9, the sum of the
percentages of volatile matter, fixed carbon, and ash is,

27.8 4+ 53 + 11.5 = 92.3
This sum divided into the percentage of volatile matter gives
27.8
92.3
as the percentage of volatile matter in the dry coal.

The reason is simple. Let us assume 100 lb. of coal of the
analysis given. As the analysis shows 7.7 per cent. moisture,

= 30.12
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7.7 Ib. is water, leaving only 92.3 1b. when the coal is thoroughly
dry. The analysis also shows 27.8 Ib. volatile matter in every
100 lb. of the coal as received. Then, what fraction of the dry
coal is the volatile matter?

2.8
92.3

In a like manner, the percentages of the other two constituents,
fixed carbon and ash, are figured.

= 0.3012 0r 30.12 per cent.

EstiMATING HEAT VALUE oF FUEL

The heat value of a fuel is estimated either by actually burning
a small sample and measuring the heat given off or by calculation
based on either the ultimate or the proximate analysis. The
first is the more accurate method, but as the cost of the required
apparatus is rather high, and as it is not important for everyday
work to know the exact heat value of every lot of coal received,
we will pay most attention to the second method and pass over
the first after giving a brief description in order that you may be
familiar with it in a general way.

CoAr CALORIMETER

The sample burned is as carefully selected and prepared as the
sample used for the proximate analysis, and its weight is usually
the same, 1 gram. Itis burned in a device called a calorimeter—
a name derived from the words caloric, meaning heat, and meter,
meaning measurer.

Fig. 10 illustrates a simple form of the commonest type of coal
calorimeter. The bomb or crucible C of iron or steel and lined
with some material which is not affected by the products of
combustion, contains the sample of coal to be tested, and is
suspended in the water chamber B as shown. This water
chamber is surrounded by the casing 4 to reduce error due to
radiation. The stem F is hollow and closed off at the upper end
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by avalve. The wooden lid H is tight fitting. To load the bomb
C it is taken out and unscrewed from the cap G. The sample of
coal, thoroughly mixed with the proper amount of some chemical
which gives up oxygen when heated (usually sodium peroxide) is
put into the bomb and the latter is again screwed into place.
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F16. 10.—Simple form of coal calorimeter.

A quantity of water, which has been exactly measured, is then
put into B, and when the lid A is again fixed in place, the calor-
imeter isready for the test. The water is stirred for a few minutes
with the paddle D until the thermometer E shows that the tem-
perature has ceased changing. Then the valve at the top of the
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stem F is opened, a small piece of red-hot nickel wire is dropped in
and the valve quickly closed again.

Rapid and complete combustion takes place due to the libera-
tion of the oxygen from the chemical mixed with the coal. The
heat-laden products of combustion are all trapped in the bomb
and hence must give up their heat to the surrounding water, which
is again stirred for several minutes to hasten the transfer and to
maintain uniformity. The rise in the temperature of the water
is carefully noted, the thermometer being graduated to read in
small fractions of a degree.

Knowing the weight of the water and the rise in temperature,
the number of heat units generated by the sample can easily be
calculated by multiplying these two factors together, and the heat
value of a pound of fuel can then be found by multiplying by a
constant, which takes into account the ratio of weights and other
factors involved.

HEeAT VALUE BY CALCULATION

As has been pointed out, the combustion of a given element
always results in the generation of a fixed amount of heat. Thus,
when a pound of pure carbon burns completely (forming CO,)
14,600 B.t.u. is produced. When 2 lb. is burned, 29,200 B.t.u. is
generated, and so on. Consequently, the heat value of carbon is
said to be 14,600 B.t.u.—which means 14,600 B.t.u. per lb., as the
pound is the unit of weight almost universally used in this
country.

When a pound of pure carbon burns incompletely (forming
CO), only 4450 B.t.u. is produced. But if, in turn, the resulting
2} 1b. of CO., which is a combustible gas, is burned, 10,150
additional B.t.u. is liberated, making the total heat produced
equal to 14,600 B.t.u., just the same as though the pound of
carbon had burned completely (to CO;) in the first place. Hence,
the heat value of CO is

10,150

2343 = 4350 B.t.u. perlb.
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The heat value of pure hydrogen is 62,000 B.t.u. per lb.

These heat values for carben and hydrogen were established by
experiment and hence probably are not absolutely exact. In
fact, some authorities give values for carbon as low as 14,220,
and as high as 14,647, and for hydrogen as low as 61,816 and as
high as 62,032, but as the ones given (14,600 and 62,000) are the
most widely accepted and used, it is best to accept them for use
in our work.

- The heat value of sulphur, the only other heat-producing ele-
ment in the common fuels, is 4050 B.t.u. per Ib. While this fact
is interesting, it is not important in practical work, because in
addition to the heat value of the sulphur itself being low, the
percentage of sulphur in the average fuel is also low; besides, the
sulphur may not be pure and hence may have no heat value
whatever. Thus the amount of heat due to the sulphur is very
small compared with that given up by the two main elements,
carbon and hydrogen.

To estimate the heat value of a pound of fuel containing both
carbon and hydrogen, simply multiply the percentage of total
carbon in the fuel (expressed as a decimal) by 14,600, the percent-
age of available hydrogen (also expressed as a decimal) by 62,000
and add the results together.

To illustrate, assume we wish to estimate the heat value of a
coal with this analysis: Carbon, 68.12 per cent.; hydrogen, 4.98
per cent.; oxygen, 7.42 per cent.; nitrogen, 1.98 per cent.;sulphur,
4.54 per cent.; ash, 12.96 per cent.

The heat due to the carbon is

0.6812 X 14,600 = 0945.5 B.L.u.
The available hydrogen equals

0.0498 — oﬁ;ﬁ = 0.0405

and this, multiplied by the heat value of hydrogen,

0.0405 X 62,000 = 2511 B.t.u.,
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the heat due to the hydrogen in the coal. The sum of these two
quantities is
0945.5 + 2511 = 12,456.5 B.fu.

the heat value of the coal.

HEeAT VALUE BY ForMULA

The foregoing method can be expressed in a formula as follows:

CX 14,6oo+( — 98) 62,000 = B.t.u. perlb.

where
C = Decimal part by weight of carbon in the fuel;
H = Decimal part by weight of hydrogen in the fuel;
O = Decimal part by weight of oxygen in the fuel.

To apply this formula to another example, assume a coal with
this analysis: Carbon, 65.23 per cent.; hydrogen, 4.95 per cent.;
oxygen, 14.85 per cent.; nitrogen, 1.66 per cent.; sulphur, 2.10 per
cent.; ash, 11.21 per cent. Substituting in the formula, we have

0.6523 X 14,600 4+ (0.0495 — O—'E;&i) 62,000

= 11,439 B.ta.

The foregoing method of formula may be used for any other kind
of fuel or for oil, wood, gas, etc. In dealing with gas, however,
care must be used that volumes and weights are not confused to
produce error. A common method of stating the heat value of
a fuel gas is in B.t.u. per cubic foot or per 1000 cu. ft. In such
cases the temperature and pressure of the gas must also be speci-
fied because these influence the volume greatly. The temperatures
most frequently taken are 32 and 6o deg. F., and the pressure,
14.7 lb., absolute.

HEeAT VALUE FROM PROXIMATE ANALYSIS

The proximate analysis of coal does not give the percentage of
hydrogen, the percentage of oxygen nor the percentage of total
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carbon. It does give the percentage of fixed carbon, but in addi-
tion to this the fuel contains some carbon which forms part of
the volatile matter and the amount or percentage of this volatile
carbon cannot be found except by the ultimate analysis. Hence,
the formula just given is of use only in those few cases where the
ultimate analysis is available, so that other methods will mostly
have to be used in our work.

Some relation exists between the percentage of fixed carbon
in the combustible matter of coal and the heat value of the com-
bustible matter. To illustrate, if the combustible matter of a
given coal consists of, say, 6o per cent. fixed carbon and the
other 40 per cent. volatile matter, it is probable that the heat
value of a pound of such combustible matter will be found to
be about 15,080 B.t.u. This does not apply closely to all
coals, but it applies closely enough to most coals to be useful in
the absence of a better or more accurate method of estimation
that can be used with the proximate analysis.

Fig. 11 is based on this fact. This chart was constructed from
over 300 analyses, representing coal found in 27 states and
territories, made by the United States Government and published
in numerous bulletins. Itis almost exactly correct for a limited
number of cases, reasonably near correct (probably within 3
per cent.) for a large number of cases and quite far from correct
in a few cases. The curve is most uniformly accurate for coals
which have combustible matter containing from 64 to go per cent.
fixed carbon. Where the fixed carbon runs less than 64 per cent.
the curve may, in a few cases, err as much as 7 per cent.

APPLICATION OF CHART

To estimate the heat value of a coal with a given proximate
analysis, add together the percentage of fixed carbon and the
percentage of volatile matter in the coal; divide this sum into
the percentage of fixed carbon and multiply by 100. This gives
the percentage of fixed carbon in the combustible matter. Locate
this percentage at the foot of the chart, extend your pencil straight
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up until you strike the curve, then extend it to the nearest (left
or right) margin in a straight horizontal line and read off the
B.t.u. per pound of combustible. Multiply the B.t.u. thus
found by the sum of the percentage of fixed carbon and volatile
matter in the coal as shown by the proximate analysis, and the
answer, divided by 100, gives the B.t.u. per pound of coal.

To illustrate with an actual example, assume a coal with this
proximate analysis: Moisture, 5.12 per cent.; volatile matter,
27.25 per cent.; fixed carbon, 53.38 per cent.; ash, 14.25 per cent.
Adding together the percentage of fixed carbon and the percentage
of volatile matter,

53.38 4+ 27.25 = 80.63.
Dividing this into the fixed carbon, we have
53.38 =+ 80.63 = 0.662,

which, multiplied by 100, gives 66.2 per cent. fixed carbon in the
combustible. Referring to the base line of the chart, find the
66 per cent. line and judgeé a point o.2, or £, of the distance to the
next line beyond. Trace an imaginary vertical line (this line is
shown dotted on the chart) up from this point to the curve and
then horizontally to the left margin. It strikes exactly the 15,400-
B.t.u. line. Then, 15,400 B.t.u. may be taken as the heat value
of a pound of combustible matter such as found in the coal
given in the example.

Now, if the coal was all combustible and had no moisture nor
ash, the heat value per pound of coal would be identical with the
heat value per pound of combustible. But only 80.63 per cent.
of thecoal is combustible, and hence the heat value of a pound
of coal is equal to only 80.63 per cent. of the heat value of a pound
of combustible. Thus, the heat value of the coal is

15,400 X 80.63 + 100 = 12,417 B.t.u.

EXERCISE PROBLEMS

What is the heat value of a coal with the following ultimate
analysis: Carbon, 63.65 per cent.; hydrogen, 5.26 per cent.;
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oxygen, 10.12 per cent.; nitrogen, 1.59 per cent.; sulphur, 5.03
per cent.; ash, 14.35 per cent.?

Estimate the heat value of a coal which has this proximate
analysis: Moisture, 1.36 per cent.; volatile matter, 35.51 per cent.;
fixed carbon, 50.06 per cent.; ash, 13.07 per cent.

Following are the solutions of the problems in the above para-
graph. Applying the formula given in the same chapter as the
problems we have

C X 14,600 + (H — 2) 62,000 = 0.6365 X 14,600

+ (0.0526 - o.1§>12) 62,000 = 11,773 B.t.u. per Ib.

In the second problem the sum of the percentages of volatile
matter and fixed carbon is

35.51 + 50.06 = 85.57

and dividing this into the percentage of fixed carbon and multiply-
ing the quotient by 100 gives
gz:—‘;—:— X 100 = 58.5

the percentage of fixed carbon in the combustible. After locating
the 58.5 point at the bottom of Fig. 11, in the last lesson, tracing
an imaginary line straight up to the curve and then horizontally
across to the left margin, we find that the heat value per pound
of combustible matter is 14,975 B.t.u. Then, as but 8s.57 per
cent. of the coal in the problem is combustible matter, the heat
value per pound of coal is

14,975 X 85.57 =+ 100 = 12,814 B.t.u.



CHAPTER III
FLUE GAS ANALYSIS

Let us assume that we have succeeded in discovering the best
coal, all things considered, for our plant. By making proximate
analyses and estimating heat values we have found one grade of
coal which has minimum moisture and ash; consequently, it
gives maximum heat-generating material per dollar invested.
Upon actual trial in the boiler room it is found to work satis-
factorily with the existing equipment. It does not clinker badly
and, hence, the firemen can handle it easily and efficiently and
maintain the stem pressure uniform without undue trouble.

Our next problem is: How best to burn this coal so as to get
most of the heat it contains into the boiler and generate the great-
est quantity of steam possible per pound of coal fired. And right
here is where our knowledge of the underlying principle of
combustion comes into use.

Excess AIR NECESSARY

In preceding chapters it was shown that each pound of coal of
a certain composition requires a certain fixed weight of air for
complete combustion and the method of figuring this weight was
given. But, this theoretically required amount of air will not
suffice in the boiler plant because if only the required amount is
supplied, the distribution must be perfect so that each particle of
oxygen in the air may come in contact with a particle of carbon
or hydrogen. If this does not take place, some of the oxygen
will escape without combining with its allotted share of the
combustible matter, with the result that either of the two following
things may happen: Some of the hydrogen may escape unburned,
or some of the carbon may be only partly burned and form CO
instead of CO,.

In the boiler plant this perfect distribution of the oxygen is
impossible. Consequently, an excess quantity of air must be

4 49
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supplied to the fuel in the furnace in order that complete com-
bustion of every particle of the burnable matter may be effected
and no loss suffered from combustible gases escaping up the
chimney.

IuPORTANCE 0F KNOWING REQUIRED EXCESS

Now, too much excess air is equally or even more detrimental
to good economy than too little. Assume a given coal requires
10 1b. of air per 1b. of coal for complete combustion and that the
gases formed weigh 10.75 Ib. The heat value of a pound of this
coal is, say, 10,000 B.t.u. Immediately after combustion all
this heat is contained in the 10.75 lb. of gases and due to this fact
their temperature is very high. We are not ready just yet to
estimate how high, so let us assume the temperature to be 3500
deg. F. As these intensely hot gases come in contact with the
heating surface of the boiler and give up their heat to the water
within, their temperature falls until it reaches, say, soo deg.
as the gases leave the boiler. The gases are still much hotter than
was the air and coal which went to make them up and as they ob-
tained their heat from the coal, all the coal’s heat did not go into
the boiler to make steam, but some was lost up the chimney.

Now, if 20.75 Ib. of air were fed per pound of coal, instead of
only the required 1o lb., double the quantity of gases would
pass from the boiler. And as these gases would escape up the
chimney at about the same temperature as the 10.75 lb., the
heat loss would be about double that in the first case. This is
true because with equal temperature the heat contained in 21.50
Ib. of gas is just double the amount contained in 10.75 Ib.

Thus, it is important to discover just what amount of excess
air is most economical under the existing conditions in your
plant and in order to know this some means must be employed
to measure or calculate the air supply to the boiler.

ESTIMATING AIR SUPPLIED

Direct measurement would be difficult to make and unsatis-
factory in accuracy. A far easier and more accurate means is to
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analyze the flue gases and calculate the air supply from this
analysis and the coal analysis. Flue-gas analysis is also useful
in checking boiler operation from day to day so as to be sure
conditions will remain economical.

Somehow or other, flue-gas analysis has a very mysterious and
forbidding sound. People are inclined to think it is too deep and
dark for them to understand and, consequently, many have not
made the good use of it that they should. As a matter of actual
fact, it is simple to understand and easy to master.

APPARATUS REQUIRED

A suitable apparatus is required for making a flue-gas analysis.
Numerous types are on the market all of which have points of
merit. Most of them, however, are based on the Orsat apparatus
which was designed by a man of that name. For this reason,
the principle and operation of the Orsat only will be given here.

Following is a list of the essentials of a flue-gas analyzing outfit:

1 standard Orsat-Muencke flue-gas analysis apparatus..... $20.00
2 rubber gas bags for pipettes @ soc. each............... 1.00
2 large glass bottles, @ 50c.each....................... 1.00
2 rubber corks for bottles @ 15¢c. each................... " 0.30
10 ft. antimony rubber tubing (} in.) @ 10c.............. 1.00
10 ft. of 3 in. glass tubing in 5-ft. lengths @ 2c.......... 0.20
4 Mohr’s pinch cocks @ 8c. each........................ 0.32
1 German-glass funnel (2-in. size)....................... 0.10
1 1b. caustic potash (purified st1cks) ..................... 0.25
1 Ib. pyrogallicracid s i ya TS e I S o Ry 8 s o 0.80
1 Ib. commercial copperfoxide.;s th Tt AR IR 0.55
1 1b. munatic atld L R A SRR R N ) o.30
10 ft. copper wire No. 10 gage @ 10C........cvvveennnnnn 1.00

Totaly s Tl DS LN Sas (R e B s R I = $26.92

The Orsat determines the percentages by volume of carbon
dioxide (CO,), carbon monoxide (CO), and oxygen (O;) in the
flue gases. It consists chiefly of three bottles (pipettes) con-
nected to a common header. One contains caustic potash for
absorbing the CO., one potassium pyrogallate for absorbing the
oxygen, and one acid cuprous chloride for absorbing the CO.
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A bottle of water is used for forcing the sample into and out of
the pipettes, and a burette is provided for measuring in cubic
centimeters the percentage of the respective gases contained in
the sample of flue gas.

UNPACKING AND ASSEMBLING APPARATUS

The Orsat apparatus is shipped knocked-down; that is, the glass
parts are taken out of position and securely packed so as to avoid
breakage. The first thing to do, then, is to get the apparatus
properly put together again. If you purchase an Orsat-Muencke,
the following directions will serve as an exact guide. If you
happen to purchase some other type these directions may have to
be modified slightly, but the modifications will be self-evident
when you come to examine the parts. The directions I will give
for preparing the chemicals and operating the apparatus can be
followed exactly with any of the standard types of Orsat.

After carefully unpacking the box in which the apparatus is
shipped and making sure that you have not missed anything, dust
off the cabinet and wash the glass parts with warm water and soap,
rinsing thoroughly in clean water at the end. Take both front
and back slides out of the cabinet and place it before you so that
the long, narrow compartment is at the right.

Next, put the header 4, Fig. 12, in position, first making sure
that the five rubber connectors B are in place ready to make the
connection between the header and the other parts. The header
is held in place by the small wooden latch C; be sure that this is
in the closed position before proceeding.

The next step is to fit the burette or measuring chamber D
into position. This burette is provided with an outer case E, of
glass, for the purpose of preventing error due to change in the
temperature of the air in the room affecting the gas in the burette.
The space between the outside case and the burette should be
filled with clean water. As the rubber corks F both contain vent
holes, the one in the bottom cork will have to be plugged up after
the water is run in. See that the white side of the case with the
blue stripe down the middle comes on the side opposite to the
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scale marks on the burette. This white and blue background
makes it easier to read the water level in the burette when
measuring.

Having the casing filled with water, the next step is to connect
the burette with the header at the top. Put the two small sliding
shelves G over the stems H and H’ and fit the shelves into their
grooves. This will hold the burette in position so that you can
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F16. 12.—Diagram for assembling orsat.

use both hands for slipping the rubber connector over the stem.
Be sure that the stem is moistened with water as this will make
the rubber slide much more easily. Draw the top shelf out a
little so that the stem does not come directly under the header
end, then gently work the rubber connector over the stem until
it fits snugly with the weight of the burette resting on the bottom
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shelf. This will keep strain off the header. Great care will be
necessary in the making of these connections as the use of too
much force will result in breakage.

Two pieces of rubber tubing come with the apparatus. The
longer piece is for making the connection between the burette
and the leveling bottle 7. Before making this connection, slip
one of the pinch cocks on the tubing, as this will come in handy to
regulate the water level when making analyses.

Next, the pipettes J, K and L are put into place. These
pipettes consist of two bottle-like parts connected at the bottom
by means of a glass neck. The construction of the pipettes
varies somewhat with different apparatus. Some, such as J
and K, have the stem M connected solidly to the bottle part while
with others, such as L, the stem forms part of a stopper which
makes a ground-glass fit with the neck of the bottle part.

A number of small glass tubes are furnished to insert in the front
leg of each pipette. These tubes may come already in place.
If so, there may be some cotton wedged into the bottle above
them to prevent them rattling and possibly becoming broken in
shipment. This cotton must all be removed. If the tubes do
not arrive already in place fill the front leg of two pipettes as full
as you can with the plain tubes and the front leg of the third
pipette with the tubes which have little spirals of copper wire in
them. Be sure that the pipettes are arranged in the cabinet in
the proper order; the two nearest to the burette should contain
the plain glass tubes while the farthest one should contain the
tubes with the copper spirals. In time these copper spirals will
become dissolved by the solution used in this pipette.and new
tubes containing spirals will have to be purchased and put in.

Into the back leg of each pipette fit a goose-neck stopper, as
shown in Fig. 13, and to the goose-necks of the two pipettes
furthest away from the burette attach the rubber gas bags, as
shown in Fig. 14. The object of these bags is to prevent air from
coming in contact with the chemicals in the pipettes and spoiling
them. The chemical in the first pipette need not be so protected.

The U-tube O, Fig. 12, is next attached to the end of the header,
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as shown, and the apparatus is ready to load and use. This
U-tube has a wad of mineral wool in its open end and serves as a
filter for the gases before they enter the apparatus, catching any
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Fi6. 13.—Front view of assembled apparatus.

particles of dust and soot which might otherwise foul up the header
and cause trouble in the glass cocks. It also can be filled with
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small lumps of calcium chloride for absorbing moisture from the
gases. This, however, is not absolutely necessary.

Iwould advise all beginners to practice loading and manipulat-
ing the apparatus with plain water before putting in the chemi-

F16. 14.—Rear view of assembled apparatus.

cals, as the latter are nasty to spill or slop around as well as
somewhat too expensive to deliberately waste. So, until you
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fully understand how the analysis is conducted, plain water is the
safest and cheapest material to experiment with.

LOADING APPARATUS

The correct amount of chemical must be put into each pipette
or otherwise the apparatus will not work well. Remove the goose-
neck from therear legof the pipette and add the chemical through
the glass funnel until the two legs are slightly more than half full.
In order that the liquid may rise equally in both legs the stop
cock in the front connection must be open and also the three-way
cock P in the header, Fig. 12, must be open to the atmosphere.
After you have filled one pipette J, for instance, tested it and
found it to contain the proper quantity of liquid, it is an easy
matter to get the other two correct simply by filling them to the
same level.

To test whether pipetteJ contains the right quantity of liquid,
fill the leveling bottle I about two-thirds full of water, first closing
the pinch cock R. See that all the glass cocks connecting with
the header are closed except cock Q, which must remain open.
Now, raise the leveling bottle and place it on top of the cabinet
as at I’. Then, press the buttons of the pinch cock R until the
water begins to rise in the burette. This places the air trapped
above the water in the burette and in the header under a slight
pressure and as the stop cock Q is open this pressure is com-
municated to the front leg of the pipette J, driving the liquid
down in this leg and up in the back leg. By regulating the
pressure of your fingers on the pinch cock R you can control the
flow very nicely. If the pipette contains the correct amount of
liquid, by the time the liquid has gone down in the front leg to the
point where the body part begins to narrow into the bottom-
connecting tube, the liquid in the back leg will have risen to the
point where the body part begins to narrow into the neck at the
top.

If too much liquid has been put into the pipette, the back leg will
be full or overflowing before the front leg has been emptied to the
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point mentioned in the preceding paragraph, and some of the
liquid will have to be removed. If not enough liquid has been put
in, air will force its way through the bottom connection and bubble
up through the liquid in the back leg. To prevent this, more
liquid must be added.

EMpTVING PIPETTES

After the apparatus has been used for some time, the chemicals
become weak and must be renewed. A convenient way of empty-
ing a pipette is to fill a short length of rubber tubing (about 2 ft.
long) with water, and while holding your finger over one end, to
prevent the water from running out, put the other end into the
back leg of the pipette. Then, lower the free end into a sink or
basin so that this end is somewhat below the other and release
your finger, when the liquid will all siphon out of the pipette.

PREPARING FOR AN ANALYSIS

After all three pipettes have been properly filled and tested the
apparatus is almost ready for making analyses. Before it is
quite ready, however, the liquid in each pipette must be drawn
up into the front leg until this leg is full to the fine black ring,
which will be found around the neck at S.

To do this in the case of pipette J,notice whether the water
level in the burette D is near the top. If it is not, close all the
header-connection cocks except the threeway cock P, which must
be open. Then, raise the leveling bottle to I’ and allow the water
level to rise in the burette by opening the pinch cock R. When
the water level in the burette is right, close the three-way cock
and open stop-cock . Lower the leveling bottle to the table and
by releasing pinch cock R allow the water in the burette to run
back into the bottle; while doing so, watch the liquid rise in the
front leg of J. When this is near the top, proceed very slowly
and carefully as the necks M (made of what is known as capillary
tubing) have a very fine bore, and if you allow the liquid to rise
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too rapidly when near the top, there is considerable danger that it
will shoot up into the header and over into the burette before you
can check it. While this will do no harm when practising with
water, it is undesirable when dealing with the chemicals, as it
makes the water in the burette more or less capable of
absorbing the flue gases, thus causing error, and it reduces the
quantity of liquid in the pipette so that trouble may arise in this
direction also.

The proceeding for bringing the liquid in pipettes K and L up
to the mark is exactly the same as for pipette J, only, while doing
s0, it is advisable to remove the goosenecks with the rubber bags
attached, from the mouth of the back legs, for unless there hap-
pens to be enough air in these bags, a vacuum may be formed over
the liquid in the back leg, thereby preventing it from coming
fully up to the mark in the front leg as it should. As soon as the
liquid has been brought up to the mark, replace the goosenecks
and rubber bags to prevent further contact with the outside air.
When dealing with the chemicals, the air that it trapped in the back
leg of K and L will lose its oxygen, and, hence, shrink in volume so
that a slight vacuum will be formed. When this noticeably inter-
feres with the operation of the apparatus, remove the gooseneck
for an instant to let in a little more air. Be sure to do this, how-
ever,when the liquid is up to the mark in the front leg or when the
gas bag is perfectly flat or empty, as otherwise, instead of letting
more air into the system, you will really let some out and cause a
worse vacuum than ever.

A better way to avoid trouble from the formation of a vacuum
is to force a little excess air into the bag by blowing into it with
your mouth, then, pinching the neck to hold the air in until the
connection is made. It is well to take precaution, however, when
doing this, and be sure that there is none of the chemical on the
end you put to your lips, as otherwise you may burn yourself.

With the liquid in all pipettes properly adjusted, an analysis
can now be made. That is, we can go through the motions of
making an analysis. Later, when more practice has been
gained, we will load with the proper chemicals and after making
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suitable arrangements for obtaining a sample of the flue gases, we
will be prepared for actual work.

VOLUME OF SAMPLE

For the present, assume that the filter O is connected with the
supply of gas. Our sample will consist of 100 c.c. of flue gas at
atmospheric pressure and at the temperature of the ordinary room
air. :
At its lower part, where all our readings will be taken, the
burette is graduated in cubic centimeters with a subdivision for
each o.2 of a cubic centimeter. Thus, the figures of the scale read
direct in per cents. and decimal fractions of a per cent.

A cubic centimeter is another French or metric unit employed
because of its great convenience, like the gram, decigram and milli-
gram in our proximate coal analysis. The metric units of length,
corresponding with inches, feet and yards, are the centimeter,
decimeter and meter. Consequently, the units of volume are the
cubic centimeter, cubic decimeter and cubic meter. Do not fall
into the mistake, however, of assuming that 100 c.c. equals 1
cu. m. for they do not—mo more than 12 cu. in. equal 1
cu. ft. At the bottom of the scale on the Orsat burette you
will find the letters c.c., which is the standard abbreviation for
cubic centimeter.

EFFECT OF TEMPERATURE AND PRESSURE

You may have noticed that I specified that our gas sample was
to be at a certain pressure and temperature. This is because the
volume of a gas is greatly influenced by changes in pressure and
temperature, Hence, we must be careful to have conditions
uniform throughout an analysis, or error will result. It is advis-
able for best results to locate the apparatus where no drafts will
blow on it and where the temperature of the air does not change
rapidly.

To illustrate how important an influence temperature and pres-
sure have, two simple experiments can be made with your Orsat.

To show the effects of change in temperature, locate the
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apparatus in a warm spot and allow it to remain there for about
an hour, until the glass wark and the water come up to the
temperature of the air. Then, with all cocks closed except P,
which must be open, slowly raise or lower the leveling bottle,
using the side of the cabinet as a guide, until the water level in the
burette D is exactly on the zero mark, while at the same time the
water level in the bottle is at the same height as the water level
in the burette, as shown by the position of the bottle at I".
Then, using care not to change the level of the bottle, close cock
P. To make sure that no mistake has been made while closing
the cock P, check the water levels once more by noting whether
both are at the level of the zero mark. If not, and if they cannot
be brought right by a slight raising or lowering of the bottle, open
the cock P and start all over again.

Having thus succeeded in getting the correct quantity of warm
air into the burette, place the leveling bottle in its cleat within the
cabinet at I’” and shift the apparatus to some spot where the
temperature is 10 or 15 deg. cooler. After about an hour’s time,
test the water level again (without opening cock P) by slowly
raising and lowering the leveling bottle at the side of the cabinet
until the level in the bottle is the same as the level in the burette.
This new level will be considerably above the zero mark, showing
that the reduction in temperature caused the volume of the air in
the burette to shrink. A reduction in temperature of 10 deg.
means a reduction in volume of about 1.8 per cent.

To show the effect of change in pressure, open cock P and by
raising or lowering the leveling bottle, draw in enough air to bring
the water level to about the 1o per cent. mark. Close cock P
and make an accurate reading by raising or lowering the bottle
until the water level is the same in the bottle and in the burette.
Now, if you raise the bottle, say, to position I’, the water level in
the burette will rise almost to the 14 per cent. mark. This shows
that the tendency of the water in the bottle to flow into the
burette and seek its own level has put an increase of pressure on
the air trapped in the burette and, hence, has reduced its volume
by compression.
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MANIPULATION OF THREE-wAY Cock

Thus far, I have said nothing about the manipulation of the
three-way cock P. Its correct manipulation is very important
when making an actual analysis, and as a poor understanding of
how it should be handled would undoubtedly lead to confusion
and inaccuracy in results, it is worth devoting a paragraph at this
point to this important part of the machine.

Fig. 15 is a diagram of the three-way cock connection. The
straight-run passage XV is parallel with the handle of the cock
and the branch connection Z is on the same side as a dark dot
found on the handle. In the position shown in Fig. 15 (in which
position the handle would be horizontal and the dot would be
facing down) the gas supply, the outside air and the burette,
would all be connected.

In the reverse position (with handle horizontal and dot facing
up) only the gas supply and the burette would be connected.
With the handle in a vertical
position and the dot facing to the
left the gas supply and the out-
side air would be connected.
With the handle vertical and the
dot to the right, the burette and
FiG. 15—Diagram of three-way the air would- be connected.

cock. With the handle in any 45-deg.
position no connections would be open.

Assume that the apparatus is conected with the gas supply.
Connect the burette with the atmosphere by setting the three-way
cock with the dot on the handle facing to the right. Then, place
the leveling bottle on top of the cabinet and drive all the air out
of the burette by opening the pinch cock R, Fig. 9, and allowing
the water to run in until it reaches the 1oo-c.c. mark on the
upper neck H. Now, turn the three-way cock so that the dot
faces up, thus connecting the burette and gas supply. Lower the
leveling bottle and release the pinch cock R entirely from the
rubber connection. Then, connect the small hand pump to the
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leveling bottle in the manner shown in Fig. 12 and start pumping.
If the gas is being drawn direct from the flue or chimney be sure
that you pump long enough to secure a burette full of true
gas. The amount of pumping required depends upon the length
of the connection between the apparatus and the flue. After a
little experience you will be able to tell just about how much
pumping is required. Remember, however, it is far better to
pump a little longer than is actually necessary than not to
pump quite long enough. If the gas is being drawn from some
kind of collecting apparatus, only a few strokes of the pump
will be needed—say, a half dozen.

When you feel sure the burette is full of real gas, cease pumping
and immediately give the three-way cock one-eighth turn to the
right so that the handle is at 45 deg. and the dot is still on the
upward side. Then, put the pinch cock on the leveling-bottle
hose at about 6 in. from the burette end, disconnect the hand
pump, and place the bottle on top of the cabinet. Now, open the
three-way cock to the air by giving it another eighth turn to the
right and by carefully releasing the pinch cock from the leveling-
bottle hose, run the water into the burette to exactly the zero
mark. If, by accident, you permit the water to rise above the
zero mark, do not attempt to bring it back by means of the
leveling bottle, for this would only let air into the burette and
spoil the sample. If you wish, you can proceed with the analysis
and make correction by calculation afterward, but I consider it
better to simply expel all the gas and start over again. This
avoids chance for error later and is about as quick as if you took
the time to calculate the correction.

TESTING FOR CO.

As soon as the water is brought up to the zero mark, close the
three-way cock by giving it an eighth turn to the left, and open
the cock Q, on the first pipette. Squeeze the pinch cock on the
leveling-bottle hose and allow the water to rise in the burette to
or nearly to the 10o-c.c. mark. This forces the gas over into the
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pipette J, the gas driving the liquid from the front leg of the
pipette into the back. All the little glass tubes in the front leg
are now exposed to the gas and as they are dripping with thesolu-
tion just driven out, they present a large wetted surface, and,
hence, hasten the chemical action between the solution and the
gas.

Allow the gas to remain in the pipette about one minute, then
draw it back into the burette by lowering the leveling bottle and
releasing the pinch cock, using care that none of the solution is
drawn over with it. Repeat this operation about three times
and then measure the gas as follows: Draw the solution
in the pipette up to the mark S on the stem and close the
cock Q. Then, release the leveling-bottle hose entirely from the
pinch cock and make the water level in the burette and bottle
equal by raising or lowering the bottle at the side of the cabinet
as before described. Read the mark at which the water now
stands in the burette. If, for instance, the water now stands at
the 8.2-c.c. mark, the volume of the gas has diminished 8.2 c.c.
in 100, or 8.2 per cent., and that is the percentage of CO; in the
flue gas. The solution in the first pipette takes out (or absorbs)
the CO., leaving the oxygen, carbon monoxide and nitrogen.

CHECKING RESULTS

After making the reading, run the gas into the pipette once
more and take another reading as a check to make sure that all
the CO; has been absorbed. If both readings are the same, all
right. If not, make one more trial. When reading for CO.
you should have no trouble in getting the first two readings to
agree. If you do have trouble, your method may be wrong and
it may be necessary to allow the gas to stand in the pipette a little
longer each time or to increase the number of times you run it
back and forth. Or, if the solution has been used a long time it
may have become weak and need renewing.

A good thing to remember when running the gas from the
burette into the pipette andviceversa is to watch the rising liquid,
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in this way eliminating the danger of running any liquid out of
the vessel in which it belongs. Thus, when running the gas from
the burette into the pipette, watch the water rise in the burette,
stopping the flow before it shoots up through the neck H, and over
through the header into the pipette. When running the gas
back, watch the liquid rise in the front leg of the pipette and stop
it before it reaches the burette.

TESTING FOR OXYGEN

After getting a check on the CO, reading, open the cock on
pipette K, and run the gas back and forth in this pipette in
exactly the ‘same manner as before. Only, instead of running
it in and out only four times, as in the case with the first pipette,
the operation should be repeated about seven times before a
reading is taken. The reason for this is that the solution for
absorbing oxygen, the part of the flue gas absorbed in the second
pipette, does not act as quickly as the solution used in the first
pipette for absorbing CQOs.

Check the reading in the same manner as before by running
the gas over once more and taking an extra reading. The
difference between the new correct reading and the first correct
reading gives the percentage of oxygen contained in the flue gas.
For instance, if the new reading were 17.6 per cent. and the previ-
ous one had been 8.2 per cent., then the oxygen content in the lue
gas would be

17.6 — 8.2 = 9.4 per cent.

TESTING FOR CO

After obtaining a correct reading for the oxygen, open the
cock on pipette L and go through the same process with this
pipette as with the other two, only repeat the operation of running
the gas back and forth about 11 times. The solution in this
pipette absorbs any carbon monoxide (CO) that may be con-
tained in the flue gas. Its action, however, is very slow and feeble

and much care and patience must be used to get a correct reading.
5
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The principle upon which the Orsat apparatus is based is that
when certain chemical solutions are brought in contact with
certain gases, the gases combine chemically with thesolutions
in such a way that they become a part of the solution. Ordinary
flue gas consists principally of a mixture of carbon dioxide, oxygen
and nitrogen and, sometimes, carbon monoxide, hydrogen and
some hydrocarbons. When a given volume of such a mixture is
brought in contact with a solution of caustic potash and water,
the carbon dioxide combines with the caustic potash and forms
a substance which becomes a part of the solution. The solution
increases in volume but very slightly indeed—so slightly, in fact,
that the increase may be entirely neglected in our work. But
the volume of the flue gas has diminished by the amount of carbon
dioxide it contained.

In a similar way the oxygen and the carbon monoxide disap-
pear from the flue gas when brought into contact with the proper
chemical solutions.

The solutions used in the Orsat must be employed in the
order here given because the solution for carbon monoxide will
absorb oxygen as well, and the solution for oxygen will absorb
carbon dioxide, so the CO; must be taken out first, the oxygen
second and the CO third.

SorutioN FOR CO

The solution for the first pipette, to absorb the COq, is caustic
potash (chemical name, potassium hydrate) dissolved in the
proportion of 1 lb. of caustic to 23 lb. (2} pints) of water.

Perhaps the most convenient method is to mix up 3 1b. of
the caustic at a time. Agood way to do is to fill an ordinary 1-
quart milk bottle about five-eighths full of water and add half
of the sticks in a 1-lb. package of caustic. If you have a
pair of reasonably accurate small scales, you can weigh the
bottle and then add the required 1% lb. of water, thus securing
greater accuracy than guessing at five-eighths of a quart. A half
pound of caustic will make a little more than enough solution
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for five loadings of the pipette. And one loading of the pipette
is sufficient for about 325 analyses where the percentage of CO,
extracted each time is 12 per cent. Thus, one loading should
last from three months to a year or more, depending on how often
the apparatus is used. The bottle containing the unused part of
the mixture should be carefully labeled, fitted with a cork or cover
and stored away in a safe place. It is safest to handle the potash
sticks with tongs rather than with the bare hands because while
no harm will be done if both the sticks and your hands are dry,a
disagreeable burn results if either happens to be moist. Use care
in handling the solution when made up because a drop on the flesh
will burn and a drop on clothing, shoes, etc., will eat a hole.

SoLuTION FOR OXYGEN

The solution for the second pipette, to absorb the oxygen, is
potassium pyrogallate; made by mixing pyrogallic acid (which
comes in the form of a powder) with a suitable quantity of the
caustic-potash solution just described. As this solution absorbs
oxygen it will quickly lose strength if exposed to the air; hence
it must be sealed up as soon as possible.

A good way to mix the solution is to put 1 oz. of the pyrogallic
acid into a quart bottle, pour in about a pint of the caustic solu-
tion and immediately seal the bottle air-tight.

After loading the pipette, place the gooseneck and rubber bag
on the back leg as quickly as possible to exclude the air. One
loading of the pipette will absorb about 200 c.c. of oxygen. Thus,
if the average amount of oxygen in the flue gases analyzed is, say,
8 per cent., the solution would be good for about 25 analyses.

Sorurion For CO

The solution for the third pipette, to absorb the CO, is acid
cuprous chloride. This can be most conveniently made as fol-
lows: Put enough copper oxide into a quart bottle to make a
layer on the bottom % in. thick. Put in ten or a dozen lengths
of No. 10 gage copper wire, bare and clean, cut in lengths to reach
from the top to the bottom of the bottle. Then fill the bottle
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with hydrochloric acid (hydrochloric acid is simply equal parts
water and muriatic acid). Seal the bottle air-tight and shake it
occasionally to hasten the reaction. When the solution turns
nearly colorless (after about 48 hr.) it is ready to use. After
some of the solution has been taken out to load the pipette,
immediately add more hydrochloric acid so as to keep the bottle
full all the time. As the copper wire and copper oxide gradually
disappear, add some of each from time to time so as to constantly
keep about the usual amount in the bottle.

As this solution also deteriorates when exposed to the air, be
sure to connect the rubber bag to the pipette as soon as it is
loaded. One loading of the pipette will absorb about 100 c.c.
of CO; hence it would be good for about 100 analyses where the
amount of CO in the flue gas averaged 1 per cent.

When any of the solutions begin to show signs of weakness
they should immediately be renewed regardless of the length of
time they have been in use.

TAKING THE SAMPLE

The best place from which to take the sample of flue gas is
from the last pass, if the boiler is a water-tube, or from the
connection between boiler and breeching if a fire-tube. Cut a
length of %-in. pipe T, Fig. 16, long enough to extend half way
across the gas passage and project out about 6 in. at one side.
Fit an elbow and vertical connection to this as shown. The pipe
T may be inserted either through a drilled hole or through some
existing opening. In either case, stop up the hole or opening
around the pipe with waste or plastic asbestos so as to prevent
the danger of air leaking in and spoiling the sample. Be sure
that the piping is made up air-tight. Draw the end U down so
that }-in. rubber tubing can be pushed over it.

If instantaneous flue-gas readings are wanted, connect the
Orsat and the end U by a length of rubber tubing and proceed
to draw in the sample as before directed.

If a sample representing a certain period of operation is de-
sired, an arrangement, such as shown in Fig. 16, may be used.
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Obtain two large bottles, such as those in which spring water is
sold, and fit them with rubber corks, each perforated for two glass
tubes. These corks can be secured from the dealer who sells
you the flue-gas apparatus. Then, fit each bottle with one long
glass tube and one short one in the manner shown. If the top
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F16. 16.—Arrangement for collecting a time gas sample.

of each glass tube is heated and bent over, as shown at a, the
rubber tubing is not so likely to kink up and stop the flow of
water.

Fill one bottle full and the other about one-eighth full of
water. Connect the long tube of each bottle with a length of
rubber tubing about 6 ft. long; connect each short tube with a
length of rubber tubing about 12 to 18 in. long and in the end
of these short lengths insert a glass-tube nipple, 4 to 6 in. long
as shown.

Arrange the bottles one above the other, as shown in Fig. 16,
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