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ABSTRACT

In the earliest types of recovery units installed
in pulp mills serious explosions occurred whenever water
from the cooling systems leaked into the molten chemica...
ash in the smelt beds of the furnaces. Although the exact
nature of the explosions was not known, they were called
"smelt explosions" and were believed to differ in character
from the ordinary gas explosions which occur in power boiler
furnaces fired with gas, oil or coal.
Improvements were m#de to eliminate explosion hazards in later designs; however, in the past several years
recovery furnace explosions have occurred with increasing
frequency.

The purpose of this study was to determine what

types of explosions could possibly take place in recovery
furnaces with a view to preventing these explosions•
A sample of black liquor as fed to the recovery
furnaces of a nearby pulp mill was secured for these tests,
It was felt that the results obtained with such a sample
would be characteristic of similar tests on black liquor
from other pulp mills in the southeastern United States.

vlii.

First, the black liquor was heated in a closed
flask at constant temperature and the gases which were
given off were collected for analysis.

The sulfur trioxide

present in the gases was removed by chemical reaction, the
terpines

and mercaptans removed by condensation at low

temperature, and the remaining gases analyzed in an Orsat
type gas analyzer.

These tests indicated the percentages

of each of the gases which were driven from black liquor
by application of heat alone as occurs Ln a recovery furnace during normal firing operations.
A second set of tests was made under the same conditions but with steam admitted to the flask containing the
black liquor. Analysis of the gases driven off during
these runs indicated the percentages of each of the gases
which were generated under conditions reproducing those of
water leakage into a recovery furnace during otherwise normal operations.
From these tests it was found that larger volumes
of gases were produced under both sets of conditions as
temperatures were increased.

In addition, larger volumes

of gases and more explosive mixtures were formed with the
application of steam.

Thus, a recovery furnace was found

to act as a gas producer when water (steam) entered the
smelt bed.
ix.

The gases evolved were found to he very explosive
whether generated with the application of steam or not,
indicating the need to keep recovery furnaces purged of
accumulations of these gases whenever black liquor is
present in a furnace at temperatures of 550F and above.

x»

1.

A STUDY OF
TEE EXPLOSIBILITY OF BLACK LIQUOR
CHAPTER I.
INTRODUCTION
History. — When the wood chips have been completely
processed in the digesters of either a soda or sulfate
chemical process pulp mill and all of the cellulose
fibers used in manufacture of pulp have been extracted
from the "cook" or digester contents, the remaining
brownish-black liquid, which resembles crude oil in
appearance, is given the name of black liquor.
liquor at any station in the mill

"Black

is a mixture of

water with organic compounds from the wood, and the
inorganic compounds employed for the cook." (l)
Economy of operation of sulfate, often called
kraft, mills and of soda mills today is dependent on
recovery of the inorganic chemical compounds from the
black liquor for reuse in the pulp digesters.

Chemical

recovery is accomplished by burning black liquor in
recovery furnaces. Residual heat within these furnaces
drives off moisture from the black liquor by flash drying to produce a "char" and then ignites the remaining
combustible constituents which are burned away.

The

2

heat produced in excess of that required for charring the
black liquor is utilized for producing steam for the pulp
mill.

Furnace residue, called "black ash," contains the

bulk of the inorganic compounds in a condition from which
they can be easily converted for reuse in pulping operations.

The molten or semi-fluid black ash is referred to

as "smelt."
The first soda process mills in North America were
started in 1880, while the first sulfate mill on this continent was not established until 1907. (2) Recovery
units originally installed in these mills were reverberatory furnaces, succeeded in later years by rotary furnaces,
many of which are still in use.

Still later designs

developed spray type furnaces with water walls, quite
similar in appearance to pulverized coal or oil-burning
boiler furnaces.
In these modern recovery units concentrated black
liquor is sprayed into the furnace by means of a "burner
gun", operated with a rocking or oscillatory motion.
Some of the drops of black liquor are burned in suspension in the furnace, but a large part is sprayed onto the
furnace walls and burns there, the molten ash or smelt
trickling steadily down the walls and across the furnace
floor to a smelt tapping spout in the base of the furnace.

Since most recovery furnaces operate continuously for
extended periods of time, - 24 hours a day, seven days
a week, for six to nine months at a time, •• a mound of
smelt often builds up on the floor of the furnace to a
depth of seven feet or more*

Temperatures of smelt

from the tapping spout vary from 1550 F to 1750 P.
From the foregoing it can be seen that a chemical
recovery unit in a soda or sulfate pulp mill is subjected to severe operating conditions and that water cooling
of furnace and smelt spout is required. Water cooling
has proven to be quite hazardous.
In the rotary type furnaces continuous tapping of
smelt necessitated using a water cooled smelt spout.
It was quickly found that even a small leak in the cooling water system could result in terrific explosion if
leaking water came in contact with the molten smelt.
At first it was believed that the water on striking the
hot smelt evaporated into steam, expanding so rapidly
that it had explosive force.
With the development of the spray type water
wall furnace it was felt that the hazard of explosion
had been somewhat lessened, for in the early years of
operating these newer units, there seem to have been few,
if any, recovery furnace explosions from water getting
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into the smelt beds. Within the past five years, however, leaks and ruptures in furnace water walls of
recovery furnaces have permitted water to enter smelt
beds resulting in explosions which are now occurring
with increasing frequency and seriousness. Figures
1-a and 1-b will give an indication of the seriousness
of damage to the casing of a large recovery furnace following such an explosion last year. Repairs to this
unit cost in excess of one hundred twenty thousand dollars.
The writer has been privileged to make on-the-spot investigations of the causes and effects of a number of
these recent explosions,
Conditions. — It was found that the water wall tubes of
recovery furnaces may often be subjected to more severe
operating conditions than the water wall tubes of furnaces burning coal, gas or oil.

Slag and/or fly-ash

deposits on recovery boiler and superheater tubes are
formed more easily and are not readily removed by the
action of automatic soot blowers, necessitating a great
deal of hand lancing.

Furnace water wall and boiler

tube ruptures are not uncommon occurrences in recovery
units.
Any rupture of a water tube admitting boiler
water under boiler pressure to be forced into the furnace chances the entrance of water into the smelt bed.
An explosion is then apt to occur, although not every

(a) Right Side of unit at Operating
Level, Elevation 4Qf-6£",

lb) Left side of unit at Upper Level,
Elevation 59f-3j-,f. Note Inspection
Door in Left Background Broken byForce of the Explosion.

FIGURE 1. - TYPICAL VIEWS OF DAMAGES TO RECOVERY FURNACE RESULTING FROM FURNACE EXPLOSION
WHICH FOLLOWED A TUBE RUPTURE. FURNACE CASING PLATES AND INSULATION ARE SEEN
BLOWN OUTWARDLY, EXPOSING WATER WALL TUBES.
ex
«•
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tube rupture in a recovery furnace has resulted in a
furnace explosion. When recovery furnace explosions
have followed tube ruptures, the time lapse between
the tube rupture and the explosion in specific cases has
been recorded as varying from a few seconds to more than
an hour.
The problem. -- The writer's investigations brought out
an important fact, namely, that the exact cause of each
of the explosions was unknown.

In discussions with the

manufacturers of these recovery units, with the owners
and their operating personnel, and with fire, casualty
and liability insurance carriers several theories were
advanced but none had been definitely proven.
The four principal theories were as follows:
1.

Gases driven off by residual furnace
heat from unconsumed or partially
burned black liquor and char in the
furnace are ignited by contact with
the incandescent furnace walls, the
hot smelt bed, or by the furnace
temperature itself, - autoignition.

2.

A chemical reaction takes place between the water and/or steam in the
furnace and the fuel, which is in
various stages of oxidation from
black liquor to smelt, producing

7.

combustible gases in the furnace
to be ignited by any of the several
means mentioned in Theory 1 above,
3.

A steam explosion occurs when water
on contacting the hot smelt bed is
suddenly flashed into vapor with
tremendous volume increase.

4.

A chemical reaction, called a "smelt
explosion" takes place. The possibilities of several explosions of
this type have been suggested, viz, free sodium is liberated,
Na2 C0 3 + 2(C) — 2Na + 3CO

(3)

free hydrogen is liberated, or some
other such change takes place followed by a sudden, explosive, exothermic oxidizing reaction.
It has been the primary purpose of this study to
determine whether the first theory is correct, that is,
whether explosive gases are generated by heating black
liquor and char, what

quantities of gases are generated,

what the composition of these gases may be, and how this
composition varies with furnace temperatures.

8.

The secondary purpose of this study has been to
determine whether the second theory is correct by
establishing whether greater quantities and/or more
explosive gases are generated by heating black liquor
and char in the presence of water and steam.

The variat-

ions were again considered with respect to furnace temperatures.
Since the explosive power of water, flashed
suddenly into steam, has been proven long ago, the third
theory can not be disallowed.
Wo consideration was given to the fourth theory
for to prove or disprove it appeared to be a most complex procedure, beyond the range of simple laboratory
equipment and the writer's knowledge of organic and
inorganic chemistry.
It should be noted here that much of the background of this writing and some of the information
contained herein comes from personal discussions with, as
well as from previously unpublished letters and reports
of interested parties.
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CHAPTER II.
APPARATUS
Gas generator. — Arrangement of the gas generating
apparatus is shown by Figure 2. A sample of black liquor
contained In the side arm boiling flask was heated by
placing in an electric furnace.

Gases were driven off

which were passed through a processing train of equipment
described below.
Electric furnace. -- The furnace used was a 115 Volt
A.C.-D.C. Electric Muffle Furnace with inside dimensions
of 4" width, 3-3/4" height, and 3-3/4" depth, with builtin rheostat control, manufactured by Will Corporation,
Rochester, New York.

The furnace was adapted to admit

insertion of a 300 cubic centimeter boiling flask, permitting the neck and side arm connections of the flask
to remain outside the furnace.
Thermocouple indicator. -- The furnace was equipped with
a chromel-alumel thermocouple which had been calibrated
for direct reading of furnace temperatures on an indicator
scale built into a closed case and attached directly to
the furnace.
No. 1 Condenser. -- A pyrex glass drying tube immersed in
an ice water bath provided means to condense the water

Direction of
Steam Flow
Varied at
This Point by
Means of a
Pinch Cock
(Not Shown)

Black Liquor Heated at
ConstanrTemperature

Boiling Water

-Thermocouple Indicator

fca3^11333

Gos Passes Through
Saturated Solution
of Zinc Chloride
Glass U-Tube
in Bath of
ce Water

STEAM
GENERATOR

CONDENSATE
COLLECT ION

BO IL ING FLASK
IN FURNACE

NO

I

CONDENSER

Giass U-Tube in
Bath of Isopropyi
Alcohol ft Dry Ice

BUBBLE
CAP

NO. 2

CONDENSER

2 % Hydrochloric Acid
in Flask 8s Par, -7

GAS COLLECTION
APPARATUS

APPARATUS

FIGURE 2 - SCHEMATIC ARRANGEMENT
APPARATUS FOR GENERATION OF GASES
o
*

vapor driven off by heating of the black liquor.
Bubble cap. -- After passing through No. 1 condenser, the
gases were bubbled through a saturated solution of zinc
chloride to remove all of the sulfur trioxide from the
gases.

The chemical reaction in the bubble cap took

place according to the following equation:
SO3

* ZnCl2

+

H 2 0 — 2HC1

*

ZnSO^ 4

In the last few runs the porous glass plate of the
bubble cap became so clogged with tars and resins distilled from the black liquor that the bubble cap was inoperable.

A flask was filled to a depth of approximately one

inch with coarse glass beads. These were covered with a
second one inch layer of fine glass beads and the saturated zinc chloride solution poured into the flask until
it covered all of the beads one-half inch or more.

The

flask was then capped with a two hole rubber stopper
admitting two glass tubes into the flask.

Gases were

admitted through the first tube at a point well into the
layer of coarse beads, bubbled up through the fine beads
and zinc chloride solution, and were removed from a point
near the top of the flask by means of the second glass
tube.

This device was found to operate much more satis-

factorily than the conventional bubble cap.

No. 2 Condenser. — A pyrex glass drying tube immersed
in isopropyl alcohol was cooled by means of dry ice
placed in the alcohol„

The condenser so formed removed

all of the terpines, mercaptans and other condensible
vapors from the gases after they had passed through the
bubble cap.
Gas collection apparatus* -- Gases passing through No. 2
condenser were collected in glass flasks by displacing
a two per cent solution of hydrochloric acid.

This is

recommended by Matuszak (4).
Steam generator. — When it was desired to pass steam
over the black liquor during a run, this was done by
boiling water in a flask, - applying heat with a Bunsen
burner, - and passing the steam produced into the boiling
flask containing the black liquor at a point just above
the liquor surface.

See Figure 2.

Orsat. -- The gases collected were analyzed with a modified Orsat. The Orsat used was a Fisher Technical model,
equipped with a measuring burette, A, three pipettes,
B, C and D, a fractional combustion unit, E, and a slow
combustion unit, F, as indicated by Figure 3«
Orsat chemicals. — Chemicals used for absorption of gases
in the Orsat were mixed according to the specifications of
the School of Mechanical Engineering of the Georgia Institute of Technology.

They were as follows:

FIGURE 3 - QRSAT APPARATUS
(MODIFIED)
H1

Carbon dioxide - A solution of three hundred
thirty grams of potassium hydroxide in one thousand
grams of water,
Oxygen - A solution of twenty grams of pyrogallic
acid in forty-five grams of water made up to two hundred
and fifty cubic centimeters with the above caustic solution.
Carbon monoxide - A solution of fifty grams of
cuprous oxide in two hundred fifty cubic centimeters of
concentrated hydrochloric acid.
The displacing fluid which was used in the Orsat
burette was a mixture of four parts by volume of a two
per cent solution of hydrochloric acid to one part by
volume of a saturated solution of sodium chloride colored with methyl orange. (5)
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CHAPTER III
PROCEDURE
Gas generation. — The procedure which was followed in
generating gases for analysis in the Orsat was developed
to reproduce conditions within a recovery boiler furnace
as closely as possible in the laboratory.

Over forty

separate test runs were made and the gases analyzed from
these runs before the following procedure was set up.
The results of these initial runs were not satisfactory,
but study of the results indicated the corrective measures which had to be and were taken to secure reliable
data.

The hereinafter described procedure is the one

which was finally evolved and found to give satisfactory
results.
Before generation of gas from a sample of black
liquor was begun the furnace was brought up to the predetermined operating temperature for the run and maintained at that temperature for several minutes by adjustment of the rheostat. During thl3 same time both No. 1
and No. 2 condensers were cooled down by immersion in their
respective chilling baths. The bubble cap was filled with
a saturated solution of zinc chloride to a depth of approxi

16
mately one inch above the porous glass plate and some
solid zinc chloride crystals were added to the liquid
in the bubble cup to maintain the solution saturated
during the entire run.

All connections of rubber tub-

ing to glass tubing were sealed against leakage of gas
by twisting a loop of soft copper wire around each joint
and tested before each run. If the run was to be made
with steam admitted to the black liquor flask, water was
brought to a boil in the steam generator.

The steam

formed was vented to the atmosphere through a condensate
collection flask until the run was begun.
A measured quantity of black liquor was poured into the boiling flask,, Some glass beads were placed in the
flask to promote boiling of the black liquor.
When the condition of the apparatus had been
checked, the boiling flask containing black liquor was
inserted into the furnace. A record of time, temperature and visual observations was begun.

If the run was to

be made with steam admitted over the black liquor, steam
was let into the flask as soon as it was apparent that
gases were being evolved from the black liquor.

This was

done by simultaneously closing the exhaust from the steam
generator to the condensate collection apparatus, Figure
2, by means of a pinch cock, not shown in the figure,
while opening another pinch cock, not shown in the figure,
which admitted the steam into the black liquor flask.
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Water vapor, driven off by heating the black
liquor, was quickly condensed in No. 1 condenser. By
observing bubbles of gas passing through this water,
through the liquid in the bubble cap and into the collection flask the rate of gas generation could be approximated.

When the rate of gas generation slowed down

to not more than one bubble every three minutes through
No. 1 condenser and into the collection flask for a
period of ten minutes, the run was considered over.
Flasks used for collection of gases were 500
cubic centimeter Erlenmeyer type. The first quantity
of gas collected during each run, amounting to approximately two-thirds of a flask, was wasted to the atmosphere.

Analyses from the first few runs showed this

collection to be nearly pure air, that air which was
driven from the apparatus by evolution of steam and gases
from the black liquor. Bottles of gas collected after
the first bottle from each run were sealed with rubber
stoppers, retaining a liquid seal of the confining fluid
above the stopper.
At the end of each run, gas trapped in No. 1 and
No. 2 condensers and the bubble cap was pumped into a
separate collection flask by displacing the gas with
water pressure from a faucet connection.

The gas samples

collected in this manner were found to be practically
free of air.
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When the

samples had been secured and labeled,

a check was made of the conditions under which the run
had been made, comparing observations made during the
run, to those of earlier runs; and, if they appeared
satisfactory, the apparatus was dismantled and thoroughly cleaned in preparation for the next run.
Gas analysis. — As soon as the run was completed, the
gas samples were transferred to the Orsat room to be
analyzed.

The fluid in the measuring burette was raised

to the very top and the valve closed. A rubber hose
(G, Figure 3) connected to the three way valve on the
measuring burette (A, Figure 3) was then introduced into
the collection flask of the gas collection apparatus (H,
Figure 3)> and with the leveling bottle (I, Figure 3) in
the down position the three way valve was positioned so
as to allow the gas to pass into the burette. When a
small amount of gas had passed into the burette, the
valves were so positioned as to allow the gas in the
burette to be pushed out to the atmosphere by raising the
burette leveling bottle. When the acid solution reached
the top of the burette, the valve on the burette was
positioned so as to allow more gas to be drawn into the
burette by lowering the burette leveling bottle again.

When the level in the burette was well below zero,
connection was again made with the atmosphere and the
level brought to zero with the level in the burette and
the level in the bottle equal. At that time there were
exactly one hundred milliliters of pure gas from the
sample under atmospheric pressure in the burette. Any
decrease in volume could be expressed directly as a per
cent.
By manipulation of the leveling bottle and the
three way valves on the burette and on the pipettes, the
gases were then passed several times through each pipette
and a volume reading taken after each pipette.

The dif-

ference in reading between any two successive pipettes
was the per cent of gas absorbed in the latter. After
passing the gases through the fractional combusion unit
(E, Figure 3), which was maintained at an operating
temperature of 300 degrees Centigrade, and recording the
per cent of hydrogen, the gases were again passed through
the potassium hydroxide solution (B, Figure 3).

Any

decrease in volume here indicated residual carbon monoxide; that is, that all of the carbon monoxide present
in the original sample had not been removed by passing
through the cuprous chloride.
The remainder of the gas sample was then stored
in the potassium hydroxide pipette. Meanwhile, a sample

of oxygen was "brought into the burette and measured,
using the same method as previously described for bringing a gas sample into the Orsat.

The oxygen had been

transferred from a storage tank of compressed oxygen,
such as is used for welding, by displacement of acid
solution from a collection bottle. Forty milliliters of
oxygen were measured and transferred to the slow combustion unit; (F, Figure 3), the platinum coil in the unit
was heated to a bright yellow by passing an electric
current through it; and ten milliliters of the stored gas
sample from the potassium hydroxide pipette was passed
slowly over the hot coil.

Any reduction in volume due

to a slow combustion was recorded as the total contraction; this indicated the total water vapor formed by the
slow combustion.

The gases from the slow combustion

were then passed into the potassium hydroxide solution
again, with any subsequent reduction in volume recorded
as a separate carbon dioxide reading.

This procedure was

used to analyze for each run the first gas sample actually collected and the gases pumped from condensers and
bubble cap after completion of that run.
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CHAPTER IV.
DISCUSSION
Test procedures. -- It was originally intended that ttiis
study should embrace tests over the temperature range
from 400F to 1800F, since these are the upper and lower
limits of temperatures generally encountered in a recovery
furnace during periods of emergency shutdown caused by
tube leaks. Attempts were made to reach the higher temperatures by heating black liquor in a stainless steel
container, but a reaction was found to take place between
the black liquor and the stainless steels available.

A

quartz glass test tube was then used for heating the
black liquor.

The test tube resisted both heat and chem-

ical reaction, but violent boiling in the narrow bore of
the tube resulted In "priming", ejection of the liquor
from the test tube. In this day of materials shortages
it was found that promised delivery of special alloy
steels or of quarts glass boiling flasks was not less
than eighteen months*

The upper temperature limit was

set, therefore, at 1000 degrees Fahrenheit, the working
limit of Pyrex glass.

Since it was found by experiment

that gases were not evolved from the black liquor until
it had reached a temperature of approximately 550F, the
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lower temperature limit vas set at 600F.
All runs were made using black liquor from the
plant of Union Bag and Paper Corporation at Savannah,
Georgia.

The sample, showing an average solids content

of 51.8 per cent, was concentrated black liquor from the
multiple effect evaporators in the plant. An analysis
furnished by the mill is given in Table 1, below.
Table 1.

Composition of Black Liquor Solids

Constituent

Per Cent of Solids

Carbon
Hydrogen
Oxygen and Nitrogen
Sulfur
Ash

37.0
3.5
11.0
3.5
45.0

Despite variations in composition of black liquors
from various mills or even day by day variations in the
black liquor from the same mill, it was felt that results
of these tests would be indicative of tests made on other
samples of black liquor from any kraft mill using slash
pine as the principal wood in pulping operations.
Removal of sulfur trioxide from the gases was effected by bubbling them through the zinc chloride solution
as described previously.

The generation of this gas from

black liquor has been definitely established (6), but
quantitive determination would have been most difficult.
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It has been established that terpines and mercaptans are also generated from black liquor.

(7) These

were collected as liquid in No. 2 condenser by maintaining a condenser temperature below the condensing temperature of the terpines and mercaptans.
The gases collected for analysis were gases which
had been evolved by heating black liquor and from which
the water vapor, sulfur trioxide, terpines and mercaptans
had been removed.
Accuracy of results. -- Maintaining a constant operating
temperature through the duration of a run was rather difficult.

The controlling rheostat on the electric furnace

had five contact positions, and rate of heat input was
adjusted manually.

Using only these five contact points,

the rate of heat input had to be decreased if temperatures
became too high or increased if they dropped too low.
Temperatures could be controlled within twenty degrees
above or below the desired reading.

Closer control could

not be accomplished.
In several instances the gas analysis of a given
sample was re-run to check the accuracy of the techniques
employed with the Orsat apparatus.

Separate determinations

of the constituency of any single sample checked within
one per cent for each component gas. However, the determinations of percentages of oxygen and nitrogen in the

oxygen-plus-nitrogen content, and of the percentages of
each of the other components on an oxygen-plus-nitrogenfree basis introduced large multipliers in several cases
which magnified the errors in calculated data. The
oxygen-plus-nitrogen-free determination was used when it
was discovered that the oxygen to nitrogen ratios closely
approximated the ratio of oxygen to nitrogen in air.
With the exceptions of calculating the volumes of
gases evolved per gram of black liquor all calculations
were performed using a standard ten inch slide rule; there
fore, the calculated data was expressed in terms of three
significant figures which was within the accuracy of the
observed data.
Sequence of events during a typical run. -- A typical run,
made either with or without steam, followed a more or less
definite pattern of events. First, a sudden surge of gas
would pass through the bubble cap as soon as the boiling
flask was inserted in the furnace. An analysis of this
gas indicated that it was air driven from the flask by
sudden heating. A char would form occupying many times
the original volume of the black liquor. When the surge
of gas ceased, a quiescent period would follow during
which time water vapors, driven from the black liquor by
heat, would condense as liquid in No. 1 condenser. A
second evolution of gas would then begin at a rapid rate.
This action would be accompanied by the appearance of a

colored vapor in the flask.

In time, the colored vapor-

would disappear, the rate of gas flow decrease, and,
finally, evolution of gases cease completely.
Effects of Temperature, -- The most noticeable change
resulting from an increase in temperature was the change
in color of the vapors generated in the flask.

When the

char was heated a yellow vapor would appear which would
he followed or displaced by a white vapor during runs
made at low temperatures; while, no white vapor appeared
and darker yellow, - almost brown, - vapors were generated during the high temperature runs.

Some of the

yellow vapors condensed in No. 1 condenser as a brown,
gummy liquid.

This brown liquid was not miscible in

cold water and was similar in appearance to pine oil.
Referring to Figures 4-a, 4-b, 5-a and 5~b,
composition of the gases on an oxygen-and-nitrogen-free
basis shows rather definite trends. At 600F the CO2
content was low, the CO content high, indicating incomplete oxidation of carbonaceous components of the
black liquor as a result of the low temperatures.
Raising the temperature generally increased the CO2
content above that at 600F, lowered the CO, and promoted complete oxidation. Decrease in C0 2 and general
increase in CO at the end of a run as compared to the
beginning of the same run shows dissipation of the
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FIGURE 5b - CARBON MONOXIDE CONTENT OF GASES DRIVEN FROM
BLACK LIQUOR BY HEATING AT CONSTANT TEMPERATURE WITH
STEAM APPLIED

oxygen content of the flask by the reaction.
Increase in H2 and CH4 contents resulted from increasing temperatures as indicated by Figures 6-a, 6-b,
7~a and J-b.

This increase resulted from breaking down

more of the hydrocarbon content of the black liquor.
The principal explosive constituent of the gases
evolved at 600P was CO. A more explosive mixture, containing larger amounts of H2 and CH4 was formed as temperature was increased.

The sudden changes in composition

of the mixtures at 700P cannot be ignored, for it indicates
a critical point.
Figure 8 shows the increases in the quantities of
gases formed as temperatures were raised.
Effects of Applying Steam* -- Application of steam to the
black liquor while heating caused slight changes in the
colors of the vapors formed in the boiling flask while
gases were being generated.

There was no clear-cut change

from the appearance of yellow vapor to the appearance of
white vapor; instead, the vapors were seen to be more
yellowish-white.
The CO2 content increased, while the CO decreased.
(See Figures 4-a, 4-b, 5"a and 5"^)-

The H2 and CH4. con-

tent both increased (Figures 6-a, 6-b, 7~a and 7"*t>).
Apparently, the steam react3 with the carbon in the char
to produce CHlf and CO2 with liberation of some free
hydrogen.
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FIGURE 7b - METHANE CONTENT OF GASES DRIVEN FROM BLACK
LIQUOR BY HEATING AT CONSTANT TEMPERATURE WITH STEAM
APPLIED

31.

600

700
800
900
TEMPERATURE - DEGREES FAHREHHEIT

FIGURE 8 - VOLUME OF GASES DRIVEN FROM ONE GRAM OF
BLACK LIQUOR BY HEATING AT CONSTANT TEMPERATURE

1000

32.

The increase in H^ and CHij. produced more explosive gas mixtures as before. Referring to Figure 8,
greater quantities of gases are formed by application of
steam.
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CHAPTER V.
CONCLUSIONS
Prom the foregoing, it is seen that larger volumes of gases measured at room temperatures are generated from a given mass of black liquor as the temperature
is increased. Also, the explosiveness of the gaseous
mixture increases with the temperature. With methane,
CH/p present the temperature of autoignition is that
of CHi^999F, (8), or less, depending on the eutectic
autoignition temperature of the gaseous mixture.
The volume of gases formed by heating black
liquor at any temperature over the range of these tests
is increased by application of steam to the char formed
during heating.

The gases so formed are more explosive

mixtures than those formed in absence of steam.
So long as black liquor or char is present in
a boiler furnace, explosive gases will be generated by
the furnace heat. These are burned in normal furnace
operations. A tube rupture, admitting water and/or
steam to the furnace to contact black liquor and char,
can create a gas producer evolving larger quantities of
more explosive gases inside the furnace.
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CHAPTER VI.
RECOMMENDATIONS
Recommendations regarding operating practices of recovery
units. — In order to reduce explosion hazards in operations of a modern recovery boiler furnace, the induced
draft fan should be left running during a normal shutdown
until all of the black liquor and char has been burned out
of the furnace. This will purge the furnace of any explosive gases given off by the black liquor and char under
influence of furnace temperatures.
It is even more important that the induced draft
fan be left running during an emergency shutdown occasioned by a tube leak or rupture, for even larger quantities of more explosive gases would be generated by the
black liquor and char in the presence of the steam and
water in the furnace. The danger of explosion rises from
accumulation of explosive gases In the furnace which
would be prevented by purging the furnace.
Every effort should be made to prevent tube ruptures in recovery units. While most of the units are
inspected by casualty insurors, the inspections should
be more frequent and more thorough than with conventional
power boilers with water wall furnaces. This statement

is made in consideration of the severe operating conditions which recovery units are subjected to. More
careful operational procedures should be employed. For
example, hand lancing of tubes should be performed most
carefully so as to prevent splitting a water tube or
knocking a stud off of a wall tube.

E^ery effort should

be made to keep water and steam out of the furnace, away
from the black liquor and char.
If a tube rupture occurs, despite all precautions,
the action to be taken will depend on the individual
situation.

As a general rule, if a rupture occurs high

in the boiler or furnace the feedwater should be cut off
at once to minimize entry of water into the smelt bed.
If the rupture is quite large and occurs very low in the
furnace, so that it is impossible to maintain water in
the boiler, again, the feedwater should be cut off.
Between these two extreme situations is a variety of
conditions where the continued feeding of water to the
boiler to prevent burning up of furnace water walls,
boiler screen tubes and superheater tubes is a matter of
the judgment of the operator; therefore, no hard and
fast rule can be laid down which will cover every case.
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Recommendations for further study. -- It is recommended
that when materials become available these tests be carried to 1800P as originally intended.
It is finally recommended that tests be made by
injecting water into molten smelt and determining what,
if any, chemical reaction takes place. This would definitely establish if there is such a phenomenon as a
"smelt explosion", or whether the gas explosions proved
possible by this work are the only real hazards«,

APPENDIX I.
SAMPLE CALCULATIONS
A.

Methane - CH4
CH^ = CO^

(g

)

CH^ ~ 1/2 x Contr.

(10)

If the dry volume of methane as calculated by one
of the equations above did not check the dry volume as
calculated by the other, the following equations were
employed:

B.

Methane - City, and Acetylene - C2H2
x CH4 + y C2H2 - (x + 2y) C0 2

+ (2x + y) H 2 0

x + 2y = C0 2
2x + y ss Contr o

C.

Per cent of each component in Oxygen plus Nitrogen

content of gases.
2

Per cent 0 2 = 100 x
02

+

N2

+

N2

N2
Per cent N 2 = 100 x
02
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D.

Per cent of each component in gases on "Oxygen-plus

Nitrogen-free" basis.
CO
C0 2 = 100 x

CO = 100 x

C0 2 + CO + H 2 + CH4 f ^2H2
CO
C0 2 + CO + H 2 + CH4+ C2H

2

H

H2 = 100 x

2
C0 2 ^ CO • H 2 + CH^* 0^2

CH
,
4
CH 4 = 100 x C02+ CO * H 2 + CH^+ C ^ 2
C^H 2
CJU=100 x
^2-"
C02+ CO + H 2 + CH 4 * C^g

'

E.

Milliters of gas evolved per gram of black liquor
ml. gas/ gm. =

Total gase3 collected, ml.
Mass of Black Liquor in sample,gm
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APPENDIX II.
TABLES

Table 2.

Samples From Collection Apparatus

Samples Pumped From Bubble Cap

Beginning of Runs

End of Runs

?
:

Observed Data - Gases Evolved With No Steam Applied

r

V,ml.

700F

800F

900F

37

31

24

839

726

-

1000F

6 OOF

700F

800F

900F

15

30

37

31

24

15

956

183

839

726

-

956

1000F

C0 2

5.3

13.7

4.5

8.6

4.7

17.5

13.0

12.0

13.8

c2

15.1

7.5

16.4

11.6

13.6

5.9

1.9

1.0

1.5

CO

10.3

37.5

4.8

12.0

28.4

46.5

48.5

30.8

26.8

H2

1.9

3.9

2.1

7.8

0.0

2.1

11.7

26.6

28.1

Contr.

6.7

23.6

11.6

25.2

7-4

18.0

42.8

59.2

55.4

C0 2

5A

11.8

5.8

12.6

3.7

9.0

22.4

29 »6

29.2

Table 3-

Observed Data - Gases Evolved With Steam Applied

Samples From Collection Apparatus

Samples Pumped From Bubble Cap

Beginning of Runs

End of Runs

^
• :

V,ml.

700F

800F

900F

31

20

15

810

-

889.5

6 OOF

700F

800F

900F

14

30

31

20

15

1400

380

810

-

1000F

889.5

1000F

14
1400

2.5

13.0

7.6

12.5

9.2

24.0

21.4

17.7

12.7

02

18.0

11.0

12.3

7.7

5.4

1.4

2.0

1.7

1.3

CO

1.3

22.3

9.7

13.4

62.0

61.0

38.6

26.2

13.5

H2

0.8

3.9

8.6

16.9

2.0

2.2

11.6

23.2

43.7

Contr.

5.4

17.0

24.1

41.6

4.9

16.6

42.0

52.1

51.8

CO?

3.8

8.5

17.3

21.8

4.1

9.1

23.8

27.1

25.9

C02

Table 4.

m

Calculated Data - Gases Evolved With Wo Steam Applied

Samples From Collection Apparatus

Samples Pumped From Bubble Cap

Beginning of Runs

End of Runs

700F

800F

900F

1000F

600P

700F

800F

900F

1000F

V" , m l / g m ,. 2 2 . 7

23.4

-

63.75

6.1

22.7

23.4

-

63.75

CH4

2.7

11.8

5.8

12.6

3.7

9.0

20.8

29.6

1.6

C2H2

1.3

0.0

0.0

0.0

0.0

0.0

1.2

0.0

1.0

W2

63.4

25.6

66.4

47-4

49.6

19.0

2.9

0.0

27.2

o' 2

19.2

22.7

19.8

19.6

21.5

23.7

39.6

100.0

5.2

N'2

80.8

77.3

80.3

80.4

78.5

76.4

60.4

0.0

94.8

CO'2

24.6

20.5

26.2

21.0

12.8

23.3

13-7

12.1

19.4

co/

47.9

56.0

27.9

29.3

77.2

61.9

50.9

31.1

37.6

8.9

5.8

12.2

19.0

0.0

2.8

12.3

26.9

39.4

12.6

17.7

33.7

30.7

10.0

12.0

21.9

29.9

2.2

6.0

0.0

0.0

0.0

0.0

0.0

1.2

0.0

1.4

/
H

2

CH\
C2H'2

Table 5.

T

Calculated Data - Gases Evolved with Steam Applied

Samples From Collection Apparatus

Samples Pumped From Bubble Cap

Beginning of Runs

End of Runs

700F

V ,ml/gm,, 26.1

800F

900F

1000F

600F

700F

~

59.3

100.0

12.7

26,1

800F
-

900F

1000F

59.3

100.0

CH4

2.3

8.5

10.3

20.8

1.9

8.1

20.1

25.7

25.9

C2H2

0.8

0.0

3.5

0.5

1.1

0.5

1.8

0.7

0.0

N2

74.3

41.3

48.0

28.2

18.4

2.8

4.5

4.8

2.9

o'2

19.5

21.0

20.4

21-5

22.7

33.3

30.8

26.2

30.9

N'2

80.5

79*0

79.6

78.5

77.3

66.7

69.2

73.8

69.1

C0'2

32.5

27.3

19.2

19.5

12.1

25.1

22.9

18.9

13.3

CO'

16.8

46.8

24.4

20.9

81.4

63.6

41.3

28.1

14.1

K*2

10.4

8.1

21.7

26.4

2.6

2.3

12.4

24.8

45.6

CH^

29.9

17.8

25.9

32.5

2.5

8.5

21.5

27.5

27.0

COH'O

10.4

0.0

8.8

0.7

1.4

0.5

1.9

0.7

0.0
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