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At the Oregon State University heating plant the primary source
of heat energy is natural gas with crude oil as the standby supply of
fuel.

In the future, as natural gas becomes a rarer commodity, more

reliance will be placed on the use of the more expensive, more polluting, but also more plentiful supply of low grade fuel oil.

The main

purpose of this investigation is to resolve the problem of economically
and effectively eliminating the polluting characteristics of the flue
gases produced by the combustion of the sulfur-rich fuel oils.
After consulting the recent literature in the field of air sanitation, an impingement wet scrubber system was constructed and employed in
order to determine its capability to remove sulfur dioxide and the
nitrogen oxides in the gaseous effluents at the OSU heating plant.

The

scrubbing slurry was comprised of a mixture of water from the city's
water system plus measured amounts of sodium carbonate.

Gas samples

were analyzed directly from the stack, and then again immediately after
passing through the wet scrubber.

It was shown that the wet scrubber effectively removed all

traces of the 600 ppm sulfur dioxide concentration from the flue
gases, and that the 310 ppm oxides of nitrogen value was reduced by
60 to 85%, when fuel oil was burned.

When natural gas was fired,

the oxides of nitrogen emitted by the scrubber were reduced by
50% from the 150 ppm stack concentration.
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INTRODUCTION

The purpose of this report with the accompanying requisite
experimentation was to define the pollution problem at the Oregon
State University heating plant.

During much of the operating time

at the heating plant there is little difficulty with pollution since
the main fuel is natural gas, but on other occasions the plant is
required to switch to a low grade fuel oil with a sulfur content of
several percent.

At this point problems arise from the highly

undesirable emissions of sulfur dioxide and nitrogen oxides from
the boiler stacks.

As the federal government and its agencies

impose ever stricter controls on stationary power plants, it becomes
more apparent that some advance studies should be performed from
which some tentative action may be planned.

This report is not

intended to be all inclusive in its nature or its scope, and will,
hopefully, be only the beginning of a comprehensive program
initiated by the university in its attempt to solve its own problems and thereby provide necessary leadership for the rest of the
community in the area of environmental quality.
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THE AIR POLLUTION PROBLEM

Under the heading of air pollution, one may include four main
contaminants which are to be encountered in power plant operations:
the oxides of nitrogen (N0x), the oxides of sulfur (S0x), hydrocarbons,
and the particulates.

A more detailed description of each follows.

For the most part, the oxides of nitrogen production is a
function of the adiabatic flame temperature found in the firebox
of the furnace, the amount of excess air present during combustion,
and to a lesser degree on the boiler geometry, since this also
influences the flame temperature.

Nitrogen in the combusion air

and excess oxygen, when at high temperatures (around 3000 F and
higher), undergo an endothermic reaction to form six compounds:
NO, N20, N205, NO2, NO3, and N204.

Of these NO is the most pre-

valent (95% or more by volume), and NO2, in second place, is the
most troublesome, being chemically very reactive and having a
reddish-brown tint.

NO is a not too stable compound and afterleav-

ing the stack requires only about one half hour before the largest
portion is converted into NO2 by the oxygen in the air.

Nitrogen

dioxide itself is not stable and very readily combines with water
to form nitric acid (HNO

).

3

This powerful acid is one of the

prime oxidants in the boiler plume.

NOx is produced when a boiler

is gas fired and, to a greater extent, when it is oil fired.

It

is unfortunate that, as of the present, no economically feasible
method for the elimination of these contaminants exists.
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The oxides of sulfur present a problem when crude or heavy fuel
oil is being burned.

The residual oils may contain 1 to 3% or more

of sulfur by weight.

At present the oil being burned at the OSU heat-

ing plant contains 1.6 to 1.8% sulfur, with indications of even
further increasing in the near future.

The sulfur, when oxidized,

forms two compounds, SO2 and S03, of which SO2 is the most undesirable
from a corrosion standpoint.
of SO

3

The factors influencing the production

are the high firebox temperatures and the readily available

excess oxygen.

The production increases until 3000 F, after which

the ratio of equilibrium concentrations of S02/S03 remains constant
at about 19:1.

SO

2

is a colorless gas with very astringent odor.

Sulfur dioxide combines very readily with water to form sulfurous
acid (H2SO3), which with the nitric acid from the stack are the
major cause for the corrosion of many materials downwind of the power
plant.

SO3, the other oxidation product, is not so reactive, but

it does slowly react with water to produce sulfuric acid (H2SO4),
which is for some as yet unknown reason, responsible for much of
the visible exhaust plume."'

Hydrocarbons are normally no great problem if the combustion
process is properly controlled and the boiler maintenance is adequate.
Special care must be taken, when heavy fuel oils are burned, to insure
proper atomization of the fuel and that a well balanced air-fuel
ratio is established.

Hydrocarbons add to the visible plume only

when a boiler is started up, or when there is a load change and the
controls are slow in maintaining the desired air-fuel ratio.
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Inorganic particulates are a major contributor to a visible
plume.

Gas fired boilers produce virtually no particulates, but

oil fired boilers without gas cleaning apparatus all emit particulates, with the amount discharged usually increasing as the fuel
oils become heavier.

When soot blowing occurs, the particulate

emissions are apt to be very high regardless of the kinds of oil
being burned, if no fly ash removal system is in operation.
There are three ranges of particulate size:

from very fine

to about 0.4 p (1.6X10 5in.), 0.4 p to 1.0 p (4X10 5in.), and 1 p
and larger.

Only those particles in the 0.4 u to 1.0 p range

directly obscure visibility in the plume.

The larger particles,

especially over 10 p in size, settle out rather rapidly.

When under

1.0 p in size, the particles may remain suspended in the atmosphere
indefinitely, depending on the existing wind conditions.

Not only

is it a troublesome fact that a large percentage of the particulates
emitted are in the middle range, but also that the particulates in
all ranges are hygroscopic in nature.

This means that they act

as condensation nuclei for the water vapor and for the sulfuric
and nitric acids entrained in the exhaust plume.

The effect is

that the particles increase in size and more of them settle out
rapidly downwind of the stack.

Not only do they form an unsightly

smudge on all exposed surfaces, but also the corrosive action of
the sulfuric and nitric acids can cause extensive damage.

In high

enough concentrations, respiratory discomforts or worse may result,
depending on the individual's physical constitution.

When all

5

sundry pollutants are combined, power plants in the range of 50,000
to 500,000 lbs. of steam per hour, burning heavy fuel oils with 1.4
to 2.0% sulfur, emit plumes of 30% opacity (Ringlemann chart) if no
removal equipment is present.
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METHODS FOR POLLUTION REDUCTION

There are several means for minimizing the effects of air
pollution:

1. Using inherently clean fuel.

2. Removing the pollution-causing ingredients from
the fuel before firing.

3. Introducing additives to the fuel in order to
remove the pollution effects.

4. Optimizing combustion physically and chemically.
5. Removing pollutants during combustion by injection
of chemicals.

6. Removing pollutants from the exhaust gases.

7. Venting and dispersing pollution into nonsensitive areas.

A more detailed description of these methods follow:
1. The three main sources of energy used in power plants
today are the fossil fuels:

gas, oil and coal.

The

cleanest of these is gas, which produces only NON.
Oil produces all four pollutants in varying degrees.

Depending on the fuel source, coal can, and usually
does, produce measurably more of the four pollutants
than oil will.

It is obvious that the ideal fuel to

use is sweetened natural gas (cleaned of sulfur).

The Oregon State University heating plant, complying with an interruptible schedule for its gas

7

supply, has been required more and more often to rely
on standby fuel oil as its energy source.

Previous

to the 1970-71 fiscal year the consumption of oil did
not exceed 20% of the total energy demand.

In the

coming years it is expected to rise to 45%.2

What

this trend indicates with respect to the air pollution problem is certainly obvious.

2. To a great extent sulfur and noncombustibles in a
fuel oil may be removed while in the refinery.

This

method has the drawback in that it requires a substantial amount of processing, the cost of which is
eventually defrayed by the consumer.

A cost com-

parison should be made between higher grade fuel

oils and the cost of installing expensive antipollution equipment.

This may be done only when

the price of fuel oil can be estimated fairly
accurately for some span of time to come.
3. Certain additives may be introduced into the fuel

oil to give it more desirable characteristics during
combustion and when ejected as exhaust.

This is

already being done in many power plants to prevent
hygroscopic slag from forming on the fireside surfaces of the boiler.

There are many additives on the

market that have little or no adverse effect on combustion and care must be exercised in order not to
aggravate the pollution problem.

3,4/

In any case,
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no additives are as yet available that meet all

the requirements for pollution abatement; therefore, a different approach must be found for the
problem of cleaning the flue gases.

4. As previously mentioned, much can be accomplished
by producing the proper environment for combustion.
This includes:

proper firebox design, optimum tubing

layout, load sensitive control devices, and an ideally
arranged air supply, to mention a few critical criteria.
Only NOx and hydro-carbons may be controlled thusly;
The oxides of sulfur and the non-organic particulates
are unaffected by these precautions.

5. The only pollutants that may be treated during combustion are the oxides of sulfur.

Calcium carbonate

(CaCO3) can be injected into the burning gases to
react chemically with SOx to produce compounds that
are not objectionable.L§/

The greatest drawback to

this system is that under ideal conditions removal

efficiencies of only about 40% have been achieved
during tests.

6. The area of post-combustion removal of pollutants
has held the greatest promise of success, and will

be dealt with in more detail further on.

Some of the

apparatus used are electrostatic precipitators, afterburners, cyclone separators, baghouses, scrubbers
of all kinds, and filter beds.

9

7. Venting dirty flue gases into insensitive areas is
an immediate but only temporary measure for pollution
abatement.

This may be accomplished by the use of

a high stack.

The turbulent air disperses and diffuses

the pollutants so that they are below certain threshold
values when they reach the ground level (the SO2 "taste"
threshold is 0.3 ppm).2/
air.

The key word here is:

turbulent

When this turbulence is present only to a minor

degree and in conjunction with an atmospheric inversion,
as is frequently the case in the Willamette Valley,

the plume may reach the ground close to the stack
with little diffusion having occurred.
is referred to as fumigation.

This phenomenon

It should, therefore,

be emphasized that a tall stack is at best only
temporary solution.

a
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SOLUTIONS WITH PROMISE

The following are some of several methods for removing objectionable effluents from the stack gases after combustion:
1. Electrostatic precipitators are being heavily relied
upon at big power stations to remove fly ash when
pulverized coal or heavy fuel oils are burned.

The

collection efficiencies for large modern units are
in the vicinity of 99.5% or better.

A possible

attractive feature is the fact that precipitators
can remove most or all of the SO3 in the gases, but
only if the flue gases are cooled to 90°F, which is
very difficult to attain under normal operating conditions without a large economic and technical investment.

Difficulties encountered in precipitator

operation are the appreciable space requirements,
the inability to collect certain charge immune particulates, the high aquisition and maintenance costs,
and the chance of coronal discharge at the high operating voltages.

Since precipitators are used primarily to remove
particulate matter in the exhaust gases, scrubbers
are usually required to finish the cleaning process
by removing the S02.

Some NOx may also be extracted

from the flue gases if the correct scrubbing slurries
are used.

Obviously it is quite expensive to use a
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scrubber in conjunction with a precipitator.

The

space requirements may also become prohibitive.

2. Cyclone separators have the primary function of
removing soot and fly ash which is suspended in the
flue gases of coal firing power plants.

Very little

advantage is derived from their use in an oil and
gas powered heating plant.

One of these was in use

at the OSU plant when hogged wood was used as the
primary fuel, but it has fallen into disuse since
the particulates produced during oil firing are in
the micron and submicron range and pass through the
separator unaffected.

3. Afterburners belong in two categories:
and open flame afterburners.

catalytic

These devices are

installed mainly to prevent organic particulates

and unburned aromatics (e.g., mercaptans) from
reaching the outside air.

Since proper combustion

procedures in a boiler furnace prevent the formation
of these effluents, afterburners need not be considered
further in this report.

4. Baghouses contain cylindrical filters constructed
of some permeable substance, such as felt.

These

filters are quite efficient in removing particulate
matter in flue gases, and, if designed properly, can
be cleaned continuously by a vibrator mechanism.
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After leaving the boiler, powdered limestone (CaCO3)
may be injected into the flow of the flue gas, which
is then removed in the baghouse.

The limestone reacts

chemically with the SO3 to form sulfates.
90% efficiency in the removal of SO
3

Better than

may be achieved. 1/

An added advantage of the baghouse filter, as is not
the case with the precipitator-scrubber combination,
is the fact that no additional moisture is taken up
by the flue gases.

The baghouse has the disadvantage

of not being able to remove much of the 502, which
comprises at least 95% of the total sulfur effluent.
It should also be mentioned that baghouses are expensive in purchase and maintenance.

5. Bed filters are, for the most part, still in the
experimental stage where power plants are concerned.

The bed is a compacted, crushed aggregate

composed of calcium carbonate (CaCO3), sodium
carbonate (Na CO ), alkalized alumina, or acti2

vated charcoal.

3

The former two bed materials are

considered for only a one-time-through process,
whereas, the latter two provide a regeneration
capability.

Activated charcoal has the advantage

of almost entirely eliminating all pollutants, including the oxides of nitrogen; unfortunately, regeneration provides a stumbling block for immediate
acceptance.

Perhaps further studies in the filter
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bed methods could provide a suitable solution to
fossil fuel pollution in the near future.

8,9,10/

6. Wet scrubbers hold the most promise as far as this
discussion is concerned.

These scrubbers come in

many forms, some of which are the venturi, the
packed tower, the impingement and the cyclone wet
scrubber.

The flue gases are brought into contact

with a slurry of CaCO3, Na2CO3, ammoniacal liquor,
or sodium sulfite.

Most of these liquids have been

used in Great Britain in full scale operations.11
Ninety percent or better removal of all sulfur
oxides was achieved in a CaCO
tower set-up.

3

slurry wetted, packed

The CaCO3 reacts with SO2 and SO3

to produce sulfites and sulfates, respectively.

These products are fairly inert, but should not
be discharged into the condenser cooling water
since they tend to silt up river beds.

The lime-

stone method is a low cost one-time-only process
that might be the answer to the OSU heating plant
problem.

One study showed that, in the long run,

the scrubber is more economical than buying a
better fuel oil (e.g., No. 2 fuel oil).

11,12,13,14/

In order to provide a better basis for judging the feasibility
of using any one of the previously mentioned systems to reduce pollution, the following table has been provided.

The given values are,

14

only estimates, of course, which fluctuate depending on the
required sophistication of the system in question.

In devising

this table, a plant size, comparable to that of the OSU Heating
Plant with an estimate peak of steam load of 200,000 lbs/hr of
steam, was used as a base.

The maintenance cost is computed for

continuous use throughout the whole year.

1'

TABLE I.

Cost Comparison of Various Particulate Collectors (15).

Description

High Efficiency Cyclone

High Efficiency Scrubber

High Efficiency Precipitator

High Temperature Baghouse
(up to 660°F)

Purchase Cost
$ x 10s

16

20

100

68

Installation
Cost $ x 103

32

100

200

120

Maintenance
Cost in
$ per year

Particulate
Cleaning
Efficiency in %

1250

95

3000

99

1500

99.5

4000

99.9
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DESCRIPTION OF THE EQUIPMENT

The equipment built and used for the performance of the experiment was as follows.

The flue gases were channeled from the stack

into a 2-inch iron pipe which was attached to it (Figure 1).

The tap

on the stack was located at a level which permitted all the equipment
to be located on the balcony of the heating plant next to boiler
No. 6.

The 2-inch pipe was insulated with fiberglass in order to

keep the gases hot and therby simulate actual conditions most
effectively.

About 3.5 feet from the stack the temperature of the

flue gases was measured by a bimetallic thermometer with a range
of from 200 to 600 F.

Thereafter the gases passed through a 3/4-

inch sharp-edged orifice.

The pressure taps were located one pipe

diameter upstream and one half diameter downstream (at the vena
contracta) of the orifice.

The differential pressure across the

orifice was measured by an inclined manometer with a range of 0 to
1

inch of water.

The gases then passed through the regulating gate

valve before entering the diffuser cone and the wet scrubber
chamber (Figure 2).

The chamber of the wet scrubber, made of welded 1/8-inch
sheet iron, had a diameter of approximately 12.5 inches.

Arranged

along the first section of pipe were four 7.5 gallons per hour
(80° PLP) oil burner nozzles - two on the top and two on the bottom -

with five impingement baffles - four opposite the nozzles and an
extra one downstream of the last nozzle - whose purpose was to promote intimate mixing of the flue gases and the scrubbing spray and
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FIGURE 1.

Flow Diagram of the Scrubber System.
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FIGURE 2.

Downstream View of the Scrubber System.
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also to remove soot and spent slurry from the flow of the cleaned
gases.

Near the other end of the pipe a demister was located just

ahead of the slurry drain, as well as the sampling tap and a thermometer well.

From this point the gases passed through a cone whose

smaller end was the six inch opening to the induced draft fan powered
by a 1/8 horsepower motor.

The scrubber was constructed in such a

manner that the downstream cone could be removed from the main
scrubber body to facilitate repairs or examinations of the pipe
(Figure 3).

The scrubbing slurry was contained in a 30 gallon barrel when
oil was burned at the heating plant.

When gas was the fuel only

a five gallon bucket was used since the test run was of short duration.

A copper tube piped a certain amount out, which was measured

by a rotameter with a maximum capacity of 250 pounds per hour.

The

rotameter was later removed due to an incurable leak in one of its
gaskets.

Throughout the slurry supply system 3/8 inch copper tub-

ing or 3/4 inch piping was used.

The scrubbing liquid then passed

through a nonreactive filter made most probably out of fiberglass.

The filter, designed to remove rust and other particulate impurities
from drinking water pumped out of private wells, was installed in
the latter portion of the test (Figure 4).

The liquid was then

pressurized by a positive displacement pump powered by a 1/8 horsepower motor to between 50 and 125 pounds per square inch.

A relief

valve limited the pressure to 125 psig and a bypass pipe and valve
permitted the regulation of the pressure and the flow of liquid to
the four nozzles.

The system was arranged such that both the bypass
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FIGURE 3.

Upstream View of Scrubber System.

FIGURE 4.

The Slurry Filter - Before and After.
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volume of the slurry plus the relief vented quantity were reintroduced into the pump inlet.

This was done to simplify the measure-

ment of the slurry flow rate.
rated for 300 psig.

The pressure gage in the system was

Just beyond the gage and the relief valve the

flow was divided between the upper and the lower nozzles.

Each pair

of nozzles had its own shut off valve.
Samples were taken at two points; one directly from the stack

and the other at the downstream end of the scrubber chamber.

The

sampling probe of stainless steel was connected to an EnviroMetrics
SC-400 sampling unit.

This unit contained in its sequence a sample

cooler made of 1/8 inch stainless steel tubing, a glass moisture

trap, a fiberglass packed filter, a Dwyer flow meter (with a capacity
of 5 standard cubic feet per hour or 2.5 liters per minute), and a
Metal Bellows Corp. MB-21 stainless steel bellows pump.

All the

internal plumbing was constructed of either stainless steel, teflon
or glass to avoid chemical reactions taking place with the gas
sample.

The sampler unit also provided attachment plugs and adjust-

ment valves for two high pressure calibration gas containers (Figure
5).

The gas sample was then channeled into the EnviroMetrics NS-200
analyzer module.

The gases passed through two Faristor cells:

sample sulfur dioxide (model No. N76-H2).
principle of an electro-chemical reaction.

one to

The cells worked on the
The sulfur dioxide and

nitrogen oxides cells had an adjustment capability at 100% deflection
of from 100 to 10,000 parts per million.
a

The instrument not only had

meter for taking direct visual readings from the cells, but also

22

FIGURE 5.

The Sampling Train (With Thomas Pump) and the
Constant Voltage Transformer.
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two analog output plugs, one each for the two cells, for attaching
stripchart recorders.

The analog outputs could also be adjusted

independently of the meter to a maximum of 100 millivolt.

The

small voltage output required an amplifier to drive the chart
recorders.

A high-low range switch on the back of the analyzer

unit permitted low concentration readings to be made by multiplying
only the meter values by a factor of five.

The two calibration

gases used were manufactured by the Matheson Co. and were loaned to
the Mechanical Engienering Department by NCASI (National Council for
Air and Stream Improvement) located on the OSU campus.

The nitric

oxide concentration of the calibration gases was 245 ppm and the
sulfur dioxide was 268 ppm.

The calibration of the meter was adjusted

for the test in such a manner as to give a full scale reading for
nitric oxide at 1000 ppm and for sulfur dioxide at 1250 ppm.
A Beckman pH meter was used to measure the acidity of the scrubbing slurry as it left the scrubbing chamber.

A 4 pH calibration

solution was made by mixing 1 gram of potassium hydrogen phthalate
with 100 milliliters of distilled water.

Both the gas analyzer and

the pH meter were connected to a constant voltage transformer in
order to eliminate the voltage and power fluctuations which were
prevalent at the heating plant.
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DESCRIPTION OF THE EXPERIMENT

The sampling procedure for boiler No. 6 was initiated in
February of 1972 in order to determine what range of concentrations
of sulfur dioxide and nitrogen oxides were to be expected, and what
conditions caused these specific values.

At that time an attempt

was made to make use of the analog output feature of the EnviroMetrics
analyzer module.

The output which was adjustable up to 100 millivolts

had to be further amplified to provide a sufficient voltage for most
of the common chart recorders.

A Tektronix operational amplifier

was employed, which supplied the boost necessary to operate any one
of the several chart recorders under consideration.

Finally a Texas

Instruments dual pen recorder was chosen for reasons of compactness
and ease of manipulation.

The use of the operational amplifier and the chart recorder was
discontinued, when it was discovered that the amplifier was not compensated; in other words, it had the disconcerting property of continuously integrating the small fluctuations in the zero shift.

With

the instrument on standby, the pen trace slowly and evenly moved up
the scale.

Adjusting the zero setting was of little help since the

compensation capability is limited.

To rezero the recorder, the

amplifier had to be disconnected from the power supply.

Since

reliability of the trace over an extended period of time (on the order
of 24 hours) was not only desirable but also mandatory, the use of
the chart recorder and the amplifier was discontinued.
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In order to check the accuracy of the excess oxygen meter on the
boiler switchboard, a series of Orsat measurements were performed.
No noticeable discrepancies were noted at that time.

After conduct-

ing several tests, these checks were considered redundant and were,
therefore, discontinued.

At this juncture severe fluctuations occurred in the nitrogen
oxides Faristor cell.

Since the sensing element is fragile, exces-

sive flow rates were avoided, and all testing was performed at two
standard cubic feet of gas per hour or one liter per hour.

When

every attempt failed to stabilize the cell, it was sent back to the
manufacturer forexamination and replacement.

The new unit that was

received worked quite satisfactorily for the rest of the testing
period.

Some temporary instability was encountered occasionally

with both cells, but these incidents were few and of short duration.
These excursions seemed to be caused by lack of use of the sensor
elements during extended standby periods.

By injecting samples of

reasonably high concentrations of the pollutant gases the oscillations terminated quite rapidly.
fluctuations in the NO

It was interesting to note that

cell, when perturbations were registered,

did not in the least affect the SO2 cell, but when the SO2 unit was
agitated, the nitrogen oxides cell was noticeably disturbed.
Following the termination of the preliminary sampling sequence,

some laboratory experimentation was performed, using bottled pollutant
gas, small wet scrubbers and a chemical slurry.

The chemicals

employed were calcium carbonate (CaCO3) and calcium oxide (Ca0), which
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was converted to calcium hydroxide (Ca(OH)2) in the presence of water.
The previously mentioned sampling train was used in conjunction with
several small bubble chamgers made of pyrex and a 2000 ppm sulfur
dioxide gas (Figure 6).
SO
2

One gram of CaCO3 completely absorbed the

gas for about 40 minutes at a gas flow rate of two cubic feet

per hour.
hour.

One gram of Ca0 effected total absorption for one whole

When water was used without any added chemicals, it was able

to consume the pollutant gas for about one minute.

The nitrogen

carrier gas containing 450 ppm of NO2 was also used several times.
This gas was

not completely scrubbed clean by the slurry, but the

amount that passed through was only about one fourth of the original
concentration.

It should be noted here that, although the two

chemicals were adequate in controlling and eliminating pollutant
gases, they had the unfortunate characteristic of not dissolving too
readily or completely in water.

When left standing for several

minutes, a large portion of the chemicals settled out of the solution.
Even with the agitation of the scrubbing process present the solution had to be shaken occasionally to re-entrain the sediment.

When testing began on boiler No. 6 this year, it was brought
to the author's attention that another chemical compound, sodium
carbonate (Na2CO3), might be used even more effectively and at a
lower cost.

It was consequently determined that this compound was

able to remove the 2000 ppm concentration of SO2 from the gas stream
for about 34 minutes.

The sodium carbonate also had the attractive

feature of rapidly and completely dissolving in water with no setting out taking place after a prolonged time.

These desirable
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FIGURE 6.

Bubble Chamber Apparatus.
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attributes were the deciding factor in selecting Na2CO3 as the
chemical for making the required slurry.

The scrubbing liquor was

kept in a 30 gallon drum, and the sodium carbonate was added in
100 gram amounts in such a way as to keep the pH above 5.0.

As

the testing progressed, some SO2 (about 1 to 2%) was not removed.

This was remedied by injecting more Na2CO3 even though the pH was
still above 5.0.

In order to test the absorptive capacity of this

large quantity of slurry, the same solution was used throughout the
test while oil was being burned.

After approximately 78 hours of

total operating time and the addition of 1100 grams (2.42 pounds)
of chemicals, the liquor showed no signs of deterioration.

The

writer's nose, being quite sensitive in detecting the presence of
sulfur dioxide, never detected more than a trace of this gas, after
which more chemicals were added to provide complete removal.
Because of the design of the scrubber system, which included
a two inch supply pipe, an orifice, five baffles and a demister,
the centrifugal fan provided a vacuum of only about 0.83 inches of
water.

This would have supplied 6.7 cubic feet per minute of flue

gas to the scrubber.

Unfortunately the stack gases, although under

a positive pressure, had a sufficient velocity to provide a vacuum
at the sampling port.

The resultant pressure drop across the ori-

fice was, therefore, limited to between 0.5 and 0.6 inches of water.
Frequent checks of the draft gage provided the estimated average
differential of 0.56 inches of water.

This value was, of course,

susceptible to the fluctuations of the air control device on the
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boiler, which in turn was affected by the changing load on the
boiler.

Before testing was initiated, the temperature of the flue gas
at the orifice ranged between 250 and 260 F.

Since this was not

thought to be representative of the actual conditions in the stack,
one half inch thick by three inch wide fiberglass insulation was
wrapped around the sampling pipe from the stack to the diffuser of
the scrubber.

The resulting temperature at the orifice was 300 F.

The bimetallic temperature gage was frequently monitored, which
revealed a slow fluctuation of 10 F in either direction of 300 F.

The stack gas temperatures were little affected by transient
fluctuations in the boiler steam load.

When soot blowing occurred,

the major load was placed on the unaffected boiler, which in the
case of No. 6 caused the temperature to rise about 15 F until the
other boiler was back in full operation.

The temperature at the

downstream end of the scrubber was only a few (about 10 F) degrees
higher than the ambient conditions, which varied about 2 F from
90 F during the day.

When natural gas was used as fuel, the temper-

ature was somewhat higher, in the vicinity of 20 F above ambient.

When burning either mixed or straight fuel oil, the scrubbing slurry
being discharged from the scrubber covered a range of temperatures
between 102 and 108 F.

When gas was burned, the temperature range

was between 122 and 127 F.

For the first part of the test cycle no filter was present in
the spray delivery system.

At that time the slurry was pumped out
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of the liquid in the storage drum a few inches below the surface
by the positive displacement pump.

From there it was delivered by

the system, described in a previous section, to the four nozzles.
A minimum pressure of 50 psig was required to provide adequate
atomization of the slurry.

Due to the rotameter failure, the flow

rate was calculated by measuring the time it took for the scrubber
outflow to fill a calibrated container.

At a pressure of 50 to 60

psig the delivery rate was about 120 to 130 pounds of slurry per
hour.

Since no filter was in the system, the nozzles had the tend-

ency to be plugged up by the agglomerated fine silt in suspension
in the liquid.

This caused the pressure to rise to about 100 psig

without increasing the flow.

In due time the scrubbing efficiency

deteriorated to such an extent that sulfur dioxide was ejected out
of the system, and a filter had to be installed.

Thereafter the

flow rate increased to about 150 to 160 pounds per hour at a pressure
of 70 psig.

It was assumed that some erosive damage occurred to

the pump rotor, which was not readily

visible, before the use of

the filter, since prior to the testing sequence the maximum allowable pressure of 125 psig was easily attained.

Thereafter when

either the top or the bottom two nozzles were shut off from the
system, the pressure would rise about 10 to 15 psig with no
appreciable reduction in flow rate being discernible.

Flue gas samples and other data were taken and recorded every
quarter of an hour during the testing cycle.

A sampler flow rate

of 2 cubic feet per hour (one liter per minute) was considered as
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being the optimum value since a lower flow rate would increase
the time lag of the cell response unduly.

A higher rate could, as

mentioned previously, cause cell instability.

At the beginning of

the testing sequence gas samples were taken directly from the stack
and then were also extracted immediately downstream from the orifice.
It was noticed, however, that these readings coincided with those
taken from the stack very accurately.

In order to avoid repetition

and loss of time, it was decided to sample the stack only.

This also

prevented fresh air from contaminating the sample when the sampling
tube was not inserted in the tap near the orifice.

The sampling

probe was subsequently inserted into the downstream scrubber tap.
Data was then recorded from the gages on the main floor of the boiler
room (Figures 7,8,9,), after which the elapsed time was sufficient
for the Faristor cells to reach equilibrium and have the values for
the scrubbed gases recorded.

The sampling train was purged after

every sampling sequence, in order to readjust the instruments if
necessary.

The pH values were determined every half hour, and

supplemental data such as gas flow rate, flue gas temperature, nozzle
pressure and scrubbing liquid flow were frequently, as time permitted,
inspected, but were not recorded.

Knowing that corrosion took place inside the iron scrubber
chamber, an experiment of a qualitative nature was undertaken.

Two

strips of stainless steel were suspended into two scrubber slurry
baths.

One liquid was used for scrubbing before any chemicals were

added to the slurry.

This was done prior to the actual testing

sequence mentioned earlier, which used sodium carbonate.

The other
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FIGURE 7.

Boiler No. 6 Control Board.

FIGURE 8.

Percent Oxygen Indicator.
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FIGURE 9.

Indicator for Air Flow (Outside Trace) and Fuel
Flow (Middle Trace)
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liquid was used during the actual test for about 80 hours.
slurry had a pH of 4.3 and the second had a pH of 8.3.

The first

Unfortunately,

neither the makeup nor the type of stainless steel used could be
determined.

Both strips were exposed to their respective liquid

for two weeks in order to determine if stainless steel was susceptible
to corrosion from the slurries.

The solutions were kept at room

temperature, which might somewhat inhibit the corrosive action.

One

side of each strip of steel was given a rough surface by means of
grinding, and one half of this surface was then buffed down slightly.
In effect, the two strips of steel had three types of surfaces
exposed to the liquids:

smooth, slightly scarred, and very rough.

Since errosion due to water and soot are to be expected in a full
sized scrubber, this test should indicate what might be encountered
in actual practice.
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SUGGESTIONS FOR IMPROVEMENT OF THE EXPERIMENT

Several things might be done to improve and broaden the results
of the experiment should another investigation be initiated at the
O.S.U. heating plant using the wet scrubber system.
Although stainless steel is not impervious to the chemical

action of the flue gases and the exhausted scrubbing liquor, the
data would have become more meaningful if this metal has been used.
It would be desirable to insulate the entire scrubber chamber.

At flue gas flow rates of about 50,000 cubic feet per minute, the
gases leaving a scrubber would certainly have a higher temperature
than those measured during this test.

Therefore, the model should

be capable of duplicating the same conditions found in the full
scale apparatus.

Being able to substantially vary the slurry flow rate a controlled amount, in order to determine the minimum required flow
of the scrubber for the highest efficiency and the lowest power
consumption, would have been advantageous.

This test was hampered

on one hand by the maximum attained water flow rate of only 150
pounds per hour at 70 psig (250 lbs being the optimum flow for the
four nozzles at 125 psig), and on the other by the required minimum
pressure of 50 psig for effective scrubber performance.

In conjunction with the foregoing suggestion, the model should
have a higher flue gas flow rate than only 5.5 cubic feet per minute.
At this flow rate the residence time in the scrubber unit is one
minute and the velocity in the baffled section is only about 1 foot
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per second.

Since higher velocities improve the impingement

characteristics of the gases on the wet baffles, the total efficiency
of the scrubber should increase.
would be desirable.

A fan capacity of 30 cfm or more

At the same time, the demister must be more

effective in removing suspended droplets from the faster flowing
gas stream.

The use of a self-compensating operational amplifier in conjunction with a dual pen recorder would provide a permanent record
of the scrubber efficiency for more than just a moment in time.

It

would also make the recording of all the data more reliable since it
would eliminate the hurried trip from the balcony to the boiler's
control board (the average elapsed time is about one minute).
Some improvements could be made on the EnviroMetrics sampler
and regulator module.

The filter should be made more efficient

since the needle valve in the flow meter tended to accumulate
deposits of soot with some moisture.

The cake buildup impaired the

flow rate to such an extent, as to require readjustments every five
to ten minutes when oil was burned.

The cooling coil made of 1/8 inch diameter stainless steel tubing was made unnecessarily small.

Not only was the 1/16 inch inside

diameter small enough to create a needless vacuum in the sampler
system, and thereby make possible the contamination of the sample
by leakage, but it also tended to plug up occasionally.

If a larger

tube had been used, it would have facilitated easier cleaning, or
better yet, the particulates would have passed through the tube and
settled in the moisture trap.
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The pump, an MB-21 from the Metal Bellows Corp., had a regretably short operating life during the long term testing cycles.

It

was estimated that the two pumps employed (the original pump and the
first replacement) functioned properly for only about 150 hours each.
The third pump, model No. 10-TCA18TFE from Thomas Industires Inc.,
using teflon bellows, worked quite well for the remaining 50 hours
of the test.

Thick foam rubber pads were placed beneath both the

sampler and the analyzer units to dampen interfering vibrations.
For this reason the pulsations from the new and more powerful pump
did not cause any problems, but an improved suspension system in
the sampler module is to be recommended.
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RESULTS AND CONCLUSIONS

The results of this test, although not as precise as might have
been desired, are encouraging in that they proved the feasibility of
using a wet scrubber to control both sulfur dioxide and the oxides of
nitrogen significantly.

A description of the most interesting results

and observations are listed below.

As has been mentioned in a previous section, the sulfur content
of the fuel oil used at the heating plant was thought to be about
Subsequent testing

1.8% by weight, which was the case in early 1972.

has shown this concentration to be more in the range of 1.35%, thereby somewhat easing a tough pollution problem, at least temporarily.
The present "energy crisis" does nothing to help the situation.

The

short supply of fuel oil and the increasing processing costs will

only tend to again aggravate the steady rise of the sulfur content
of the oil.

Buying fuel oil with less than 0.75% sulfur by weight,

which is the maximum allowable sulfur content without exceeding
federal air quality standards, would become prohibitive, especially
taking present fuel problems into consideration.
system, therefore becomes a necessity.

A gas cleaning

The wet scrubber employed

during this experiment worked quite satisfactorily in removing the
sulfur dioxide from the flue gases of No. 6 boiler.

During a large portion of the testing sequence, boiler No. 6
was fired on a mixture of fuel oil and waste automotive lubrication
oil.

A proportional reduction of sulfur dioxide was measured in the

flue gases.

Figure 10 shows that the fuel oil with 31.7% lube oil
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added produced a reduction of about one third in the SO
and a decrease of 13% in the NO

readings
2

emissions compared to those that

were obtained when testing straight fuel oil.

Both test runs were

performed under very similar load conditions.

The reduction in the

NO

figures may be attributed to the lower flame temperatures of the

oil mixture which would burn cooler than the heavier unmixed fuel
oil.

As the tank containing the mixture of fuel and lube oil, was
emptied to one quarter of its capacity, it was observed that the SO2
values decreased 10 to 20%.

This face indicates that a certain

amount of stratification had taken place in the tank, even though
the oil was constantly heated and recirculated.
It should be noted here that, although the use of waste lube oil

will reduce sulfur dioxide emissions significantly during normal
operations, a scrubbing device will be needed to remove from the
gas stream the exotic metals and their oxides, which are contained
in the used lube oil.

These metals (such as lead, iron, aluminum,

beryllium, platinum, etc.) present a problem since they may increase
the opacity of the stack plumes, and because some of them are
extremely toxic to humans and animals.

It was determined from the data that during oil firing the
percentage of NO

eliminated by the wet scrubber increased as the
x

load on the boiler increased.

The exact reason for this occurrence

is not known, but it may be guessed that the higher concentrations
of NO

react more noticeably with the iron of which the scrubber is
x
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constructed.

With NO

concentrations between 250 and 350 ppm,

reductions between 60 and 85% were recorded, and for concentrations
between 100 and 160 ppm (burning natural gas) the scrubber

absorption rate remained at a constant 50%.
In order to determine the effect of load changes and of excess
oxygen on the formation of sulfur dioxide and nitrogen oxides, the

tabulated data was searched for the required conditions.

Figures 11

and 12 indicate the fluctuations of the oxides of nitrogen concentrations in the stack when natural gas was used as fuel.

Under

steady state conditions, as the excess oxygen increases so does the
amount of NOR.

Since the air-fuel ratio fluctuated quite noticeably

at boiler NO. 6, a different situation prevailed.

The lag time

and the overcompensation of the air regulator permit surges of cool
excess air to enter the boiler, subsequently lowering the temperaNOR.
ture in the firebox, and therefore, reducing the production of

This case was particularly true at low loads as is shown in Figure 8.
At the higher loads there was substantially more stability in the
boiler regulating system - and less excess oxygen introduced - than
at the lower steam requirements.
The same situation occurs when fuel oil is fired in the boiler
(Figures 13 and 14).

Both the SO2 and the NOR were affected similarly,

although not entirely for the same reason.

For the oxides of nitrogen

that the
the explanation is the same as before, but the primary reason
SO

effluent
varied as it did was that the excess air diluted the
2

gases.

As the load increased and consequently the excess air was
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reduced by the more stable boiler conditions, the sulfur dioxide
concentration increased.

To determine what effect using a scrubber chamber made of iron
had on the data, the slurry was turned off for some time.

A

reduction of 60% was recorded for sulfur dioxide and 40% for nitrogen
oxides by passing the flue gases through the chamber untreated.
The two strips of stainless steel imersed for two weeks in the
two scrubber liquids, one acidic and the other alkaline, did prove
a point.
steel.

The alkaline slurry with a pH of 8.4 did not affect the
The acidic solution, on the other hand, dulled the sheen

of the steel noticeably.

If the conditions for the latter case

had been more severe, such as higher temperaturers and S02-NOx concentrations for the duration of several months, the corrosion of
the stainless steel might have progressed considerably farther.
Perhaps some other material will have to be used as a liner for the
full scale scrubber to avoid corrosion, such as fiberglass.
An error of sorts was made at the beginning of the testing
sequence.

Sodium carbonate was selected as the desirable chemical

for removing the sulfur dioxide from the flue gases, due to its easy
solubility in water and its reasonable cost.

It was determined

later on, after the experiment was terminated, that indeed sodium
carbonate was cheaper than calcium carbonate, but only in the reagent
form it was obtained in from the chemistry store.

When purchased by

the tens of tons at one time, the price of sodium carbonate is
$47.50 a ton, and that of calcium carbonate is $17.50 per ton.19-1
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From the standpoint of economics it would be foolish to use the
sodium carbonate.

The results of the test did not suffer from this

mistake, since the laboratory experiments, mentioned previously,
proved the adequacy of the calcium carbonate slurry.

Those experi-

ments also showed that by weight calcium carbonate could handle a
15% greater pollution load than the sodium carbonate did.
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APPLICATION OF THE RESULTS

The data obtained during the experiment are not as precise as
might be desired for making accurate estimates for the design of a
scrubbing system for the O.S.U. heating plant.

A rough estimate

may be made however, and by considering all the imposed requisite
qualifications, a reasonable evaluation of the experimental findings
should be possible.

A proposal to channel all the flue gases of the heating plant
through the tall brick stack has already been made by Professor A. D.
Hughes.

Regardless of further developments, this suggestions should

be acted upon as soon as possible for the reasons already mentioned
in a previous section.

It should be strongly advised to determine, by means of chemical

or spectroscopic analysis, what the constituents of the waste
lubricating oil are.

It may be possible that extremely noxious gases

are being liberated during the combustion of the waste oil.

If this

is the case, then either the use of the lube oil should be discontinued or else it becomes even more necessary to install a scrubber
system at the heating plant.

An attempt at projecting the cost for a wet scrubber system
will be made.

Of the various kinds of scrubbers, three seem to

hold the most promise of solving the pollution problem at the heating plant:

scrubbers.

the packed tower, the impingement and the cyclone
The venturi scrubber will not be considered since

its operating and maintenance cost could be as much as three to four
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times as high as that of the other systems.

A maximum load of

200,000 pounds of steam per hour on the heating plant will be assumed,
which would produce about 50,000 cubic feet per minute of flue gases.
The price range for the scrubber system will be between $15,000 and
$20,000 per year, which includes water, power, maintenance, capital,
and insurance costs.

In order to calculate the amount of chemicals required, it
should be mentioned that the federal air quality standards permit
the following concentrations of polluting components in boiler flue
gases:

380 ppm of sulfur dioxide and 330 ppm oxides of nitrogen

when fuel oil is fired, and 220 ppm of nitrogen oxides when natural
gas is burned..?-11

Stipulating a 60% load factor on the heating

plant (30,000 cfm) for 2000 hours per year when only fuel oil is
fired, and incorporating the laboratory absorption values for calcium
carbonate, it is estimated that approximately 360 tons of the
chemical will be required per year for a cost of $6,300.

This would

permit the heating plant to operate just inside the air quality
standards.

On the other hand, if it is feasible to employ the

chemical reactiveness of scrap iron in the scrubber system, the
amount of CaCO

3

required for complete removal of sulfur dioxide will

be only 130 tons for $2,250.
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TABLE II.

Time

Emission Test - Boiler No. 6 - Straight Fuel Oil
Boiler
NOx
SO2
02
Fuel Flow Stqam Flow
Exhaust
10'lbm/hr
ppm
ppm
Temp. 0F

03:30

270

510

5.3

45

305

560

3.8

42

35

04:00

330

600

3.3

43.5

36.5

15

360

590

3.8

43

37

30

350

590

3.9

43.5

36

45

325

600

3.6

43

37

05:00

290

600

3.6

45

37

15

310

590

4.1

43

35.5

30

335

610

3.8

43

36

45

310

610

3.7

44

37

06:00

355

590

3.6

44.5

37

15

320

590

3.5

45

37

30

310

610

3.3

46

38.5

45

260

640

4.0

46

37.5

07:00

350

570

3.9

45

37

15

360

560

3.3

45.4

39

30

375

550

3.8

47

38.5

548

45

420

540

3.8

47

39

550

08:00

330

610

3.9

46

38

552

15

410

530

3.2

47

39

30

420

510

3.6

47.5

39

40.5

33.5

544

545

547

TABLE III.

Boiler No. 6 / Fuel Oil + 20% Lube Oil / With Scrubber Slurry.

Untreated
NOx

SO2

Treated
SO2

NOx
pH

02

Fuel

%

Flow

Flow

103 lbm/hr

Exhaust
Tewp.

Time

ppm

ppm

ppm

ppm

03:30

425

290

0.0

75

5.5

4.2

54

42.5

45

410

270

80

-

4.0

56

43

90

5.3

4.0

51

45

595

15

460
280
Blew Soot
320
540

80

-

2.6

67

50

590

30

400

305

90

5.2

4.6

54

47

585

45

410

290

70

3.9

55.5

45

580

05:00

425

280

90

5.1

3.8

57

45

15

510

290

90

-

2.9

59

46

30

475

290

85

5.0

3.0

59

46

i.

3.2

59

46

3.1

57

45

-

2.6

70

51

583

5.3

4.7

65

51

600

04:00

%

uF

582

Add 100 GM Na2CO3
45

460

290

80

06:00

460

290

75

15

490

330

100

30

360

350

80

5.35

TABLE IV.

Data Taken While Firing Natural Gas
Untreated
NOx

Time

PPm

Treated
NOx
ppm

03:00

125

55

15

130

65

30

125

60

45

120

55

04:00

100

50

15

110

55

30

pH

7.0

7.0

7.0

7.0

45

125

65

05:00

120

60

15

130

65

30

7.0

7.0

45
135

15

150

30

155

75

45

160

85

70

0
2
%

Steam
Flow

CFHx103

lbm/hrx103

3.9

15

2.7

16

3.3

15.3

3.5

15

3.7

31

7.0

6.9

of

490

31
It

3.1

15.5

2.2

16.5

3.8

15

3.3

15.5

2.2

17

32

2.3

16.5

33

18

34

19.5

35

2.2

20.5

37

2.1

20

1.8

Max. Boiler
Exhaust Temp.

30.5

31.5

2.2

60

06:00

Flow

Fuel

I,

55

TABLE V.

Sulfur Dioxide Concentration Conversion Factors

pgm/m

1

lbm/106Btu

1

1

ppm

pgm/m

3

=

1.32 x 10

=

2,860

ppm
6

lbm/106Btu

463

0.00216

3

0.758 x 10

0.000350

-6

Applicable when:
Gases at standard conditions
18,500 Btu/lbm
Heavy fuel oil
25% Excess air
M.W. of SO = 64 gm/mole
2

Oxides of Nitrogen Concentration Conversion Factors
6

3

1

lbm/106Btu =

1

ppm

P9m/m

PPm

1.32 x 106

960

1380

=

lbm/10 Btu

0.00104

3

1 pgm/m

0.000728

Applicable when:
As above
NO = 95% NO + 5% NO
x

2

0.758 x 10

-6

56

TABLE V.

Continued

pgm/r
1bm/106Btu

1

1

1

ppm

},gm /m3

13

=

1.52 x 106

=

1380

ppm
1100

0.000909

0.000728

=

lbm/106Btu

0.659 x 10

Applicable when:
Gases at standard conditions
Natural gas fired
1050 Btu/Ft3
15% excess air
NO = 95% NO + 5% NO
x

2

-6

