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(ABSTRACT)

In conjunction with Atlantic Pacific Engineering and the Henry County
Public Service Authority, Virginia Tech’s Environmental Engineering
program measured the emissions from an experimental scrap tire
incinerator/ wastewater treatment plant sludge dryer.

This report recounts

the techniques used and the results obtained during this testing.
The Virginia Department of Environmental Quality supplied a list of
pollutants of permitting interest which included a
pollutants, toxics, and metals.

variety of criteria

Sampling for all the listed compounds

required adherence to EPA Methods 5, 201A, 29, 0010, 0011, 0030, 6, 7D, 26A,

and 18.

Emissions testing transpired during the incinerator’s 72-hour test

burn: 0800 October 30th to 0800 November 2nd, 1995.

Due to time constraints,

only part of one nonpotable water sampling series was completed rather than
the proposed duplicate testing using both drying agents: nonpotable water and
sludge.

High particulate (57 lb/hr) and metal (21.4 lb/hr total) emissions
indicate a fairly significant amount of air pollution control equipment will be
necessary for a commercial plant.

Both nitrogen oxides and sulfur dioxide

had low emission rates: 1.73 lb/hr and 0.64 lb/hr, respectively, due to the

nonpotable water spray acting as a fairly efficient scrubber removing a great
deal of nitrogen oxides, sulfur dioxide, and some metals.

Because of sample

analysis preparation problems, no organics results were obtained.
Commercial development of this incinerator will have to include a sizable
quantity of air pollution control equipment: a $5 million plant will need
approximately $1 million worth of control equipment.
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Chapter 1

INTRODUCTION

Scrap tires constitute a huge solid waste disposal dilemma.

A stockpile

of over 2 billion tires exists throughout the United States!* not including
uncounted millions in illegal dumps.

Additionally, approximately 242

million scrap tires accumulate annually? representing about one tire scrapped
per person per year.

This yearly scrap tire stream has increased at around 2

percent per year since 1984.2

Disposal of tires is extremely difficult because

they are designed to have a long service life and therefore, are resistant to
most degradation processes.

Recycling tires possesses problems as well.

Tire

rubber cannot be melted down into its polymer components and then
reformed or easily combined.

When heated beyond a certain critical

temperature, rubber decomposes into unusable combustion products.
Combating these huge tire mounds poses a formidable task and the
source volume shows no sign of decreasing since any change in the
manufacturer's tire recipe to increase the service life any further will sacrifice

performance.

Progress has been made, however, in the fields of recycling and

creative disposal applications.

Combustion for energy recovery shows great

promise as a scrap tire elimination method.

With a higher heating value

than steam coal, tires are desirable as a fuel but questions surround the air
pollution products formed during combustion.

Until these emissions are

documented, permitting agencies are reluctant to allow tire rubber
combustion as an alternative energy source.

The air emissions from tire

rubber incineration must be qualified and quantified before permits can be
issued and the mounds of scrap tires burnt as a cheap, environmentally
sound fuel.

This study reports the emission analysis results taken from a

prototype whole-tire incinerator that uses the heat generated to dry
wastewater treatment plant sludge.

Chapter 2

LITERATURE REVIEW

2.1 TIRE DESCRIPTION
Cars and light trucks use three general types of tires--bias ply, belted bias
ply, and belted radial ply.

Recently, however, a movement has been made

towards using primarily belted radial ply due to the current emphasis on
safety and high performance.

This particular design gives more support to

the tread, results in less tread wear, allows less tread motion during road

contact, and improves cornering.
A diagram of the general structure of a tire is given in Figure 1.3 The
steel bead wires serve as the foundation of the tire, securing it to the metal
rim.

Body plies, made of cords encompassed by rubber, support the inflation

and load pressures.

Cords, composed of steel, cotton, rayon, nylon, polyester,

or other polymers, give strength to the tire.

Fabric assembled from these

cords wraps around one bead, winds around under the tread and then wraps
around the other bead.

The cords within the fabric lay either perpendicularly

or at a 45 degree angle from bead to bead.

Belts supporting the tread are pieces
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Figure 1: General Tire Structure}

AIR CONTAINER

of body ply fabric but cut at a different angle: the cords run at angles of 15 to 25
degrees in each segment.
Figures 2a, b, and c are diagrams of the three types of tire design.>

Bias

ply in Figure 2a, has the ply cords at an angle and no belts. The belted bias ply,
Figure 2b, incorporates the cords at an angle but has belts to support the tread.
Belted radial ply tires, Figure 2c, have belts under the tread but the cords in
the body plies are running perpendicularly from bead to bead.

Cords and

metal wires account for a significant amount of the weight of a tire.

Metal

wires account for 10 percent of the weight, rubber accounts for 60 percent and
the remaining 30 percent is fibers.4
Rubber material used in tires consists of a complex combination of
metals, minerals, elements, and polymers.

To build tires able to perform to

expectations, a single polymer by itself does not have the necessary
characteristics but when joined with other polymers the required properties
develop.

Natural rubber, polyisoprene rubber, styrene-butadiene rubber,

polybutadiene rubber, isobutylene-isoprene (butyl) rubber, ethylene-propylene
terpolymer and copolymer rubbers are the natural and synthetic polymers
most often chosen for use in tire rubber.>
A technique called vulcanization chemically joins the polymers,
thereby combining their physical properties.

Vulcanization entails heating

(curing) a combination of polymers and a certain amount of sulfur for a
specific amount of time.

Sulfur contains special molecular bonding

characteristics that enable the polymers to bond to each other through the
sulfur molecule, called cross-linking.

Usually, this process takes a long curing

time, but with the addition of an accelerator, namely zinc oxide, the time can
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be greatly reduced.

Table 1 illustrates how the use of sulfur in vulcanization

causes the physical characteristics to change within the rubber due to crosslinking and how the use of zinc oxide as an accelerator speeds up the curing
process.°

Adding zinc during processing greatly increases the amount of

metal within the tire.

Vulcanization revolutionized handling rubbers and

other polymers, enabling the physical properties of two different polymers to
be combined into one product.
However, separating the constituent rubbers after vulcanization is
extremely difficult.

No satisfactory, economically viable method exists to

undo the cross-linking caused by vulcanization.

Chemically combining a

vulcanized material with any other substance is difficult and has limited
applications.

Hence, vulcanized rubber cannot directly substitute for virgin

rubber except in special circumstances because processed rubber cannot crosslink with other polymers.
Carbon black is added in the manufacturing of tires as a filler.

Fillers

not only reduce the amount of raw material required without detracting from
performance but, in this case, carbon black adds stability to the rubber,

improving the properties of the final product.

Incomplete combustion of this

carbon black in uncontrolled tire fires causes the characteristic billowing black
smoke.
When incinerating tires, the composition of the tire must be addressed.
Tires contain a large percentage of carbon and hydrogen that makes them a
reasonably good fuel.

Table 2 compares the whole tire ultimate composition

percentage results from a number of studies that illustrates how widely tires
can vary in composition.

Ultimate composition results from several

Table 1:

The Effect of the Addition of Accelerants on Vulcanization and on

Physical Properties®
Mix

Cure

Tensile strength
(kgf /cm2)

at break (%)

Unvulcanized

25

1200

Rubber 100, sulfur 8

8

250

700

Rubber 100, sulfur 8, zinc oxide 5

4

250

700

(parts by wt)
Rubber 100

(hr at 141 °C)

Elongation
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different studies for various forms of tire rubber, i.e., crumb rubber, tire
derived fuel (TDF), etc., compared to various coals are listed in Table 3.°

Metals and various other trace elements are of critical interest when
examining emissions from burning tires.

Zinc, added during manufacturing,

and steel, from the wires in the tires, are the major products but many other
metals can appear in the flue gas.

Table 4 lists the metals trapped in the ashes

of incinerated tire rubber and coal® indicating some of the metals that can be
expected in the off-gases.

Permitting agencies are interested in any metal that

might be released into the atmosphere as a result of burning tires.

2.2 THE TIRE DISPOSAL PROBLEM
General solid waste management practice, when applied to scrap tire
disposal, consists of (1) source reduction, (2) recycling or reusing and (3)

ultimate disposal.

Source reduction by the tire industry made some advances

through extension of tire service life but more needs to be done to fully
realize the increased longevity.

Recycling and reusing tires and tire rubber

helps but can currently affect only a small part of the waste stream of scrap
tires. As can be seen in Table 5 4 and Figure 3 *, most of the scrap tire waste
stream falls to ultimate disposal:

landfilling and combustion.

Because of

tires’ difficult handling, in the near future, landfills will no longer take whole

tires for disposal thereby eliminating the major termination route.

Once the

environmental emissions have been documented and controlled, energy
recovery will become a successful tire disposal means and could become the
primary final disposal route.
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TABLE 4
MAJOR CHEMICAL ELEMENTS IN ASH OF
COAL AND THREE RUBBER SAMPLES®

ASH

ANALYSIS

(%)

RUBBER 1/2"
"FUZZ"

COAL

Silicon as SiO?

RUBBER 2"
W/O METAL

18.21

22.00

RUBBER 2"
W/ METAL

Aluminum as Al203

20.70

6.99

9.09

1.93

Tron as Fe2O3

18.89

30.93

1.45

0.35

Titanium as TiO?

0.82

6.01

2.57

0.14

Calcium as CaO

3.30

5.99

10.64

0.56

Magnesium as MgO

0.79

0.73

1.35

0.10

Sodium as Na?2O

0.48

1.07

1.10

0.13

Potassium as K2O

2.06

0.55

0.92

0.14

Sulfur as SO3

4.33

15.38

0.99

Phosphorous as P205

0.62

0.56

1.03

0.10

Zinc as ZnO

0.02

20.60

34.50

5.14

100.00

100.00

100.00

85.28
100.00

0.37

1.26

0.46

Metal
Total
Base/ Acid

Ratio

* Counting metal as Fe7O3

All values normalized to 100%
Ash and coal samples laboratory-prepared

*11.98

Table 5: Scrap Tire Generation (millions of tires per year)4
EPA,
Scrap Tire
Markets for Scrap Management

Total Scrap Tires
Generated

Landfill/ Stockpile

Tire Study

Council,

242

240

187.8

1990

170.4 - 204.0

77.6%

71.0% - 85.0%

Energy Recovery

25.9
10.7%

19.2 - 26.4
8.0% - 11.0%

Fabricated Products

11.1
4.6%

2.4 - 12.0
1.0% - 5.0%

Reclaim Rubber

2.9
1.2%

4.8 - 12.0
2.0% - 5.0%

Asphalt Rubber

2
0.8%

1.2
0.5%

Reefs/ Barriers

0.3(a)

0.1%

0.1% - 2.0%

Tire Exports

12
5.0%

4.8 -9.6
2.0% - 4.0%

33.5
10

12
0

Retread@
Reuseb

0.2 - 4.8

4 Includes use for playground equipment and erosion control
b Retreading tires and reused tires are not considered "scrap’tires. Thus, although the
number of tires retreaded or reused are reported here for completeness, they are not
included in the estimates of total scrap tires generated.
¢ The label "scrap tire" includes both entirely worn tires and tires that still have some
service life left. These tires that are partially worn are those that are exported.
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4. Sludge composting

substitute

5. Split tire products

Figure 3: Flow Diagram Showing Destinations of Scrap Tires?

2.2.1

Source Reduction
Source reduction as a major conservation step seems to be neglected in

the field of scrap tire management because the focus is on the number of
discarded tires.

Extending the life of tires through manufacturing techniques

has significantly reduced the size of the waste stream by decreasing the
number of tires required originally.

Currently, a steel-belted radial passenger

tire can travel 40,000 miles, and if properly maintained, can last 60,000 to
80,000 miles.*

Further extensions in tire service life would require redesign

using higher pressure, thicker treads, and less flexible materials resulting in
increased gas consumption, higher cost, and rougher rides ultimately
diminishing market demand.2
Completely realizing the extended tire service life by consuming all the
tread could also reduce the size of the scrap tire waste stream.

Usually, tires

are replaced as a set of four, but discarding all four is absurd when only one or
two require removal.

Approximately 50 percent of these partially worn tires

are reused by dealers.

If all the tread on the remaining 50 percent was

consumed, an estimated 3 percent reduction in the waste stream could be

realized.
Another possible tire source reduction technique is retreading:
installing a new tread on a partially worn casing.

The passenger car tire

retreading industry suffers because of its inability to compete with the cheap
new tires on the market and plaguing questions about safety.
tires replace bias ply tires, retreading becomes a

Also, as radial

less viable alternative because

radial tires are more expensive and more difficult to retread than bias ply
tires.

However,

the truck tire retreading business flourishes, sometimes
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retreading truck tires three times before discarding.2

Demand for truck

retreads exceeds supply by so much that an estimated 2.1 million worn out
tires are imported every year for their casings.’

Retreading all usable car and

light truck tires would decrease the number of new tires required annually by
20 million, thereby reducing the number of scrap tires generated by about 10
percent.

2.2.2 Disposal Routes - Exportation
Scrapped tires fall into two categories: one, being totally worn out, and
the other, discarded with tread remaining.
valuable product to be exported.

This second class represents a

In the United States, consumers can afford

new tires but in other countries, they are too expensive to afford.

A partially

worn tire sold at a discount is more affordable than buying a new one.

Five

percent of the U. S. annual scrap tire stream is exported.

2.2.3 Disposal Routes - Recycling
Recycling accounts for less than 7 percent of scrap tires generated
annually in the U.S.2

Due to the many projects in development, this

number grows but only slowly since these endeavors usually only affect the
local area.

Generally, recycling strategies attempt to use the natural

characteristics of tires and tire rubber, whole or cut up.
Recycled whole tires find use in artificial reefs, breakwaters, erosion

control, playground equipment, and highway crash barriers.

Using tires in

playground equipment costs as little as one-quarter that of virgin materials.
Split, punched, or stamped tires are used in floor mats, belts, gaskets, shoe
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soles, dock bumpers, seals, muffler hangers, shims, washers, and electrical

insulators.
Road crossings over soft soil require support in the form of lightweight
fill material.

Chipped tires incorporated into this fill lend support with their

natural resiliency.

In addition, chipped tires mixed with paint serve as a

replacement for gravel or sand in playgrounds.
Shredded tires added to wastewater treatment sludge during
composting as a reusable bulking agent replace wood chips.

Also, when

incorporated into a water conserving growing system, shredded tires add
support.
liner.

Layers of shredded tires, sand and then potting soil are spread over a

After watering the plants, the water accumulates on the liner, gets

collected, purified and then reused.

Development continues of a technology to combine shredded tires,
ground glass, fly ash and flaked high density polyethylene, all of which are
recyclables, producing a synthetic wood substitute.
shredded rubber in another manner.

Cold compression recycles

In this process, a compression mold

presses a combination of shredded tires including wires and fibers, latex, and
bonding agents into blocks at high pressure.

These blocks assemble on-site

into any type of obstruction: shields for erosion control, riverbank
stabilization, and ditch dams; guard rail extensions; sound

and safety barriers;

crash walls; and artificial reefs.

Grinding tires up into sand- or silt-sized pieces results in crumb rubber.
Usually buffings and peelings from retread shops meet the crumb rubber
demand but, because of increasing demand, development of other crumb
rubber sources will be necessary.

Rubber and plastic products utilize crumb
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rubber as a supplement.

Crumb rubber also can absorb and contain toxic

hydrocarbons for cleanup of petroleum or other hydrocarbon spills.
High traffic turf areas such as golf courses, baseball and soccer fields

sink as the soil below them compacts.

Every year these fields must be dug up

and decompressed, a very expensive process: $19,000 for a soccer field.8 Using
rubber’s natural resiliency, incorporating crumb rubber and compost into the
filler soil prevents the soil from compressing.

Not only does this extend the

time between excavations it also reduces the amount of water, fertilizer and

pesticides needed to maintain the fields.
Tire rubber does not react or degrade readily.

Adding untreated rubber

to resins or glue produces physical bonding rather than a chemical one so that
the end product fails to use all the rubber's characteristics to the utmost
advantage and thus performs in an inferior manner when compared with the
virgin product.

A technique was developed to increase tire rubber's reactivity

that chemically alters the outer few molecular layers of crumb rubber particles
thereby allowing the Pieces to bond with other polymers.

Surface

modification, as it is called, opened up new scrap tire recycling markets.
Many goods can tolerate as much as 40 percent, by weight, of surface modified
rubber without the final product losing important physical properties.!

Also,

when compared with the general virgin raw materials, surface modified
rubber costs much less both economically and in net energy value.

Surface

modified rubber is sold for $0.65 per pound whereas the general virgin raw
material averages approximately $2 to $3.50 per pound.!

Manufacturing

surface modified rubber consumes much less energy than producing the

virgin raw materials: 2000 Btu/lb as compared to 63000 Btu/Ib.!
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As far as recycling is concerned, one of the most promising products
made from surface modified rubber is rubber-modified asphalt.

Adding

rubber to pavement increases its durability and flexibility, extending the
pavement’s lifetime by a factor of two.

Antioxidants in the carbon black and

the tire rubber itself reduce asphalt aging and cracking.
Two techniques are generally accepted for adding approximately 16mesh or coffee ground size? chunks of rubber to asphalt: the dry or the wet
process.

The dry process, either patented PlusRide II or Generic Dry!",

produces Rubber Modified Asphalt Concrete (RUMAC): ground rubber, stone,
and sand constitute the raw materials to be bound together with asphalt
cement from petroleum refineries forming the hot mix.
the McDonald

or the Continuous

Blending

Alternatively, using

wet processes!9, Asphalt Rubber

(A-R) results from binder made by heating asphalt cement and rubber.

A-R

consumes 1.9 million tires annually (0.8 percent of annual scrap tire stream)
and climbing rapidly, growing 60 percent from 1987 to 1989, as regulations

change.?
In November

1991, Congress passed the Intermodal Surface

Transportation and Efficiency Act (ISTEA) changing the status of rubbermodified asphalt from an experimental substance to a general-use paving
material.

ISTEA also set the minimum required amount of recycled rubber to

be used in road resurfacing.

Twenty pounds of recycled rubber per ton of hot

mix or 300 pounds recycled rubber per ton of spray binder was required in 5
percent of state highway projects in 1994, increasing to 10 percent of highway
projects in 1995, 15 percent in 1996, and 20 percent in 1997 and so on.!

The

ISTEA jurisdiction governs 200 million tons of the 450 million total tons of
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asphalt used each year.

Because of the act, approximately 17 million tires will

be consumed in 1994, and up to 70 million in 1997.!

To fully implement the

ISTEA, an estimated 300 new shredding and crumbing facilities will be
needed, recycling 100 million tires per year, creating 3000 to 5000 new jobs.§
One source even estimated that because of the large number of roads being
resurfaced, supplementing asphalt with scrap tires has the potential to

consume 10 times the annual supply.!
A few disadvantages and concerns have to be addressed regarding
rubber additives in asphalt before rubber-modified asphalt gains widespread
acceptance.. The high initial expenditure hinders general usage since rubber
modified asphalt costs approximately twice as much as virgin materials.*

The

patented processes for making rubber-modified asphalt require royalties that
further increase the price an estimated 27 to 35 percent.2 Purchasing the
expensive equipment needed to handle the rubber-modified mix also drives
up the cost.

However, one study estimated that rubber-modified asphalt that

lasts three months longer than standard asphalt recoups the extra expense.!!
Table 6 compares some different rubber-modified asphalt application
techniques and their costs.!2
Questions surround the possibility of recycling rubber-containing
pavement.

Standard asphalt removed from roads can be recycled into new

pavement but recycling rubber-modified asphalt remains to be proven.

In

addition, long-term test results on performance, national specifications, and
expertise on the use of this special pavement are limited if available at all.
Because of lack of information rubber-modified asphalt has been treated with
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Table 6: Comparative Costs of Rubber Asphalt Mix Systems Using Scrap Tires
to a Conventional Mix!2
I

I

Il

IV

Vv

Conventional

AZ Reacted

Rubber

BAS Rubber

Systems

PlusRide
RUMDC
Sweden

System
Takallou

UltraFine
PMA
Rouse

18% to AC

3% to Mix

3% to Mix

10% to AC

$0.15

$0.12

$0.13

$0.25

6.0

7.2

7.2

7.0

6.0

Jo AC

$32

$47

$46

$42

$35

Cost/Ton

150

148

140

140

150

Bulk Density of Mix, lb/cf

3564

3516

3326

3326

3584

Tons Required / Road Mile

3-4

4-5

6-7

5-6

2-3

$114,048

$165,275

$153,014

$139,709

$125,440

$51,227

$38,966

$25,661

$11,392

+45%

+34%

+23%

+10%

Case

System

Std. Asphalt
0

% Rubber
Rubber Cost in Cents/ Pound

% Air Voids
Paving Cost/ Road Mile
Difference in Costs / Road Mile
% Increase in Costs

w nyo
gp

Notes: Costs based on results of contracted projects
1 mile road, 36 feet wide with 3-inch of pavement surface.
Systems II, III, and IV require additional AC.
System II requires special proprietary equipment to fully react the rubber.
. System II] must include a royalty fee.
. System II, IIL, and IV need to gap grade the aggregates to accomodate the rubber.
AC: Asphalt Concrete
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suspicion but, when applied properly, this special pavement seems to be
successful for the 20 years it has been in use.
Incorporation of surface modified tire rubber into membranes also
employs rubber's natural traits of durability and elasticity.

For instance, a

mixture of powdered rubber, neoprene latex, and an asphalt emulsion spread
over deteriorating roofing material will make a new, water-proof seal.

A

layer of blended rubber chips, epoxy resins and urethane spread over an old
cement surface such as a pool deck or eroded dam roof and allowed to cure
protects the cement from weather damage.

Surface modified tire rubber

combined with polysulfide creates a tough, impermeable membrane to be
used for containment of gasoline, oil, or chemical spills.

Polysulfide resists

corrosion well but fragile and not suitable for rough field treatment when
drawn into a sheet.

Adding approximately 40 percent rubber toughens the

membrane to the point that it can be driven on by vehicles.

Many other

applications employ surface modified rubber: shoe soles, molded epoxy
coatings, solid cast polyurethane industrial wheels, polyurethane tires for
wheelchairs and bicycles, nonpneumatic tires, urethane rollers, conveyor
belts and hosing.

A market of 10 to 20 million pounds per year of surface

modified crumb rubber exists for use in urethanes, epoxies and other
polymers.8
One point of debate is the possibility of reusing recycled rubber in tires.
New tire manufacture consumes more than 50 percent of rubber in the U.S.
but new tires contain only 2 percent recycled rubber.*

Recycled rubber or so-

called reclaim crumb rubber replaces virgin rubber only in very special
circumstances because, during processing, recycled rubber loses its elastic
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properties.

However, debate continues as to whether or not more reclaim

rubber, up to 10 percent by weight, can be safely added to new tires.!* Only 50
to 60 percent of the rubber labeled as reclaim (2.9 million tires, approximately
1.5 percent of the scrap tire waste stream) is actually consumed.?
The most efficient recycling program conserving the most natural
resources will recycle and reuse scrap tires as much as possible, for the socalled higher value uses, before disposal, the lowest value use.

Following this

program, the virgin materials sacrificed to make the tire will be used to their
fullest extent and, in theory, less natural resources will be needed in general
having been replaced by recycled rubber.

Both economic and noneconomic

barriers prevent the higher value uses from becoming common.

Economic

barriers include those high costs or limited revenues that make tire recycling
and utilization unprofitable.

For instance, the relatively low tipping fees at

landfills limits the amount that can be competitively charged to receive tires
for more expensive alternative methods of waste management.

In addition,

more landfills are refusing to take tires so legal disposal is becoming more
expensive.

As the cost increases, more tires will be illegally dumped.

Also, as

regulations mount on storage and handling, fewer companies will want to get
involved forcing the price of disposal even higher.

Limits on the utilization

of the recycled products are considered noneconomic barriers.

A lack of

technical information or a proven track record and an unwillingness to trv a
new technology or process by consumers and regulators are two major
noneconomic barriers that hinder tire recycling.

2.2.4

Disposal Routes - Landfilling and Stockpiling
Unfortunately, the majority of tires (78 percent of the total waste

stream) migrate to the least expensive disposal route: landfilling or
stockpiling.

Major problems and health hazards can be caused by insecure

disposal of tires in landfills and piles.

In landfills, tires’ large volume and

shape trap air and, as the landfill compresses, rise to the top breaking through
the surface liner.

Cutting tires before landfilling will avoid these difficulties

but shredding costs are high and thus not economically viable.
yard of landfill space can hold as few as 13 whole tires.!3

One cubic

Difficult landfill

disposal has led to high tipping fees, generally twice the amount than for
municipal solid waste®, or a ban on tires altogether.

In some states, tires can

only be disposed at tire monofills (for whole tires only) or monocells
(shredded tires only).

These "dumps" hold tires until the recycling

technology and market improve and the tires mined for profit.
Left out in the open, tires collect water well and provide breeding
grounds for rodents and insects, such as Asian Tiger Mosquitoes (Aedes

albopictus) which carry LaCrosse (formerly California) encephalitis.4 In
addition to LaCrosse encephalitis, mosquitoes transmit Dengue Fever, Yellow
Fever, St. Louis encephalitis, malaria, and at least 15 other viruses.®

Fires at scrap tire pile storage facilities present another hazard.

Because

of the high heating value of tires, they burn in a self-sustaining manner
when ignited.

This makes tire fires nearly impossible to extinguish.

Because

tires consist of 75 percent void space, eliminating the fire’s oxygen source or
quenching with water is extremely difficult.2

Stockpile fires may burn for

months such as the fire in Winchester, Virginia.

It started on October 31, 1983
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and burned for nine months releasing into four different states!4 toxic fumes,
including polyaromatic hydrocarbons (PAHs), carbon monoxide (CO), sulfur
dioxide (SO2), nitrogen dioxide (NO2), and hydrochloric acid (HCI); and

creating sludge that can contaminate ground water.2

For every kilogram of

tire burned in uncontrolled combustion, 12 to 50 grams of semivolatile

organics are released.!°
Tire fire prevention is attempted in a number of ways.

Shredded tire

mounds contain less air space and do not burn as rapidly as whole tire piles.
However, shredding tires requires energy and expensive equipment which
discourages shredding operations.

Regulations dictate safe storage procedures

for whole scrap tires limiting individual pile size and quantifying the
minimum area surrounding the piles.

The rows between piles must be kept

clear to allow easy access by fire fighting equipment, and an emergency
procedure plan must be inspected by fire department personnel and
prominently displayed.

Requirements vary depending upon the number of

tires on the premises.

2.2.9

Pyrolysis

Pyrolysis heats tires in the absence of oxygen to recover energy and
material from the tire rubber.

Tires thermally decompose yielding mainly

carbon black and low-grade oil for recycling.
market exists for these recovered products.

Unfortunately, a minimal
Costly pyrolytic oil cannot

compete with inexpensive Number Six fuel oil.1© Depending upon
composition and quality, pyrolytic oil sells for between $0.36 and $0.95 per
gallon as compared to light sweet crude oil at $0.51 per gallon (third quarter,
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1992).!6 Carbon black, the other recyclable product, has drawbacks as well.
The low quality carbon black recovered performs only half as well as virgin
materials.*

Improving carbon black quality would increase the process cost

thereby driving the carbon black price out of the competitive range.

Average

pyrolysis products per tire have been estimated at 1 gallon oil, 7 pounds char,
3 pounds pyrolytic gas (57 scf), and 2 pounds steel and ash.* To be profitable,
all the by-products would have to be sold, especially the char.
Pyrolysis produces no emissions during the process so the primary
source of air pollutants results from fugitive emissions: particulates from
handling, crushing, screening and packaging; and volatile organics from
equipment leaks.

The marketability of the recovered products must improve

before pyrolysis can become a competitive tire disposal technique.

2.2.6

Incineration
With a heating value (~15,000 Btu/1b, ~300,000 Btu/tire)* higher than

coal (6,000 to 13,500 Btu/Ib)4, scrap tires have the potential to be a valuable

alternative energy source.
2.4 gallons of gasoline.°

One average tire possesses the equivalent energy of
Air pollution concerns about products generated by

scrap tire combustion delay its widespread adoption as a general-use fuel.
Only approximately 11 percent of the annual waste stream becomes fuel.* If
all scrap tires generated annually were burned for energy recovery, they
would produce 0.07 quadrillion Btu per year, replacing 12 million barrels of
crude oil

or 0.09 percent of the nation's energy needs.

Tire rubber provides a very heat intensive, compact, consistent
composition fuel with a low moisture content (less than 1 percent)!” and may

27

be burned either whole or shredded as tire derived fuel (TDF).

Whole tires

provide a large fuel source and are relatively cheap to acquire: the public will
pay a tipping fee to dispose of them.

However, the high metal content

complicates the combustion process and degrades the fuel by lowering the
heating value.

Wire can be either left intact as in burning whole

tires;

removed during the process by modifying the system to collect the wires
during combustion;

or removed beforehand

as can be the case of TDF.

TDF characteristics can be altered to suit any application: shredded into
any size pieces with the option of wire removal.
piece, the more expensive it is to produce.
as well.

Generally, the smaller the

Wire removal increases the price

One pound of 6 inch x 6 inch TDF requires 40 Btu energy to shred as

compared to 750 Btu for one pound of 1 inch x 1 inch TDF.*

One ton of 1 inch

TDF with wire costs $20; one ton of crumb rubber, wire removed, 20 to 30

mesh is $160.4
Two routes to obtain TDF exist: (1) purchased from a dealer or (2)

shredded on-site using a shredder.

Collecting a tipping fee ($0.35 to $5.00 per

tire+) generates profit when the tires are brought directly to the site but buying
a shredder for on-site use can consume much of that profit.

Purchasing a

shredder to produce 2-inch TDF at a rate of 100 tires per hour costs $50,000; at

1000 tires per hour, $500,000.4 The ability to mix TDF with the primary fuel at
the proportions desired and modify the composition to meet purity
specifications can outweigh the high cost of obtaining TDF to make it an
attractive alternative fuel.
Power plants, cement kilns, and pulp and paper mills, examined the
use of scrap tires as a potential fuel.

Some specially designed plants burned
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whole tires exclusively but most investigated using scrap tire rubber, whole or
TDF, as a supplement mixed into the regular fuel.
Oxford Energy developed a whole tire-to-energy plant utilizing a
control system specifically designed to deal with the emissions from tire
combustion including a Thermal De-NOx system, a baghouse, and a wet
scrubber.

In 1988, when the Oxford Modesto plant tested for particulate

matter, dioxins and furans, polynuclear aromatic hydrocarbons,
polychlorinated biphenyls, ammonium, hydrochloric acid, sulfur oxides,
nitrogen oxides, carbon monoxide, total hydrocarbons, and metals, all

emission rates were less than the levels stated on the permit except for
ammonia.

The excess ammonia resulted from the Thermal De-NO x system

not operating at peak efficiency.
recycle all by-products.*

Oxford Energy designed the Modesto plant to

Zinc oxide collected in the baghouse is sold primarily

for zinc production or could be incorporated into fertilizer.

Gypsum from the

scrubber is recycled as a soil conditioner and in wallboard production as well.
Cement manufacturing uses the steel slag from the beads and wires in the
tires as an iron supplement.
Beginning in 1987, the Oxford plant in Modesto, California produced 14
MW

of power while consuming 4.9 million tires annually.2

Its emissions

remain several orders of magnitude less than other electric utilities. Oxford
has constructed a 26 MW

whole tire fueled power plant at Sterling,

Connecticut and has proposed a similar 26 MW facility near Las, Vegas,

Nevada.?
When considering supplementing existing fuel with TDF, two major
issues must be addressed: (1) the effect of the modified fuel on air emissions
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and (2) alterations to the feed system needed to incorporate TDF.

Characteristics of the customary fuel burned, air pollution control equipment,
and combustion train conditions determine what the added TDF will do to
the emissions.

Scrap tires generally have nitrogen, sulfur, and trace metal

levels comparable to coal but zinc, cobalt, chlorine, ash, and volatile organic

levels exceed most coals.4

Figure 4 is a diagram comparing the metal content

in scrap tires to bituminous coal.4
Economics, however, controls the widespread use of TDF as a

supplemental fuel: whether using TDF reduces operating costs.

Replacing

customary fuel with TDF must have numerous advantages to outweigh the
initial expense.

Any advantages, though, are very site specific, depending on

the availability and transportation costs of scrap tires as compared to primary
fuel or other alternative fuels; local processing, inventory, and handling costs

to make TDF; the amount of governmental incentives; and possibility of
reducing emissions.

In addition, modifications to the feed train to add TDF

can be a major investment deterring operators from considering using a fuel
supplement.

Also, limits on profits exist for the tire processor in the tire-to-

energy utility: geographical area dictates energy costs.

For instance, in regions

with expensive electricity, scrap tires become much more economically viable
compared to the primary and other alternative fuels.

Juell (1984) compared

the relative costs between coal, the primary fuel, and alternative fuels in
California.®

If the relative cost of coal is 1, then the relative costs of other

fuels would be as follows:
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Natural gas

2.5

Rice hulls

0.9

Wood

0.7

shavings

Coke

0.6

Chipped tires

0.6

So, in these conditions, TDF reduces the cost of fuel by 40 percent with respect
to coal.°
Some coal-fired power plants varied the percentage of TDF in the fuel
feed from 0 to 20 percent to determine the effect on emissions.*

As the

percentage of TDF increased, particulates dropped 28 percent, sulfur dioxide
remained the same as pure coal, oxides of nitrogen decreased 36 percent, and
lead experienced a 5 percent drop.

However, because power plants buy a high-

grade coal initially due to regulations, a substitution of only 5 percent TDF
could be tolerated within the air pollution limits.
plant’s alternate fuel competing with TDF.

Coke is usually the power

If TDF costs more than $1 per

million Btu or $30 to $31 per ton, coke is cheaper and therefore the fuel of

choice.4
Cement manufacturers also investigated using TDF as a supplemental
fuel.4

Cement production is an extremely power intensive process (81

million tons clinker produced in 1990 required 400 x 1012 Btu)4. It requires a
great quantity of low-grade coal. A cheap alternative energy source would be
appreciated and, fortunately, the nature of some kiln feed mechanisms allows
the addition of a wide range of fuels in both the preheater and precalciner.
However, if the mechanism is not suitable for adding TDF, installation of a

separate fuel feed system costs between $60,000 and $500,000.18

High
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temperatures, long residence times, an adequate oxygen supply, and the

nature of the product all make cement kilns prime candidates for alternative
fuels, especially whole tires. Steel from the wires is actually incorporated into
the product, reducing the amount of supplemental iron required.

Some

cement manufacturers supplemented their fuel loads with 14 percent TDF

with wires (~$30 per ton*) resulting in a slight increase in particulates and
carbon monoxide and a decrease in sulfur oxides and nitrogen oxides.4
Another study reported combustion of scrap tires in cement kilns reduced
NOx by approximately 10 percent but SO2 and CO had no significant
changes.!®

Nitrogen only constitutes 0.24 percent of TDF whereas coal

contains 1.76 percent nitrogen so TDF would naturally reduce the amount of
nitrogen released relative to coal.®
Seven cement kilns in the U.S. eliminate approximately 6 million tires
per year using TDF with coal.2;

West Germany, Austria, France, Greece, and

Japan maximize the use of scrap tires as fuel because regular fuels are so
much

more

expensive

than in the U.S.

Also, their landfills will not accept

tires forcing the use of alternative disposal methods.

In the U.S., primary fuel

is cheap, landfills still take tires at relatively low tipping fees, and the U.S.
permitting structure hinders alternative fuel use by forcing operators to
obtain a new permit if the fuel composition changes.

In general, coal costs

less than TDF: $38 to $48 per ton of coal and $30 to $50 per ton TDF.

TDF,

however, is less expensive than coal on a dollar per million Btu basis:

$1.10

to $1.80 per MMBtu for TDF as compared to $1.60 to $2.00 per MMBtu for
coal.!®

To be chosen over coal at a cement plant, TDF must cost less than

$45.00 per ton and the initial train modification and transportation costs must
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be reasonable.!§

If 40 cement plants of the 240 total in the United States

started using TDF, each consuming 2 million tires per year, one-third of the
annual scrap tire supply would be eliminated annually.
To burn TDF as a supplemental fuel, pulp and paper mills must
purchase clean and metal-free TDF at approximately $39 to $43 per ton (1990
and 1991, respectively)*.
TDF.4

Dewiring accounts for 25 to 30 percent of the price of

Many reasons exist for pulp and paper mills selecting such an

expensive route.

Hog fuel or wood waste, the primary fuel, is relatively clean

so to prevent emissions from increasing, high quality TDF is required.

If the

metal is not removed from the TDF, the hog fuel feed system clogs on pieces
of wire.

Also, wire-free TDF is required because the agricultural industries

who purchase the ash require that it have no iron content.

The high cost of

TDF would be prohibitive for use in this industry but because pulp and paper
mills do not have the fuel buying resources power plants and cement kilns
have so TDF is a much more viable fuel source.

In addition, pulp and paper

mills have little initial investment to modify the plant to accept TDF because
the only alteration required is a new metering system capable of handling the
high heating values of TDF.

Pulp and paper mills consume 12 million tires

per year.?
Air emissions from tire combustion in pulp and paper mills are of
concern however.

In one pulp and paper plant, a 15 percent TDF supplement

in the primary fuel increased the zinc emissions from 300 percent to 50 times
the baseline.
chromium,

Other pollutants measured showed no trend.

cadmium,

and lead emission levels decreased.

In other studies,
Particulate

emissions, though, grew by as little as 38 percent to as much as 93 percent, and

34

zinc emissions increased by 1500 percent.!8

The skyrocketing zinc emissions

result from the inability of Venturi scrubbers used by most pulp and paper
mills to catch the fine particulates introduced by the zinc in the tires.
Scrubbers generally remove acid gases from combustion exhaust rather than
particulates.

Electrostatic precipitators (ESPs) are the control equipment of

choice when dealing with the zinc-laden emissions from tire combustion.
The zinc content actually improves ESP performance.

Baghouses can also be

used, operated on their own or in conjunction with a dry scrubber.

2.3 REGULATIONS
Historically, concern about scrap tire disposal arose on a federal level in
the early 1960's which led to the Federal Solid Waste Disposal Act in 1965.19
This Act appointed the Department of Health, Education and Welfare; the
Department of the Interior; the Department of Natural Resources; the
Department of Transportation; and state and federal environmental
protection agencies responsible for carrying out any legislation in the scrap
tire disposal area.

In May 1991, an amendment to this act gave funding

priority to those highway projects that include at least 10 percent rubbermodified asphalt pavement.

Also, the amendment required a disposal fee be

incorporated into the sale of all new tires.

As was discussed above, the

Intermodal Surface Transportation and Efficiency Act (ISTEA), passed in
November of the same year, directed the use of rubber-modified pavement in
state highway projects as well.
Each state deals with the scrap tire problem differently, regulating a
combination of tire hauling, storing, or disposal along with providing

economic incentives for encouraging legal tire disposal.

Market incentives

include grants, loans, loan guarantees, tax credits, price preferences,

procurement policies, and rebates and reimbursements for consumers of

recycled tire products.
the country.

Many examples of these incentives exist throughout

The Wisconsin Department of Natural Resources will pay for

stack testing during source test burns for permitting purposes.®

Illinois also

funds TDF test burns as well as offers low interest loans to companies
planning to retrofit existing equipment or making improvements to facilitate
the use of TDF.
cleanup plan.

States are also expected to develop and fund a stockpile
Minnesota disposed of 5.16 million tires from various

stockpiles in the state at a cost of $3.4 million.

Wisconsin removed 2 million

tires costing $1.6 million.2® As of 1991, 36 states had laws regulating the
disposal of scrap tires.

Nine states had no regulations at all and the

remainder were discussing proposed regulations.

See Tables 7 and 8

describing each states’ disposal plan.2 By 1994, 47 states had some type of scrap
tire law or regulation; 46 of them had market incentives as well.

25 states ban

tires from landfills.®
Virginians have taken a very active role in the recycling and disposal
of tires within their borders.

Shredding services, such as the Appalachian

Regional Recycling Consortium (ARRC) of Southwest Virginia, consolidate
all of an area's shredded tire production into one source in order to have
more market presence.

ARRC looks for high value end consumers that will

pay to receive the tire shreds rather than low value end users that will charge
for the material.

In 1993, the Virginia Department of Environmental Quality

(DEQ) conducted an inventory of Virginian tire piles containing more than
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100 tires.

A total of 731 piles were counted, adding up to over 17 million tires;

15 million of those tires were in only 30 large mounds.?

Two-thirds of the

piles showed signs of recent dumping.®
To fund the development of disposal techniques for waste tires, the
Virginia DEQ imposed a $0.50 fee on every new tire purchased.

This money

becomes part of the Waste Tire Trust Fund managed by the Waste Division of
the DEQ.®

In November, 1991, the DEQ established a program using this fund

to finance firms with research ideas about safe disposal techniques for the six
million tires generated in Virginia annually.?!

2.4 HISTORY OF THE PROTOTYPE
Henry County Public Service Authority (PSA) received a Waste Tire
Trust Fund grant to develop a whole tire incinerator / wastewater sludge
dryer.

Atlantic Pacific Engineering constructed this facility at the Henry

County PSA wastewater treatment plant on the Lower Smith River in Henry
County, Virginia.

Virginia Tech’s Environmental Engineering Program was

retained to conduct emissions tests at this plant during late October, 1995.

2.4.1

Background
Tire fires bring to mind enormous amounts of black smoke resulting

from incomplete combustion.
eliminates the black smoke.

Controlled tire combustion essentially
With high temperature combustion

and an

adequate length of incineration time, all the carbon in tire rubber oxidizes to
carbon monoxide and carbon dioxide thus eliminating the black smoke.

To

demonstrate this concept, chunks of scrap tires were burned in a stove pipe
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heated with propane torches.

When the combustion reached a

sufficiently

high temperature, the black color in the exhaust gas disappeared.

After this

successful test, Atlantic Pacific Engineering formulated plans to build a
mobile tire incinerator facility to eliminate scrap tire piles at various sites.
However, the proposed facility needed a DEQ-issued permit to operate
requiring air pollution control equipment.
eliminated the plant’s portability.

Adding control devices

Atlantic Pacific Engineering needed to find

a permanent home to develop the facility.
In late 1992, the landfill that the Henry

County

Wastewater Treatment

Plant (HCWWTP) used for disposing their sludge closed.

Transporting the

sludge to another landfill turned out to be so costly that they were prompted
to search for an alternative, less expensive sludge disposal method.
HCWWITP and Atlantic Pacific Engineering developed the idea to use
the heat generated by the tire combustion to dry the sludge.

Since the sludge

contains only 3 percent solids, drying would greatly reduce its volume and
weight.

In addition, the exhaust gases from the tire incinerator had to be

cooled before release into the atmosphere.

This treatment would decrease

sludge disposal costs for the wastewater treatment plant, minimize landfill
impact, and cool the stack gases as well.

With the tire incinerator at the

wastewater treatment plant site, the HCWWITP

and Atlantic Pacific

Engineering not only solved each of their respective problems, but made
progress toward resolving two major environmental issues.

Construction

began in September, 1992 on a prototype whole tire incinerator and sludge
drying plant at the Henry County PSA Lower Smith River wastewater
treatment plant.

Figure 5 diagrams the actual configuration of the prototype.
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2.4.2

Theory and Practice

In order to get complete combustion of the scrap tire rubber, four
general conditions must be met: (1) sufficient amount of residence time, (2)

adequate temperature, (3) ample agitation for good fuel exposure, and (4)
excess oxygen.

The rotary kiln design forces the tires to undergo considerable

turbulence fully exposing the material to the 1500 °F temperature range
where the gasification of the rubber occurs.

A unique double shell kiln design

supplies combustion air to burning material in the kiln.

Preheating the

combustion air is accomplished by drawing it in through the space between
the inner and outer kiln hull where the inner burning core heats the air.

The

burning materials, including combustion gases and tire residue, then flow
through the burn tube into the afterburners where higher temperatures in
the 1800 to 2200 °F range degrade the gasified organics.

A residence time in

the afterburner chambers of 1 to 2 seconds allows essentially complete
oxidation of the organics.
The exhaust gas exiting the afterburners at a temperature of
approximately 2000 °F, flows into the evaporation/ scrubbing chamber.

Sprays

of sludge or nonpotable water quench the gas stream, cooling it to a
temperature that can be released, approximately 300 °F. The hot gases flash
evaporate the sludge water leaving dry material suspended in flue gas.

After

the evaporation/ scrubbing chamber, the moisture-saturated flue gas flows
through the cyclone and then up the stack.
Construction of this prototype unit served as a means to prove the
viability of the scale up from lab scale to full scale.

In addition, the prototype

testing provided an opportunity to collect operating test data, experience for
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use in future designs for commercial application, and emission rates for

indications of future permit requirements.

In order for this plant to become

commercially feasible within the existing and future regulatory climate, an air
permit will have to be acquired to operate the unit.

Plant operation to date

has been for a limited number of hours specified by a consent agreement
between the DEO and the Henry County PSA.

2.9 PERMITTING
Permits for the various tire burning techniques in different industries
have been extremely difficult to obtain since the constituents of the flue gas
emissions

have not been well characterized.

To protect public health, the

EPA has established National Ambient Air Quality Standards (NAAQS)

which limit the maximum

ground level concentrations in the ambient air

surrounding sources for six specific pollutants.

These six so-called criteria

pollutants are lead (Pb), sulfur dioxide (SO2), nitrogen oxides (NOx), ozone
(O03), particulate matter (PM), and carbon monoxide (CO).

Criteria pollutants

are separated out because they are considered to have a direct impact on
public health.

Also of regulatory concern are non-criteria pollutants such as

polynuclear aromatic hydrocarbons (PAHs), volatile organic compounds
(VOCs), dioxins, furans, total hydrocarbons (THCs), arsenic, cadmium, nickel,
zinc, mercury, chromium,

vanadium,

hydrogen chloride, benzene, and

polychlorinated biphenyls (PCBs).
For this prototype, the Department of Air Pollution Control, Central
Virginia Regional Office of DEQ located in Lynchburg, Virginia specified the
pollutants to be measured for permitting consideration.

Table 9 lists those
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Table 9: DEQ List of Pollutants for Permitting Consideration

CRITERIA

METALS

TOXICS

Carbon Monoxide
Nitrogen Oxides
Sulfur Dioxide
PM-10
Lead*

Lead*
Cadmium
Chromium
Arsenic
Zinc
Copper
Nickel
Barium
Selenium

Hydrochloric Acid
Naphthalene
Anthracene
Phenol
Formaldehyde
Benzene
Benzo(a)pyrene
VOC

Silver

Aluminum
Iron
Beryllium
Mercury

TSP

Criteria Pollutants are those six that have a direct effect on human health
through atmospheric problems (i.e., smog, acid rain, direct health
concerns, etc.).

* Lead is collected as a metal but is also considered a criteria pollutant.

TSP (Total Suspended Particulate) was also required but does not fit
into any of the above categories.

A4

criteria pollutants, metals, and toxics of interest.

Also, the agency reduced the

replicate sampling requirements from 3 to 2 since this testing was for research
and permitting data generation instead of compliance.
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Chapter 3

METHODS

AND MATERIALS

Table 10 lists (1) the methods required in this study that have been
published by the U.S. Government 22 23, (2) the pollutant to which it pertains,

and (3) the proposed sampling order in this study.

These methods needed

different sampling trains: (1) a Method 5, (2) a Modified Method 5, (3) a

Method 6, and (4) a Volatile Organic Sampling Train (VOST).

Method 1: Velocity and Sample Traverse Positions
In order to obtain a representative sample of stack emissions, sampling
points must be chosen carefully.

After dividing the stack cross-section into

equal areas, the sampling points are placed at the centroid of each section.

See

Figure 6 for a diagram of the placement of sampling points for both
rectangular and circular stacks and ducts.

A measurement taken at the

centroid represents that property throughout the entire area.

If the property,

such as gas velocity or pollutant concentration, varies little across the stack,
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few cross-sectional areas will be required to describe the stack gas qualities
accurately.

However, a flow disturbance, such as a bend, obstruction,

expansion or contraction, near the sampling location can cause the gas

velocity to fluctuate throughout the stack so many cross-sectional areas will
be needed to obtain an accurate sample.

Method 1 quantifies the number of

points needed for various stack conditions.
Ideally, the sampling location should be located at least 8 stack or duct
diameters downstream and at least 2 diameters upstream from a flow
disturbance.

Because the disturbances are considered far enough away to

have a minimal effect, this location requires the fewest traverse points.
However, ideal conditions cannot always be met and Method 1 accounts for
this by increasing the number of traverse points required as a function of
distance from a flow disturbance.

Figure 7 from Method 1 graphically

illustrates how, as the distance from a disturbance or obstacle to the sampling
position decreases, the number of traverse points increases to compensate for
the generated turbulence.
Due to construction stresses, the actual shape of the prototype’s stack
cross-section is elliptical.

Because the major and minor radii of the stack

cross-section differ by so little relative to the dimensions of the stack, the

cross-sectional area was assumed to be circular and to have a diameter of
about 4 feet. The exhaust gas enters the stack at approximately 20 feet off the

ground or 8 feet below the sampling ports (Distance B = 2 stack diameters).
Since no downstream disturbances exist (Distance A = ©), Figure 7 dictates 24

sampling points for each particulate traverse.

With two sampling ports

accessible, each traverse comprised 12 points on each diameter.

Table 11 lists
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Table 11: Location of Sampling Points in Circular Stacks25
Percent of stack diameter from inside wall to sampling point
Number of sampling points on diameter

Point number

8

10

12

14

16

18

20

4.4

3.2

2.6

2.1

1.8

1.6

1.4

1.3
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24

14.6

6.7

85.4

25.0

14.6

10.5

8.2

6.7

5.7

4.9

4.4

75.0

29.6

19.4

14.6

11.8

9.9

8.5

7.5

93.3

70.4

32.3

22.6

17.7

14.6

12.5

10.9

9.7

8.7

7.9

85.4

67.7

34.2

25.0

20.1

16.9

14.6

12.9

11.6

10.5

14.6

13.2

95.6

1.1

1.1

3.9

3.5

3.2

6.7

6.0

5.5

80.6

65.8

35.6

26.9

22.0

18.8

16.5

89.5

77.4

64.4

36.6

28.3

23.6

20.4

18.0

16.1

96.8

85.4

75.0

63.4

37.5

29.6

25.0

21.8

19.4

91.8

82.3

73.1

62.5

38.2

30.6

26.2

23.0

97.4

88.2

79.9

71.7

61.8

38.8

31.5

27.2

93.3

85.4

78.0

70.4

61.2

39.3

32.3

97.9

90.1

83.1

76.4

69.4

60.7

39.8

94.3

87.5

81.2

75.0

68.5

60.2

98.2

91.5

85.4

79.6

73.8

67.7

95.1

89.1

83.5

78.2

72.8

98.4

92.5

87.1

82.0

77.0

95.6

90.3

85.4

80.6

98.6

93.3

88.4

83.9

96.1

91.3

86.8

98.7

94.0

89.5

96.5

92.1

98.9

94.5
96.8
98.9

the traverse positions as a percentage of the stack diameter and the following
figure, Figure 8, outlines the calculation used to determine the traverse

points.
Method 1 applies for sampling almost all stacks and ducts.

Three

conditions exist that invalidate Method 1 and require another sampling
technique to be developed with the advice of the administrator.

One being

the stack or duct has a diameter of less than 0.30 m (12 in.) or a cross sectional
area of less than 0.071 m2 (113 in2).

Second is in instances of cyclonic flow,

where the exhaust gas is not traveling in a straight line through the stack.
Lastly, Method 1 does not apply when the sampling port is located less than
two stack diameters downstream or half a diameter upstream from a flow
disturbance.

Method 2: Velocity Determination and Pitot Tube Calibration
Collecting gases from an effluent stream is fairly simple.

Plug flow is

assumed for gases within the stack thus, due to generous mixing, the
concentration across the stack is uniform and can be sampled with a single
point.

On the other hand, plug flow cannot be assumed for particulate matter

because the particulate is not spread evenly though the cross-section of the
stack.

Its concentration depends upon the actual amount located at the

traverse point at that moment and the rate at which the particulate is being
driven by the gases in the stack.

So, in order to collect a representative sample

of particulate matter, sampling has to take place at the same velocity as the
exhaust gas at that point; a state called isokinetic sampling.

If the pump in the

sampling train is pulling too hard, less particulate is being collected than is
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Figure 8: Sample Calculation of First Traverse Point
12 sampling points on each diameter
Percentage of stack diameter from inside far wall to first point:
Stack diameter: 4 feet = 48 inches

2.1

Thickness of stack wall: 1/8 inches = 0.125 inches
Actual distance from far wall:
0.021 x 48 in. = 1.008 inches from far wall

Distance from near wall:
48 in. - 1.008 in. = 46.992 inches from near wall
Distance from outside near wall:
46.992 in. + 0.125 in. = 47.117 inches from outside near wall

Mark probe 47.1 inches from tip for first sampling point.
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actually being transported through the stack.

The stack gases are being pulled

in but the inertia of the entrained solids causes them to continue on the
original streamline and miss the nozzle.

Conversely, if the pump is not

drawing enough, more particles are gathered by the train than would be
representative.

Gases flow around the nozzle but the particulate will not be

carried with them, their inertia carries them into the nozzle.

Figure 9

illustrates particulate collection during isokinetic sampling.?4
Matching the pump drawing rate to the velocity in the stack is
accomplished by the use of a pitot tube, a calibrated orifice, and two inclined

manometers.

The pitot tube located at the tip of the probe measures the

velocity pressure differential of the flow in the stack by comparing the
velocity pressure facing into the flow and away from the flow.

Having

programmed the nomograph or calculator with the conditions of the train
and at the stack, the effluent gas velocity pressure differential value is entered
and the isokinetic pump flow pressure differential is determined that will
match the exhaust gas velocity.

To ensure that isokinetic sampling is

obtained, the pitot tube must be accurate and thus calibrated correctly.
Method 2 describes the proper procedure for calibration.
Method 2 dictates calibration should be executed by one of two
techniques.

If the pitot tube construction meets the specifications given in

Method 2, the isolated tube coefficient value is assumed to be 0.84.

This

isolated tube value is valid as long as the rest of the probe is placed in an
aerodynamically interference-free arrangement with the pitot tube and the
pitot tube continues to meet the dimension specifications.

Otherwise, the
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pitot tube must be calibrated against a standard pitot tube with a known
coefficient.
Since the Type S pitot tube ordered with the sampling train was newly
manufactured, the dimensions were assumed to agree with those in Method
2 and, thus, the coefficient was 0.84.

Method

3:

Oxygen, Carbon Dioxide, Carbon Monoxide,

Nitrogen, and Dry

Molecular Weight
Flue gas can have numerous components, inorganic and organic, but
when determining dry molecular weight only the largest constituents by
volume are important.

From a combustion source, oxygen, carbon dioxide,

carbon monoxide, and nitrogen determine the molecular weight.

Method 3

utilizes an Orsat analyzer to measure the volumes of these constituent gases
from an exhaust sample.

Other instrumental techniques such as Fyrite

analysis slowly gain favor.
An Orsat operates on the principle of gas absorption by solution.

See

the Orsat schematic in Figure 10.44 Three different absorbing solutions are
used in an Orsat analysis, the first to absorb carbon dioxide, the second oxygen
and the third carbon monoxide.

Nitrogen is considered the balance.

Fluid

pressure from the leveling bottle draws exactly 100 mL of sample gas into the
instrument.

Then the gas volume is bubbled through an absorbing solution.

After several passes, the sample is pulled back into the graduated burette and
the amount of gas remaining measured and recorded.

The volume removed,

in mL, constitutes the amount of constituent gas absorbed by the solution.
Also, because the original amount of sample gas was 100 mL, each mL
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represents one percent by volume.

For example, if 8 mL of gas was removed

after flushing through the carbon dioxide absorption solution, the sample gas
was 8 percent CO?.

However, if 12 mL of gas was missing after passing the

same sample through the next solution absorbing oxygen,

the sample was

not 12 percent oxygen, it was 8 percent CO? and 4 percent oxygen.
Sample delivery to the Orsat can be accomplished by any number of
means listed in Method 3. Drawn directly from the stack into the instrument
is a possibility but requires that the instrument be transported up to the
sampling ports.

Collecting the sample in a Tedlar bag and carrying it to the

Orsat is much more feasible and can be much more convenient.

After

acquisition, analysis of the sample bag can be postponed for a limited amount
of time until a more opportune moment arises.

However, the bag must not

wait too long or the sample integrity may be lost through diffusion.

Also,

possessing a reservoir of sample allows for accidents or replicate analyses.
Because it was not feasible to take the Orsat up on the stack, sample was
collected in a Tedlar bag using a technique adapted from Method 18. After
placing the bag in an air-tight container, the container was evacuated thereby
evacuating the bag.

The sample line was then connected to the bag opening

and the vacuum on the container pulled the sample into the bag.
Dry molecular weight is then determined by converting the mL
removed or percent into constituent molecular weight and then summing
them.

See Appendix A for a sample calculation.
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Method 4:

Moisture Determination

In order to sample isokinetically, molecular weight of the stack gas
including the moisture content must be known.

Method 3 calculated dry

molecular weight but the percent moisture is yet unknown.

Moisture

content can be determined in two different ways, either physically or
theoretically.

Physical determination of percent moisture entails condensing

the moisture out of stack gas collected for a specific amount of time,
measuring the amount of water collected, back-calculating how much must
have been in the gas sampled, and then figuring out how much moisture was
in the stack gas itself.
On the other hand, certain theoretical assumptions can be made about
the moisture conditions in the stack gas and then the moisture is determined
from these assumptions.

Since the prototype’s stack gas was being quenched,

the gas was assumed to be saturated and the moisture content was
determined from psychrometric and saturated vapor tables using temperature
alone.

Complicating matters, droplets in the gas stream due to the quenching

process could cause this method to yield questionable results.

To account for

this, Method 4 states that if droplets are suspected in the stream, the moisture
content should be determined both by the physical and the theoretical
techniques, assuming saturated conditions, and the lesser value should be

used in further calculations.

Because the stack gas characteristics were

thought to be known fairly well, saturated conditions were assumed and the
moisture content of the stack gas was determined to be approximately 25
percent.
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Wet molecular weight can be determined by converting the moisture
percentage to molecular weight and adding to the dry molecular weight with
adjustments for proportions.

Method 5: _ Isokinetic Particulate Sampling
Collecting particulate matter requires isokinetic sampling for reasons
listed above.

Method 5 describes the sampling train and procedure to sample

isokinetically.
Figure 11 diagrams the Method 5 sampling train.

Generally, isokinetic

sampling trains are composed of five main parts: the probe, the heated filter
chamber or “hot box”, the chilled condenser or “cold box”, the umbilical cord

and control unit, and the pump.

Each section should be carefully controlled

at the requisite conditions to maintain isokinetic sampling.
First, the stack gas encounters the probe nozzle as it enters the
sampling train.

Probe nozzle size limits the isokinetic sampling range.

If the

nozzle is too big, the pump will not be able to pull enough to maintain

isokinetic sampling.

Since the pump can be adjusted to draw as little as

needed, the nozzle cannot be too small.

However, working the pump too

hard to pull a large amount through a small nozzle or a small amount for an
extended period of time can cause pump wear so the ideal nozzle diameter is
one size smaller than the largest diameter with which the pump can
maintain isokinetic sampling.

Nozzle size can be calculated using equations

or can be determined from the available nomographs.

Appendix B-1 derives

the equations used for isokinetic sampling** and Appendices B-2 and B-3
depict the nomographs developed for field use to determine settings for
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isokinetic sampling.24

Procedures for using the nomograph to determine

nozzle size and isokinetic sampling rates are listed in Appendix B-4.

More

recently, calculators can be programmed with the necessary equations and can
replace nomographs.
Along with the probe nozzle, the Type S pitot tube is mounted at the
end of the probe in an aerodynamically interference-free arrangement.

See

Figure 12 for the proper pitot and nozzle arrangement.
After the nozzle, the gas sample passes through the probe consisting of
a heated probe liner and a probe sheath.

The stainless steel outer probe

sheath protects the inner liner and resistance heater from the harsh
conditions inside the stack and supports the pitot tube, thermocouples, and
other equipment mounted at the tip of the probe.
Inside the sheath, a probe liner of either stainless steel, borosilicate
glass, or quartz glass wrapped with a resistance heater maintains the exit gas
temperature at 120 + 14 °C (248 + 25 °F). Heating the probe liner prevents any
loss of moisture or organics from the gas sample through condensation.
Choice of probe liner material depends upon the stack gas temperature, the
characteristics of the exhaust gas, and the compound collected.

If the stack gas

temperature is 480 °C (900 °F) or less, borosilicate glass is acceptable; if the

temperature rises above that level, quartz glass should be used.

Stainless steel

has no temperature limit and, unlike glass, is not likely to break during field
use.

However, stainless steel has more crevices which can trap particulate

matter, it can contaminate metals samples, and it is more likely to react with

constituents within the collected gas sample than glass.

Because the

prototype's exhaust gas was not considered very reactive and also because of
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the ruggedness of the material, a stainless steel probe liner was used for
Method 5 sampling.
As can be seen in Figure 11, the heated filter chamber, or "hot box", is
encountered next by the sample. A

filter holder and, if necessary, a glass

cyclone are mounted inside the hot box to remove particulate matter.
Method 5 requires glass fiber filters without organic binder that are 99.95
percent efficient in the filter holder.

To prevent any condensation of the

sample, the hot box temperature is maintained at 120 + 14 °C (248 + 25 °F) so

only the particulate that is solid at 120 °C is collected on the filter. If
quantification of particulate that condenses out is necessary, arrangements
can be made with the administrator to collect those solids in the impingers.
When sources emit a substantial amount of particulate matter, the
filter can load up causing the pressure drop across the train to increase to the
point of requiring a filter replacement.

If source conditions are such that a

filter change is inevitable, the tester has the option to install a glass cyclone in
the hot box before the filter. This cyclone removes most of the large particles
before they reach the filter and cause clogging.

Particulate catch includes both

the solids collected on the filter and caught in the cyclone.

Due to the

improvements in the incineration system, the mass of particulate was
thought to be reduced from that that would be collected during typical
incomplete combustion of tires.

Thus, a glass cyclone was not deemed

necessary but an additional filter holder and filter paper was prepared for each
run in case of filter overloading.
Next in the train is the condenser or "cold box" where the gas stream is
cooled and the moisture condenses out into impingers.

In the Method 5
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sampling run, four impingers are required: three Greenburg-Smith impingers
with modified tips and one Greenburg-Smith standard impinger.

See Figure

13 for a diagram of both the modified and the standard Greenburg-Smith

impingers.29

In the Method 5 case, the first and second impingers are filled

with 100 mL water, the third is left empty, and the fourth contains 200 to 300 g
indicating silica gel. Table 10 lists each method, the train used, number, type,
contents of the impingers used, and any special conditions required.

These

impingers are connected with leak-free, non-contaminating glassware with
ground-glass ball joints.

Because of the large number of impingers required

for the sampling, a combination of old and new impinger bottles, impinger
stems, and U-tube connectors were used to allow complete changes of
impinger trains so sampling could continue without delay.

All of the new

impinger units ordered with the equipment had rubber O-rings to seal the
ball joints.

Any of the glassware from previous research had no O-rings and

required silicone grease for sealing.

Careful consideration had to be taken as

to which methods allowed the use of silicone grease, Teflon tape, or rubber O-

rings.
The impingers are assembled in an insulated container filled with ice
to cool the gas stream and condense out the moisture.

Exiting the last

impinger, the temperature of the gas stream has to be maintained at 20 °C (68
°F) or below to protect the pump and the dry gas meter in the control box.
During sampling, all of the train described thus far is located up on the
stack at the sampling port.

After the condenser, the sample gas flows into an

umbilical cord connecting the sampling unit with the control box on the
ground.

In addition to the gas flow, measurements taken by all the sensors in
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the sampling unit are transmitted to the control box in the umbilical cord:
samples from auxiliary ports, thermocouple measurements, and pitot tube
readings.
On the ground, the control box displays the temperature and the flow
rate communicated from the sampling train through the umbilical cord.

The

control box is fitted with a 10-port temperature read-out to display the
thermocouple readings throughout the train.

Constant gas temperature

monitoring is required to ensure proper gas conditioning so the next
component of the train operates most efficiently or is not damaged due to
overheating.

Thermocouples are located at the tip of the probe to read in-

stack gas temperature, inside the probe liner resistance heater for probe and
probe exit gas temperature, within the hot box, in the outlet of the last
impinger for condenser exit gas temperature, and at the entrance and exit of
the dry gas test meter to determine average meter temperature for gas sample
volume

calculations.
The control box houses all of the equipment needed to maintain

isokinetic sampling: bypass/fine and coarse valves to control the pump’s
flow, a dry gas meter to measure the volume throughput, a temperature readout with several thermocouple ports, a vacuum gauge to monitor the
pressure drop throughout the train, a calibrated orifice to measure gas
velocity in the train, and two inclined manometers for displaying the velocity
pressure differentials in the stack and through the train.
After positioning the probe nozzle at the desired sampling point, the
pitot tube measures the velocity pressure differential displaying it on one of
the control box inclined manometers as AP.

Using a nomograph or calculator
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programmed with temperature, stack gas molecular weight, and meter
coefficient, this AP measurement is then translated to a AH value, the velocity
pressure differential that the pump has to draw through the calibrated orifice

to match the stack gas velocity. (See Appendix B). Using the bypass/ fine and
coarse valves, the pump’s draw rate is adjusted so that the second manometer
reads the calculated AH value.
At each sampling point, numerous temperature readings and flow
rates displayed on the control box must be recorded for use in later
calculations.

Table 12 is the data sheet that was used to collect the necessary

data.2°
Last in the train, the pump draws in from the stack through the train
and then exhausts out the back.
control box.

Pumping rate is directly regulated by the

Pump capacity must be considered when choosing a probe nozzle

size because too large of a nozzle will exceed the pump’s capability so
isokinetic sampling will not be maintained.
Preliminary preparation of the sampling train followed the procedures

outlined in Method 5. Each probe nozzle diameter was measured and each
nozzle shaft labeled.

Since the dimensions were machined to the

requirements listed in Method 2, the pitot tube coefficient value was assumed
to be 0.84. The required calibration of the metering system with a wet test
meter or spirometer was completed by the manufacturer before shipping so
the Y and AH@

values arrived with the equipment.

Recording the stack gas

temperature during sampling replaced the calibration of the probe heater.
Only one one-point calibration with ice-water was necessary for the
thermocouples since all of the thermocouples fed through the single multi-
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channel digital read-out on the control box.

Leak checking the metering

system was accomplished during a leak check of the entire train.

Any leak

within the metering system would become apparent during a complete train
leak check.

Barometric readings were taken from the nearest source, the

Martinsville airport, so no barometer required calibration.
At the site, the train is readied for sampling.

For Method 5, as is stated

in Table 10, 100 mL water is placed in the first two impingers, the third

impinger left empty and the last impinger filled with 200 to 300 grams silica
gel.

Silica gel is weighed in the impinger bottle prior to sampling because

only the difference in weight is necessary.

Using tweezers, a filter that had

been weighed previously to constant weight in the lab is placed into the filter
holder and carefully centered to prevent short circuiting of the gas sample.
Method 5 describes how to assemble the train and perform a leak check.
A plug is inserted into the probe tip while closing the coarse valve and
opening the fine/bypass valve.

After turning on the pump, the coarse valve

is opened slowly and the fine/bypass closed until the vacuum gauge reads 380
mm Hg (15 in. Hg) and then held there for one minute.

For acceptable

results, the leakage rate must be 0.00057 m3/min (0.02 cfm) or less.

Sampling

train leak checks occur before each run, before and after a component change,
and after each run.

Pitot tube lines are also leak checked before and after each

traverse to validate the isokinetic flow data.
Leaks in the pitot tube lines are discovered by blowing on the pitot tube
impact arm to a vacuum of 7.6 cm H2O (3 in. H20), sealing the opening, and
observing the pressure which should hold for at least 15 seconds.

The static

pressure side should be leak checked in the same way except using suction
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rather than positive pressure.

Any leaks found prior to sampling must be

remedied before isokinetic sampling can begin.

If the lines leak after

isokinetic sampling, the results must be discarded and the run repeated after
repairing the leaks in the pitot lines.
Method 5 delineates the sampling procedure in great detail.

Before

commencing sampling, stack and train conditions are noted on the data sheet,
Table 12. At least once during each traverse point and at the end of the run,
this data must be recorded.
After cleaning portholes to remove any excess particulate matter that
might be entrained accidentally, the probe is inserted into the stack to the first
sampling point.

At the tip of the probe the pitot tube measures the

differential velocity pressure at that first point and displays the result on the
control box.

Using the nomograph or calculator that has been programmed

with stack conditions, calculations translate reading to a pump differential
velocity pressure value.

After turning the pump on, adjustments to the flow

through the train transpire using the bypass/fine and coarse valves until the

other inclined manometer that displays the differential pressure within the
train matches that calculated value.
for the first point.

Isokinetic sampling has been arranged

After the predetermined amount of time at the first point,

3 or 5 minutes depending upon sampling conditions, the probe tip is shifted
to the next traverse point, the stack differential velocity pressure read, the
pump’s draw adjusted, the background data recorded, and sampling
continues.

At the end of the traverse, the coarse valve is closed, the probe

removed from the stack, the pump

turned off, final data recorded, and a

sampling train and a pitot line leak check performed.

Then the train is
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disassembled and transported back to the lab for cleanup and sample
collection.
Particulate matter and moisture are quantified by the Method 5
procedure.

Most of the particulate appears on the hot box filter but some

accumulates within the probe liner and nozzle.

The filter is carefully

removed along with any loose solids in the filter holder front-half.

Then,

each train component that contacts the gas stream before it reaches the filter
paper is brushed and rinsed with acetone to collect any particulate matter
caught in the train.
Water removed from the first three impingers in the condenser is
measured gravimetrically or volumetrically, whichever is more feasible.
After subtracting off the original weight or volume, the result is the amount
of moisture collected. Silica gel in the fourth impinger collects moisture
vapor which is measured by difference in weight.

After the sampling run, the

silica gel is weighed in the same manner as previously, in this case, weighing
the silica gel in the impinger bottle.

Taking the difference of these two silica

gel measurements results in the amount of vapor collected.

Summing the

vapor and moisture collected yields the total amount of moisture in the gas
sample.

Method 201A: PM-10 and Total Suspended Particulate Sampling
Method 201A uses a Method 5 sampling train with a modification: a
cyclone head and an in-stack filter are fastened on the end of the probe

allowing only the particles with an aerodynamic diameter less than 10
microns (PM-10) to enter the sampling train.

Figure 14 is a cyclone head
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schematic.

Cyclone particulate separation efficiency of a specific size or the so-

called cut size, 10 microns in this case, depends upon a constant flow through
the cyclone.

If the flow fluctuates too much, a specific cut size is no longer

guaranteed.

This fact implies an important operating condition: the flow rate

through the cyclone and sampling train is calculated beforehand employing
stack conditions and held constant throughout the sampling run.

As long as

the temperature remains within a 28 °C (50 °F) range above or below the
average stack gas temperature, the calculated flow rate is considered
satisfactory.

If the temperature varies outside that range, a new flow rate

must be utilized.

Representative sampling is obtained by varying the dwell

time at each traverse point as a function of flow through the stack.
A Method 5 nozzle size is no longer appropriate due to the increased
pressure drop from the cyclone head and in-stack filter.

Calculations,

outlined in Appendix C, describe how a M201A nozzle size is chosen.
In addition to PM-10, the excluded matter that is larger than 10
microns, caught in the cyclone, can be quantified as large particulate.

Large

particulate characteristics and quantity can suggest features of the combustion
process.

For instance, if the majority of the particulate is large particulate,

incomplete combustion dominates the incineration process.

If very little

large particulate exists, the combustion process is much more efficient,
degrading much of the carbon to smaller particles and gases.
Calibration of the train is the same as Method 5 except for the added
cyclone.

Measurements of each nozzle diameter were taken and recorded for

use in calculations of the proper flow rate.

Since the cyclone and the nozzles

75

were newly manufactured to the specifications listed within Method 201A,
cyclone and nozzle calibration was not necessary.
An additional container is required during Method 201A sample
recovery since the total particulate catch has been divided into large
particulate and PM-10.
same as Method

All other recovery and analytical methods are the

5.

Draft Method 29: Metals
Sample recovery for the metals train is the most complicated of any in
this study.

Method 29 procedures and general equipment is the same as

Method 5 except the number of impingers employed is almost doubled, the
impingers house chemical solutions rather than water, and strict measures to
reduce metals contamination in the train and during recovery complicate
sample handling.

Non-metal components: a glass probe liner, a glass probe

nozzle and Teflon nuts, ferrules, and fittings, replace those metallic pieces in

Method 5. Metal-free filter papers are required instead of the general use filter
papers so no extraneous metals are added during digestion.

No metal-

containing utensils can be used in handling the sample and train.
Additionally, all impingers, connective tubing, glassware, utensils, and
containers have to be decontaminated by soaking in an nitric acid bath for 4
hours.
For Method 29 metals collection, 7 impingers are required as compared
to the 4 used in Method 5 sampling.

Figure 15 shows a diagram of the

Method 29 sampling train and lists the contents of each impinger.
Table 10 for a description of impinger contents and type.

Also, see

First is an empty
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knockout impinger: an impinger with a shortened stem used for collecting
moisture in a wet gas stream.

The empty knockout and the second and third

nitric acid/ hydrogen peroxide impingers collect all the metals in general.
Fourth, fifth, and sixth in line, the empty and the acidic potassium
permanganate impingers entrap mercury specifically.

Last, a silica gel-filled

modified Greenburg-Smith secures any moisture that remains in the gas
stream to protect the control box and pump from damage.
Sample recovery entails careful treatment of each impinger for
transport back to the lab to be analyzed.
scheme for each impinger.

Figure 16 details the sample recovery

Care has to be taken so that any glassware used,.all

containers and wash bottles have been acid washed to eliminate
contamination.

Also, blanks of all the solutions and filters have to be

assembled and treated in the same manner as the samples.

Method 7D: Oxides of Nitrogen

In this method, three restricted orifice impingers filled with 200 mL
potassium permanganate solution (4.0 percent KMnO4 (w/w)/2.0 percent
NaOH

(w/w)) each absorb nitrogen oxide and nitrogen dioxide, or NOx, with

a Method 5 train.
impinger.
quantified.

Figure 17 is a schematic diagram of a restricted orifice

This case requires no hot box filter since particulate is not to be
Sampling procedure is generally similar to that in Method 5

except only gas is being collected, no particulate matter, so no need for
isokinetic sampling exists.
and 500 cc/min.

Flow rate through the train is set at between 400

Method 7D specifies 3 traverse points at 16.7, 50.0, and 83.3
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ice Impinger

percent of the stack diameter.

Total sampling time is 60 minutes, 20 minutes

at each point.
Recovering the NOx sample is fairly simple.

All three impinger

contents are combined into one container along with water rinses for
transport back to the lab for analysis.

Method 26A: Hydrochloric Acid
Method 26A can capture all of the halide ions, fluorine, bromine and

chlorine, but this study was only interested in chlorine as hydrochloric acid.
Six impingers incorporated in a Method 5

train along with a glass probe liner,

glass probe nozzle, and Teflon fittings, ferrules, and nuts to prevent

interference in the sample.

For moisture removal, the first impinger, a

knockout, contains 50 mL 0.1 N H2SO04.

Second and third are Greenburg-

Smith impingers with standard tips each filled with 100 mL 0.1 N H2S04.
The last three impingers are all Greenburg-Smith with modified tips; the
fourth and fifth containing 100 mL each of 0.1 N NaOH and the last 200 to 300
grams silica gel.
Isokinetic sampling is necessary since halogens can exist in the gas
stream as halide salts as well as in gaseous form.

Sampling procedure is

virtually identical to that of Method 5. After the sampling run, if any
moisture condensed on the filter, an ambient air halogen filtration unit is

attached to the end of the probe.

Leaving the hot box temperature at 120 °C

(248°F) and drawing purified ambient air through the train forces the
moisture to evaporate and be caught in the impingers.
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Since particulate quantification is not of concern, the filter and probe
rinse become unnecessary.

Contents of the first 3 impingers are measured

volumetrically and combined with water rinses in one container for transport
back to the lab.

The next two alkaline impingers also have their volume

recorded and are combined in one container along with water rinses.

In

addition, 25 mg sodium thiosulfate per ppm halogen-dscm of stack gas
sampled is added to the alkaline impinger container to ensure complete
recovery of the chloride ion.

Blanks of all solutions used have to be collected

as well.

Method 0010: Semivolatile Organics
A Modified Method 5 sampling train collects semivolatile organics in
gaseous and sorbed form.

Essentially, the train is similar to a Method 5

train

except for a water-cooled gas conditioner and polymeric adsorbent resin
cartridge located between the hot box outlet and the inlet of the condenser.
Figure 18 outlines the Modified Method 5 sampling train.
After the hot box filters out the particulate, the gas continues through a
conditioner reducing the gas temperature down to 20 °C (68 °F). Then the gas
flows through an XAD-2 resin cartridge to remove the semivolatile organics.
Following the resin trap, a knockout impinger captures any condensate
resulting from the gas conditioning.

After this, four impingers: the first,

third, and fourth being Greenburg-Smith with modified tips and the second a
standard Greenburg-Smith, also collect moisture as the gas stream is cooled
further.

The first and second impingers contain 100 mL water each, the third

is dry and the fourth holds 200 to 300 grams silica gel.
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As in Method 5, the filter is carefully removed from the holder and
placed in a petri dish for transport back to the lab.

A methanol/methylene

chloride (1:1 v/v) solvent is used rather than acetone in this case to rinse the

probe.

The sorbent cartridge is wrapped in aluminum foil and placed on ice

for transport.

Contents of the knockout trap are measured volumetrically

and then transferred to a container to be shipped on ice.
Methanol/ methylene chloride solvent rinses of the back half of the filter, the
gas conditioner, and the knockout trap are collected and transported on ice as
well.

Any moisture collected in the other impingers is measured

volumetrically and then discarded.

Method

0011: Formaldehyde

Formaldehyde is collected isokinetically according to Method 0011
using a Method 5 train but with no hot box filter. Four impingers are used:
first, third, and fourth being modified Greenburg-Smith and the second is a
standard Greenburg-Smith.

See Figure 19 for a diagram of the train.

The first

two impingers contain 100 mL each of acidic 2,4-dinitrophenylhydrazine

(DNPH) solution. DNPH solution must be prepared within 5 days of use and
any opened container must be consumed within 48 hours.

The third

impinger is left empty and the fourth contains 200 to 300 grams silica gel to
protect the pump and control box.
with the DNPH

Any formaldehyde in the sample will react

solution to form the formaldehyde dinitrophenylhydrazone

derivative.
During train preparation and sample recovery, care must be taken not
to contaminate the sample.

Any contact with acetone will interfere with
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instrumental analysis so methylene chloride should be the rinsing solvent.
No silicone grease can be used upstream of the impingers due to the
possibility of contamination.

Amber glass containers should be used for

transport to eliminate any photodegradation.

Also, samples are to be

transported on ice.
At the lab, analysis is performed according to Method 8315 where the
dinitrophenylhydrazone derivative is treated by extraction and then is
solvent exchanged.

The sample is concentrated by Kuderna-Danish and then

analyzed by high performance liquid chromatography (HPLC).

Method 0030: Volatile Organics
Collection of volatile organics requires an entirely different sampling
train constructed especially for this purpose called the Volatile Organics
Sampling Train (VOST).

Two resin traps -- a Tenax trap first and then a

backup Tenax/ granulated charcoal trap, act as the collectors.

In order for the

volatile organics to absorb to the resin and become trapped, the gas must be
cooled first. Gas conditioners are located before each resin cartridge.

Traps

after the resin cartridges collect most of the moisture from the gas sample and
silica gel traps any residual before reaching the control box.

See Figures 20

and 21 for diagrams of the VOST unit.
After performing a leak check, sampling commences with a 20 liter
volume drawn through the train at 1 L/min from the center of the stack.

The

train is then leak checked again, both cartridges replaced with a fresh pair, and
sampling continues for another 20 liters at 1 L/min.

This procedure is

repeated until 6 pairs of traps are generated, a total of 2 hours sampling time.

86

psnegny

e—

Ate

Can

solver pul
winner

PD ENS

Aydw

seBujdwy

___}

praean

deit

wpesuapuoy

dell
ujse

sJOBAA 82}

»

sabuidusy

uoHeIn3iyjuo0T syeWAaLPS wrIT ISOA

-->

aqoid

:0Z an3ty

v

seins

(usaasAs 1625 20)
yoOvVLs

.

apena eg
{09 )A 8415

87

Figure 21:

VOST Train Actual Configuration
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A pair of traps is invalidated if the train fails a leak check.

The traps are

analyzed by Method 5040 using thermal desorption purge-and-trap gas

chromatography / mass spectrometry (GC/MS).
Method 6: Sulfur Dioxide
To collect SO2, a train similar to a Method 5
smaller scale.
condenser.

train is used except in a

Midget impingers replace the regular sized impingers in the

Also, because a gas is being collected and particulate is not of

concern, a glass wool plug in the tip of the probe acts as the particulate filter
replacing the hot box filter.
Four midget impingers make up the absorption system.

midget bubbler filled with 15 mL of 80 percent isopropanol.

First is a

The others are

midget impingers, the second and third containing 15 mL of 3 percent
hydrogen peroxide each and the last is empty.

A plug of glass wool placed

inside the first impinger stem prevents sulfuric acid mist from transferring
into the other impingers.

Also, because no silica gel-filled impinger exists as

in the Method 5 sampling train, a silica gel drying tube after the impingers
retains any remaining moisture from damaging the dry gas meter and pump.
See Figure 22 for a diagram of the Method 6 sampling train.
Collecting SO2 requires only one sampling point at the centroid of the
stack.

Flow rate through the system is set at 1 L/min throughout the 20

minute test.

Every 5 minutes condition data are recorded.

After the run and

leak check, ambient air drawn through the train for 15 minutes drives off any
carbon dioxide in the absorption solutions.
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For sample recovery, the contents of the midget bubbler is discarded.
All three impingers’ contents are combined in a leak-free container and
transported to the lab for analysis.

Method 18: Volatile Organic Carbon
Many methods exist for sampling for VOCs (Volatile Organic
Compounds) due to the large number of compounds and analysis techniques.
Which method the DEQ desired for this testing was unclear.

During

compliance sampling, Method 25 is usually used but since this testing was for
research some latitude was given.

Thus, Method 18, an equivalent method

using equipment already procured, was chosen for sampling VOCs.

Sampling

entails drawing gas into a Tedlar bag and analyzing it for the total amount of
carbon.
An air-tight container fitted with two openings, one of which would
connect the Tedlar bag inside to the sampling probe and the other a port to
pull a vacuum on the interior of the container acted as the sampling vessel.
See Figure 23 for a diagram of the Method 18 equipment.

First, the system is

purged with sample gas by inserting the probe into the stack and connecting
the vacuum line to the probe outlet to draw sample gas through the probe.
The vacuum line is then attached to the vacuum port on the air-tight
container holding the Tedlar bag.
which evacuates the sample bag.

A vacuum is drawn inside the container
Then the probe line is connected to the

Tedlar bag through the fitting in the air-tight container.

The vacuum line on

the air-tight container pulls a sample into the Tedlar bag.

Since the exhaust
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gas from the prototype contained a great deal of moisture, a silica gel drying
tube was inserted between the probe outlet and the Tedlar bag.
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Chapter 4

SAMPLING AT THE SITE

The 72-hour test burn took place from 0800 October 30th to 0800
November 2nd, 1995.

Two complete series sampling all the compounds of

interest were planned using nonpotable water and then sludge as the cooling
agent: a total of four complete sampling runs.

The sampling sequence is as’

follows:
eInitial traverse for temperatures and differential pressures
eMethod 201A for PM-10, TSP, and moisture

¢Draft Method 29 for metals
¢Method 0010 for semivolatile organics
Method 0011 for formaldehyde
«Method 7D for NOx
_ «Method 6 for SO2
eMethod

26A for HCl

Method 18 for VOCs at any opportune time.
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A Method 5 run was not considered necessary since the moisture content was
known fairly accurately beforehand and would be confirmed by Method 201A.
Even if the preliminary assumption and the M201A value do not agree, the
physical value was thought to be greater than the preliminary percentage so,
according to Method 4, the lesser theoretical moisture content would be used
for calculations throughout.

Because the Method 29 and Method 0010 trains

required such careful preparation, metals and organics sampling was
conducted early in the scheme to allow time to recover and prepare all the
equipment again for the second run.

Equipment and operational problems

changed this initial agenda.

October 30, 1995: 0200

Oil burners in the kiln and afterburners were activated to preheat the
unit.

Temperatures within the combustion chambers had to reach 1400 °F

before tires could be added.

Tire addition began at approximately 0800.

October 30, 1995: 1100
An initial traverse recorded AP values and temperatures.

Using these

results and the assumed moisture content of 25 percent, the isokinetic nozzle
size was calculated.

Method 5 train sampling used a nozzle diameter of 0.373

inches throughout.

See Appendix D for the calculation of Method 5 nozzle

size.

Preparations of the Method 201A train proceeded during the initial
traverse.

The special filter paper size for the in-stack filter was not anticipated

beforehand.

To remedy this, the filter was moved from the in-stack position
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to inside the hot box.

So when recovering the PM-10, instead of just cleaning

the exit of the cyclone and the front half of the in-stack filter, the entire area

between the exit of the cyclone to the front half of the filter in the hot box,
including the probe liner and front and back halves of the in-stack filter, was

to be scoured and rinsed.
Method 201A sampling required the determination of the correct
nozzle size.

Because the velocity profile varied so widely across the stack,

none of the nozzles could span the range of pressures to maintain
representative sampling.

Choosing a nozzle became an estimate as to which

end of the pressure spectrum would be most useful during sampling.
Selecting a larger size would accommodate smaller differential pressures but
it would reduce the maximum pressure that the nozzle could handle.

The

reverse holds for a smaller nozzle: larger pressures could be handled but
smaller ones could not.

Also, if the pressure encountered in the stack was

near the limit of the nozzle size, isokinetic sampling may not be maintained.
A balance had to be achieved.

See Appendix C for the Method 201A nozzle

size selection calculations.
A major complication arose securing the separatory head on the end of
the probe.

This head is made up of two parts, a cyclone for trapping large

particulate and a filter to capture the PM-10 that survived the cyclone.
joining these two pieces was a male-to-female fitting.

In the lab during

preparation, these two parts screwed together loosely but as the pieces got
closer the threads constricted to a fairly tight seal.

However, in the field, it

was discovered that these two pieces had entirely different threads: the male

piece on the cyclone section had pipe threads and the female in the filter had
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Swagelok threads.

Concern mounted that because they do not fit exactly, as

the pieces heat up in the stack, the cyclone might fall off. Also, an air-tight
seal would be difficult to maintain during sampling since the threads do not
mate well.

Some provision was going to have to be made to join these pieces

more tightly so sampling was postponed until some sort of joint could be
found.

A straight Method 5 run was performed instead.
A crane lifted the sampling unit to the stack platform.

Above each

porthole, a monorail arm allowed the sampling unit to roll on a trolley into
and out of the stack to reach each traverse point.

However, getting the

sampling unit trolley seated on the monorail arm using a crane proved to be
difficult.

Also, in order to have free movement,

the sampling unit had to be

released from the crane hook for sampling and then reattached after the run
which was somewhat dangerous and time consuming.

Later on in the

testing, an extension loop between the crane hook and the trolley allowed
enough freedom for the traverse so that the sampling unit did not have to be
released each time.

Initially, leak checking the train was done after the unit was on the
platform.
cfm.

Method 5 passed the leak check easily beneath the required 0.02

During the leak check, however, the pump vacuum climbed too high.

To remedy this, the Greenburg-Smith standard impinger was replaced with a
Greenburg-Smith modified impinger.

Since this problem would probably be

chronic throughout the testing, Greenburg-Smith modified impingers
replaced all the restricted orifice impingers: the Greenburg-Smith standard
and the restricted orifice (M7D).
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October 30, 1995:

1420

Twelve traverse points were sampled at each porthole, three minutes
at each point for a total of 72 minutes sampling time.
developed concerning one of the monorails.

Another complication

Unfortunately, one monorail

was shorter than the other; the sampling train could barely reach the nearest

point without the trolley nearly rolling off the monorail.

In addition, as

sampling went into the night, power failed eliminating the lighting on that
side of the stack.
one porthole.

Eventually, sampling was performed with two traverses on

Logistically, using only one porthole was much more efficient

because the sampling unit could remain on the one monorail eliminating the
time wasted transferring it to the other.
After completion of the Method 5 run, the volume of the impingers
combined was measured and the silica gel weighed to determine the amount
of moisture collected.

Using this number and stack and run conditions,

calculations determined how close the run was to isokinetic and thus how
valid.

For a valid compliance sample, the test must be between 90 and 110

percent isokinetic.

These calculations were completed quickly resulting in a

139 percent isokinetic.

Flue gas moisture content determined physically was

42 percent rather than the 25 percent originally assumed.

This

underestimation could have caused the high isokinetic percentage.
Also possibly to blame for the high percent isokinetic sampling was the
velocity profile of the stack.

At the far wall of the stack, the velocity began

fairly large and decreased rapidly as it approached the near wall.

The exhaust

stream entered the stack through a bend of approximately 90 degrees 8 feet
below the sampling location.

From the appearance of the velocity profile, the
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gases flowed mostly up the far side of the stack leaving little to flow close to
the near wall.

Also, cyclonic flow could have altered the results.

The gas may

not have entered the stack flowing straight due to some residue turbulence
from the cyclone.

This rotational turbulence could cause the gas to flow at an

angle rather than in a straight line through the stack.

Since the moisture

content and percent isokinetic inaccuracies could be explained with these
conditions, the Method 5 sampling did not need to be rerun and sampling
could continue.
Next on the list was a Method 29 metals run requiring a heated glass
probe liner and acid washed glassware.
sampling train.

Preparations ensued to assemble the

During preliminary arrangements a glass liner had been

ordered and received, wrapped with a resistance heater, ready for Method 29
sampling.

At the site, the liner was carefully inserted into the stainless steel

probe sheath.

When the liner reached the end of the probe and could go no

further, a foot of the liner still remained outside of the sheath: the company
had sent the wrong liner size.

Method 29 sampling was postponed to make

arrangements to shorten the glass liner while keeping the heater functional.

October 31, 1995: 0130
Method 0010 was next using a Modified Method 5 sampling train.
Before sampling could begin, the platform required some modifications to
accommodate the new sampling unit configuration.

For the Method 5 train,

the top hand railing on the platform had been removed adjacent to the
porthole because the railing blocked the path of the unit during the traverse.
However, the configuration of the Modified Method 5 train had not been
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examined.

Adding the spacer box increased the height of the sampling unit

considerably which meant that the unit hung down further off the monorail.
The lower railing had to be removed before sampling could begin.
Another complication arose from the arrangement of the spacer box,
the condenser, and the hot box.

When the assembly was lifted, as it would be

on the stack, no support existed to hold all the boxes together.

In one of the

pictures in the manual, it was noticed that two supports fastened to the spacer
box had been turned around preventing the hot box from sliding out and
thereby holding the sampling unit together.
the Method 0010 equipment.

See Figure 24 for a diagram of

Since time was a factor and no real other choice

was apparent, these supports were reversed and the train assembled.
According to Method 0010, silicone grease could not be used to seal

joints due to possible contamination.

Teflon tape had to be used instead.

Unfortunately, under field conditions, a Teflon tape seal is difficult to obtain

so the train leaked.

Since the train had already been taken up on the stack,

fixing any leaks was impractical.

This sampling run was executed with an

approximately 4 cfm leakage rate. After this experience, leak checks were
done with the train on the ground to aid in troubleshooting.

Sometimes the

ride up or down could be rough but the configuration of the equipment in the
sampling unit was such that these jolts would do little to effect the leak check.
Five minutes passed at every traverse point and both perpendiculars were
traversed during sampling.
After sampling, it was obvious that the results from this run were
questionable.

With a stack gas that contained about 40 percent moisture, a

great deal of water should have been collected, especially after two hours of
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sampling.

The knockout impinger was nearly empty.

With such a high leak

rate, the train must have pulled in mostly relatively dry ambient air rather
than damp stack gas. Method 0010 would have to be redone.

October 31, 1995: 1530

Method 29 was revisited after correcting the glass liner problem but
when the tube was shortened, the heater had to be sacrificed.

At the factory,

the heater was glued to the liner and no easy way existed to remove it. The
liner was taken to a glass shop with a saw capable of cutting glass tubing.
the heater and liner were cut.

However,

loss of the heater seemed

Both

to pose no

serious problem because from previous sampling runs, the probe seemed to

be kept at or above the required 120 + 14 °C (248 + 25 °F) by the heat in the
stack.
During the Method 29 sampling run, the probe temperature remained
between 150 and 200 °F, well below the 248 °F dictated by the method.

Stack

gases drawn in by the train were allowed to cool within the probe and as they
hit the filter in the hot box the moisture condensed increasing the pressure
drop across the train.

Initially, the temperature in the hot box was raised to

300 °F to encourage the condensed moisture to evaporate.

As the pressure

drop increased, in order to keep the probe as warm as possible using the stack
gas’ heat, sampling took place at the point 3 location from traverse point 7
until the end.

Also, periodically, sampling intake would be halted to allow

the moisture on the filter to evaporate and then as flow recommenced the
moisture vapor would be drawn off. This worked with moderate success.
Because of the escalating pressure drop, sampling could not continue for the
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entire 2 hours.

Stopping to change the filter would do no real good since the

pressure drop would soon grow to beyond safe limits for the new filter as
well.

Sampling continued at the point 3 location for as long as feasible to

obtain as much sample as possible.

October 31, 1995: 2045
After Method 29, a Method 6 run was completed using the midget
impingers and another control box.

The 20 minute sampling time required

only one traverse point located at the center of the stack.

Before and after

sampling the train drew in ambient air: the purpose of the 5 minutes
beforehand was to determine how to set the controls for exactly 1 L/min and
the 15 minutes after sampling was dictated in the method to drive off any
carbon dioxide in the absorbing solutions.

The train had no leaks; sampling

went uneventfully.

November

1, 1995:

0915

A metal sleeve was fitted over the loose joint between the PM-10
cyclone and in-stack filter and fused with sealant permitted a Method 201A
run.

As had been calculated earlier, the proper nozzle size was installed and

the train assembled.

However,

as discovered

sealant did not give an gas-tight seal.

during the leak check, the

During the pre-run leak check, the train

leaked slightly more than the 0.02 cfm requirement in the method.

After

sampling, the cyclone part of the separatory head was removed for the leak
check so as not to disturb any captured particulate.

When the post-test leak
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check was performed without the cyclone, the train passed well under the
limit.

Apparently, the sealed joint was at fault.
The correct nozzle size had been chosen for the Method 201A cyclone

head.

During sampling, the velocity profile did not vary as much as during

the initial traverse so the extreme ranges of the nozzle were not required.
Due to the relocation of the filter from inside the stack to the hot box,

sample recovery entailed scrubbing the exit tube of the cyclone, the in-stack
filter holder, the probe liner, and the filter front half for PM-10 rather than

just the cyclone exit tube and the front half of the in-stack filter. Other than
that alteration, everything else went according to the method.

November 1, 1995: 2120
After the Method 201A run, another Method 0010 attempt was made.
This time, after train assembly, the leak check was completed while still on
the ground.

Silicone grease replaced the Teflon tape to try to eliminate as

much leaking as possible.

This posed the risk of contamination however,

leak elimination was deemed more important.

Leaks still posed a problem

(0.06 cfm) but much less severe than the previous test.

Tubing for the circulating cooling water had been provided to connect
the resin cartridge and gas conditioner.

However, since this run was late in

the series, much of the tubing had been cut and used for other purposes and
little remained for the cooling system.

Tubing had to be spliced together to

have enough to complete the water circuit.

During sampling, the tubing

came loose from the air conditioner and resin cartridge breaking the cooling
circuit.

Attempts were made to remedy the situation during sampling but
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more serious problems arose.
heated the resin cartridge.
organics.

Without coolant flow, the hot stack gases

XAD-2 resin must be kept cool to retain any sorbed

If the cartridge is allowed to warm up above a minimum

temperature, some of the organics may be lost.

Sampling was halted to

prevent any loss of organics until repairs were made.
Another problem that developed was that the velocity pressure in the
stack rose above the original maximum velocity pressure as the traverse
continued closer to the near wall.
velocity in the stack.

The pump could not match the increased

Either the pump was on the verge of breaking down: it

had been heating up during sampling and would get very hot early in the test;
the limit of the nozzle had been reached: it was too large to draw sample
quickly enough; or it could be a combination of the two.

When the pump

could not draw fast enough to gather a sufficient volume of gas in the
requisite time, additional time was spent at each traverse point to collect the
correct amount of gas.

The amount of sample collected was deemed more

important than maintaining isokinetic sampling in this case.
Throughout testing the prototype seemed to be operating fairly
smoothly.

During previous runs of the tire burning plant, the combustion

temperature in the kiln rose too high and started consuming the inside of the
rotary kiln and front cover.

To prevent this from happening again, the kiln

cover had been fitted with a water jacket.

Also, careful control of the tire feed

rate maintained a relatively low burning temperature preventing damage to
the equipment.

As necessary, the oil burners used to preheat the kiln and the

afterburner were activated to regulate temperatures.

Obviously, too much

fuel would cause the combustion to burn out of control but, on the other
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hand, too little fuel can accomplish the same thing by drawing in too much
oxygen and causing even hotter combustion of the little fuel available.

In

addition, a minimum amount of fuel has to be available or the flame in the
kiln would be extinguished.

Maintaining combustion within safe limits was

a delicate balance.
On November

1st, the third day of the test burn, one of the rollers that

supports the rotating burn tube malfunctioned and had to be repaired.

In

order to fix it, the rotation was stopped and tires no longer fed to the kiln.
When the roller was restored, the spinning recommenced but the flame had
gone out.
fuel.

The preheating burners were activated in hopes to re-ignite the .

After a few frantic minutes, the flame was re-established and a few

hours later, the plant temperature was back to steady state.

Sampling for

Method 7D occurred as soon as the plant was back to temperature.

Another

Orsat sample was taken as well to observe if the interruption altered the
combustion

characteristics.

November 2, 1995:

0225

While Method 7D was being prepared, a VOC sample was collected in a
Tedlar bag according to Method 18. First, a sample was taken drawing directly
from the stack using the Method 18 evacuated container technique.
sample included the moisture and was deemed the “wet” VOC

This

sample.

Next,

a silica gel drying tube was inserted between the probe and the Tedlar bag
yielding the “dry” VOC sample.

Both were collected in hopes that, in

addition to organics concentration, some sort of analysis could be done to

determine the effect moisture has on organics concentration.
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Lastly, the Method 7D sampling train was prepared and the test
performed.

Only three sampling points were required at a constant flow rate

of 0.014 to 0.018 cfm. This flow rate is very low and was difficult to maintain;
by the end of the run, the pump was extremely hot.

During the last 5 minute

data recording session, the train vacuum tripled for no apparent reason.
After examination of the train, some of the absorbing solution had been

drawn up into the impinger stem increasing the vacuum.
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Chapter 5

SAMPLE PREPARATION

All of the samples were collected according to the appropriate method
and carefully transported back to the lab for preparation and analysis.

Method 5 and Method 201A
For both methods, Method 5 and Method 201, moisture content had

already been determined at the site so only particulate mass remained.
Generally, particulate had been collected in two areas: (1) trapped on the filter

and in the filter holder front-half, and (2) caught in the probe liner, probe
nozzle, fitting, ferrules, and filter front-half that had to be scrubbed and

flushed with acetone.

In Method 201A, with two different particulate size

ranges of concern, PM-10 and large PM, the appropriate areas of the PM-10
head, probe, and hot box filter were scrubbed, rinsed with acetone, and the

rinse collected in their proper containers.

Two different acetone rinse

containers, one for each size range, were used for Method 201A rather than

just one in Method 5.
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To obtain the weight of particulate on a filter, desiccate the loaded filter

at ambient temperature and pressure for 24 hours and then weigh at 6 hour
intervals to a constant weight (0.5 mg change from previous weight).

This

value, less the original filter tare weight, yields the amount of particulate
collected on the filter.
The acetone rinses were placed in clean, dry, tared beakers, allowed to

evaporate until dry at ambient pressure and temperature, and weighed toa
constant weight.

An acetone blank of approximately the same volume as the

samples was treated similarly to determine the amount of additional weight
resulting from the solvent.

Subtracting the weight of the tared beaker from

the combined weight of beaker and matter collected yielded the amount of
solids in the rinse.

Thus, the weight of particulate in the rinse was the weight

of solids in the sample beaker minus the weight of the acetone residue.
Summing both the filter particulate and the residue particulate gave the total

particulate collected.

Dividing this value by the volume of gas sampled

corrected to standard conditions yielded the concentration of particulate at
standard conditions.

By knowing the gas flow velocity and stack diameter,

the particulate emission rate was determined.

Method 29
Because some methods require complicated analyses too difficult to
arrange in-house for so few samples and since the resident lab is not equipped
with certain analytical instruments, some of the analyses were sent to an

external analytical lab set up for environmental work with the requisite
equipment, standards, and quality control measures already in place.
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Requests for estimates were sent to several labs in the area with the capability
to do the metals with ICP, the mercury with cold vapor atomic absorption
spectroscopy (CVAAS), and the organics from Method 0010 using Method

8270 on a gas chromatograph/ mass spectrometer (GC/MS) analyses required.
EnviroTech MidAtlantic responded with the capability and the least estimate
so it was chosen for the analyses.
most of the sample preparation.

However, EnviroTech was not able to do
Sample preparation for analysis would have

to be done in-house.
An ICP was chosen for metals analysis because of the large number of
metals of interest.

An ICP is able to measure many metals at once instead of

reading one at a time as in an atomic absorption spectrometer (AAS).
Virginia Tech environmental lab does not possess an ICP so the samples had
to be analyzed externally.

The large number of impinger samples and blanks

needed for each of the samples collected, and the requirement that mercury
and general metals samples be treated differently, complicated sample
preparation for analysis.
treatment of each sample.

See Figure 25 for a flow chart describing the
Mercury samples were prepared in-house via

Method 29. EnviroTech executed any analysis dictated by Method 7470.

Method 0010
Semivolatile organics analysis, Method 0010, also entailed some
complicated preparation before the samples were sent to EnviroTech to be
analyzed.

Organics extraction from the XAD-2 resin and other solutions was

time consuming and somewhat intricate.
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One sample preparation complication originated from the fact that for
all other methods which collect particulate, acetone was used to rinse out the
probe assembly and filter holder front half.

Method 0010, on the other hand,

uses a 1:1 v/v methylene chloride/methanol solution.

In the chaos at the

site, this detail had been omitted so the solvent used for the train rinse was

acetone rather than methylene chloride/methanol.

To salvage the organics

were collected, the acetone was evaporated down to approximately 10 mL at
ambient pressure and temperature.

The organics and the little acetone left

were then redissolved in methylene chloride and the extraction with water
continued.
To determine the recovery by spiking the samples before any analysis
preparation occurred, proved to be more involved than anticipated.

After

many conferences with EnviroTech to choose which spiking compound

to

use and the volume of the spike, terphenyl-d14 was selected with a 40 to 50
ppb concentration in the final sample.

Figure 26 delineates the calculations

used to determine the volume of spike required for each sample.

In terms of

concentrated terphenyl-d14, the calculated volume was extremely small.
Most syringes cannot deliver such minute amounts with confidence.

After

one effort to spike the condensate sample and having negligible quantity
reach the solution, the concentrated terphenyl-d14 spiking solution was

diluted 1:10 so a more manageable volume could be handled.

The condensate

was reinjected with the larger, more dilute spike.

Two train rinses had been gathered, the probe assembly in acetone and
the filter back-half, gas conditioner and knockout impinger in methylene
chloride/methanol.

According

to the method, the spike should be
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Figure 26:

Determination of Spike Volume

Want 40 to 50 ppb in final 10 mL sample.
Sample is mostly methylene chloride, density = 1.3266 g/mL
sample volume x density of sample = mass of sample

10 mL x 1.3266 g/mL = 13.266 g
ppm is defined as:
PP

mass substance] mg|

m=

mass solution [kg]

and ppb = 10-3ppm

The mass of 40 ppb terpheny1-d14 is:
40

40 ppb => ae.
10 kg

Lk

AE
102

13.266¢ = 5.31x107 mg

terphenyl

and the mass of 50 ppb is:
50

PP

ppb=>

50

Lk
ne. "8.13 266¢ = 6.63x10 mg terphenvl
10°kg 10°¢

The terphenyl-d14 concentrated solution comes as 2000 ug terphenyl-d14/mL
solution (in methylene

chloride).

So for a 40 ppb amount in a 10 mL sample, the spike volume would be:

0.531 ue = 0.266 wh
aS
2000 "¥%r,
a

and for 50 ppb:

0.633 HB 0.317 nL
2000

*

mL

Thus, the spike volume should be between 0.266 and 0.317 uL.
Since this volume is too small to be delivered accurately, the spiking solution
was diluted 1:10 so the spike volume changed to between 2.66 and 3.17 uL.
Spikes of approximately 3.0 uL were administered.
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proportioned between the train rinse containers.

Because of distraction

during the treatment of the acetone sample and the spiking compound
dilution, the entire spike was added to the acetone probe rinse before the
volume reduction and none to the impinger rinse.

Terphenyl-d14 is a

relatively large compound so no loss should have occurred during the
ambient pressure and temperature evaporation of the acetone.

All of the

spike should have reached the final train rinse combination.
Three liquid samples and a

filter were transported back to the lab for

analysis; two of which, the train rinses, were to be combined.

Extractions to

remove the organics were performed on all of the samples after spiking.
First, the condensate, the moisture collected in the knockout impinger, was
extracted using methylene chloride.

Using 6 N sulfuric acid, the pH was

lowered and three extractions performed removing the methylene chloride
layer each time and then, with 6 N sodium hydroxide, the pH was raised and

extracted three more times.

Methylene chloride collected from both the basic

and acidic extractions was filtered through a bed of sodium sulfate to remove
any water and into a Kuderna-Danish (K-D) concentrator.

diagram of a Kuderna-Danish.

See Figure 27 for a

The K-D slowly reduced the volume of the

sample down to 10 mL for analysis by GC/MS.

Similarly, after the train rinses

were dissolved in methylene chloride, spiked, and combined,

the same

extraction and reduction was performed as for the Condensate except with
water as the extraction solvent was water.
Particulate was collected isokinetically during Method 0010 not for
quantitation but because organics can sorb to solids within the gas stream
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Figure 27: Kuderna-Danish Concentrator
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adding to the organics emission rate.

These particulate were extracted with

the XAD-2 resin to desorb any attached organics.
The XAD-2 resin cartridge collected the organics as they passed through
the train.

Adsorption to the resin had to occur quickly and securely in order

for efficient collection within the short amount of residence time the gas
spends in the cartridge.

Desorbing these tightly bound organics took an

extensive period of time in a Soxhlet extractor.
diagrammed in Figure 28.

A Soxhlet extractor is

Carefully, the resin was removed from the

cartridge using methylene chloride and placed in pre-cleaned glass thimbles
for use in Soxhlet extractors.

The filter and any particulate collected were

added and the thimble capped with a clean glass wool plug to prevent any
resin from escaping.

Anything that came in contact with the resin, thimbles,

or glass wool first had to be rinsed with methylene chloride.

After the XAD-2

had been placed in thimbles, the methylene chloride used to rinse the
cartridge was poured into the Soxhlet solvent reservoir.

Additional solvent

was added to fill the reservoir two-thirds full. Boiling chips were added and
the Soxhlet was set to cycle approximately 5 to 6 times per hour.
lasted 16 hours.

Extraction

After completing the extraction, the methylene chloride was

then transferred to a K-D to concentrate the sample to 10 mL to be sent to
EnviroTech for analysis.
When heating a solvent, boiling chips are crucial to instigate boiling
and to prevent the solution from superheating.

Inside a Kuderna-Danish,

boiling chips are even more important since the solvent is in an air-tight
environment which can allow pressure to build until the weakest joint gives
way.

If the boiling chips do not function during a concentration, the solvent
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Figure 28: Soxhlet Extractor
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superheats and pressure builds up in the system.
can cause a superheated solvent to erupt.

Any physical disturbance

Unfortunately, an eruption

occurred during the reduction of the train rinses causing most of the sample
to be lost. In addition, during the reduction of the XAD-2 extract, pressure
built up in the K-D causing the small-volume catch at the base of the
reservoir to drop off, releasing the sample into the hot water bath below.

To

try to save the sample, the water bath was extracted using methylene chloride,
reduced to 10 mL, and sent to the lab to be analyzed.

Method 6
A thorin/barium perchlorate titrimetric analysis was the technique
Method 6 dictated for sulfur dioxide determination.
fairly rare salt which was not readily available.

Barium perchlorate is a

In accordance with the

method, barium chloride was substituted for use in the titrant solution.

After

transport to the lab, the contents of the Method 6 sample were transferred to a
100-mL volumetric flask and filled to volume with water.

Twenty mL of this

dilute solution was pipetted into a 250-mL Erlenmeyer flask.

Added to this

flask was 80 mL 100 percent isopropanol and 2 to 4 drops of thorin indicator.
This mixture was then titrated to a pink endpoint using 0.0100 N barium
chloride solution.

Two analyses were performed for each sample and the

results averaged.

The titration volumes of replicates had to agree within 1

percent or 0.2 mL, whichever was larger.

Blanks must also be analyzed,

prepared the same way as the samples.
To know

the exact concentration

of the barium

chloride solution, it

had to be standardized against a solution of known concentration.

According
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to the method, the barium chloride should be standardized against standard

sulfuric acid.

A bottie of 1 N standard sulfuric acid was available but, because

it was old, the concentration was no longer certain.

However, sulfuric acid

can be standardized against sodium carbonate using a procedure in Standard
Methods?°.

So, after standardizing the sulfuric acid which then standardized

the barium chloride solution, titrating commenced.
Titrating to the “pink” endpoint was not very clear cut.

During the

standardization of the barium chloride, the titration went from a yellow color
to yellow-orange to a peach color.

Determining when the solution actually

turned peach from yellow-orange was difficult.
more troublesome for the samples.

However, this was even

Because of low concentration of sulfur

dioxide in the gas stream, the concentration in the sample was very low.
When

the thorin indicator was added, the color of the solution was almost

peach already and only a couple fractions of titrant drops would push the
color past the “pink” endpoint.

Another complication arose from the little sample that was available
for analysis.

Only 100 mL of sampie was collected for titration.

consumed 20 mL of sample.

Each titration

Thus, ideally, only 5 titrations can be performed

to determine a unciear endpoint.

This leaves little room for replications.

Method 7D
ion chromatography is the anaiytical method of choice for Method 7D.
Like Method 6, Method 7D only has one sample container transported from
the site. The sample was transferred to a 1-L volumetric flask and diluted to
volume

with water.

This solution was then left for at least 36 hours

to ensure
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complete reaction to NO3°.

Fifty mL was then transferred to a 250-mL

Erlenmeyer flask containing a magnetic stir bar.

Stirring was adjusted to be as

fast as possible while 5 mL aliquots of 5 percent hydrogen peroxide were
added.

When the potassium permanganate color was gone, the precipitate

was allowed to settle.

If the supernatant liquid was colorless, then analysis

preparation could continue.

If the color persisted in the supernatant liquid,

stirring continued and more hydrogen peroxide added until the color
disappeared.

After the color vanished, the solution was filtered with water

into a 500-mL filtering flask.
four times with water.

Any solids caught on the filter paper were rinsed

The solution and rinses were transferred to a 250-mL

volumetric flask and diluted to volume with water.
similarly.

Blanks were treated

Then these samples and blanks were ready for ion

chromatographic analysis.

Marilyn Grender, the instrumental analysis expert

in the Virginia Tech environmental lab, performed the analyses.
Because the original sample volume measured more than 1 liter,
diluting to 1 liter as the method dictates was impossible.

Instead, the sample

was diluted to 2 liters and the sample volume was changed from 1000 to 2000
mL in the concentration calculations.
As hydrogen peroxide was added in 5 mL aliquots, the color of the
solution went from a dark purple to a dark greenish-brown.

The procedure

gave the impression the color change was more drastic so hydrogen peroxide
continued to be added but the color did not change any further.

After the

addition of a substantial amount of hydrogen peroxide, the olive-colored
precipitate was allowed to settle out and the supernatant liquid was colorless.
Preparation continued with the knowledge that too much hydrogen peroxide
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had been added.

Nothing in the analysis indicated any interference from the

excess hydrogen peroxide.

Method 18
For Method 18, volatile organic compounds, sampling entailed
drawing a gas volume into a Tedlar bag for transport back to the lab and
analysis.

During compliance sampling, Method 25 should be used for VOCs

but since this sampling was for research purposes affording some flexibility so
an equivalent method, Method 18, was approved.

Method 18 was chosen

over Method 25 because it required less new equipment and was much easier
to perform.

However, instead of giving a single value for the amount of VOC

collected like Method 25, Method 18 qualified and quantified each VOC

sample.

in the

Quantifying each compound would be a great deal of extra work

when organic carbon is all that is of interest.

So a procedure had to be

developed to determine the total amount of organic carbon in the sample
without separating and measuring each compound.
Since the Virginia Tech environmental lab was unprepared to analyze
gas samples and a new procedure had to be developed different from Method
18, some consideration had to be given to determine which analytical
technique would be best suited for the task, if the instrument could handle a
gaseous sample, and, if necessary, how it would have to be modified.

First,

consideration was given to the Total Organic Carbon (TOC) analyzer: an
instrument that vaporizes the sample, oxidizes all the organics to carbon
dioxide using UV light, and then measures the total amount of carbon
dioxide.

Usually this instrument is used for water samples but, in theory,
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should work for gas samples.

Unlike water samples, however, carbon dioxide

exists in the gas sample before the organics are oxidized so the initial amount
of carbon dioxide has to be subtracted out of the total TOC value.

In order to

measure the amount of CO? in the sample initially, the UV oxidizing lamp
was turned off so, in theory, no oxidation would take place during analysis.
Sample injection volumes were analyzed both with the lamp on and off but
the results from the two conditions indicated there were little or no organics
in the gas: the sample was mostly carbon dioxide originally.

Whether this

result was because the instrument could not handle the gas sample, i.e. the
organics were swept through with the carrier gas before they were oxidized by
the lamp, or there were truly few organics in the sample, could not be
discerned.
A gas chromatograph with a flame ionization detector (GC/ FID) was
tried next.

The principle on which the FID operates is that the sample

components are separated on a gas chromatograph column and then the
detector oxidizes each segment that elutes to CO2.

Each carbon dioxide

molecule is then reduced to methane which is read by the detector.

From the

detector, a chromatogram is assembled and used to identify and quantify
compounds from the sample.

When the area under entire chromatogram is

measured, the total amount of carbon in the sample is determined.
Subtracting out the area of the original carbon dioxide peak yields the fraction
that was organic carbon.

This is considered volatile because they are gaseous.

A sample was injected and produced no peaks on the chromatograph.

In case

this was because the gaseous sample was not registering, a sample of the head
space over hexane was analyzed yielding a huge peak.

The system could deal
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with the gas sample as evidenced by the hexane head space; there was just
very little in the gas sample to detect.

Neither the wet nor the dry samples

yielded any result.
No time was left in the 72 hour consent agreement for any more
sampling.

For this reason, formaldehyde and hydrochloric acid were both

eliminated from the testing protocol.
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Chapter 6

RESULTS AND DISCUSSION

Tables 13a, b, c, and d list the results of this study.

Unfortunately, due

to time constraints and equipment failure, only part of one nonpotable water
sampling series was completed as opposed to the proposed duplicate testing
using both drying agents: nonpotable water and sludge.
The moisture content in the exhaust gas turned out to be a major
variable.

Before sampling began, saturated vapor tables seemed to dictate the

moisture content to be approximately 25 percent and this assumption was
considered to be fairly accurate.

Preliminary nozzle size and operational

calculations for the Method 5 run were based upon this assumption.

After

determining the moisture content physically using Method 5, the preliminary
supposition of 25 percent moisture turned out to be 15 percent low.

This

physically determined moisture content value remained fairly stable
throughout testing.

In addition, this original assumption raised the

isokinetic sampling rate thereby elevating the percent isokinetic to a more
satisfactory value.
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Table 13b:
Method

29:

Aluminum
Arsenic

Barium

Beryllium

Cadmium
Chromium

Copper

Iron

Lead
Nickel
Selenium
Silver
Zinc

Mercury

Method 29 Results
Metals

mg/ ft

1.63
1.67E-02
1.77E-02

4.29E-05

3.10E-04
1.96E-04

1.13E-02

6.95E-02

2.65E-02
6.96E-04
2.23E-02
3.81E-04

6.57

5.17E-04

lb/hr
4.18
4.27E-02
4.53E-02
1.10E-04
7 .94E-04
5.01E-04
2.90E-02
1.78E-01
6.78E-02
1.78E-03
5.70E-01
9.77E-04
16.8
1.33E-03

Ib / MMBtu@
1.19E-01
1.21E-03
1.29E-03
3.12E-06
2.29E-05
1.42E-05
8.23E-04
5.05E-03
1.92E-03
5.06E-05
1.62E-03
2.77E-05
4.78E-01
3.76E-05

4 lb/MMBtu calculation is based upon a 2400 Ib tire/hr feed rate
and 14681 Btu/1b tire rubber.
Adjusted for Method 5 velocity: 25.7 ft/s
All values reported as maximum

possible amount sampled

(most conservative measurements).
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Table 13c: Method 0010 Results
Method 0010: Semivolatile Organics
Moisture
Percent Isokinetic

anthracene

benzo(a)pyrene
naphthalene
phenol

BOL:

31%
81.1%

BOL

BOL
BOL
BOL

Below Quantitation Limit

Moisture and Percent Isokinetic were low for this sampling run
because of leaks in the train.

Because of problems during sample preparation for analysis,
most of the samples were lost so little was left to analyze.
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Method 4 complicated moisture content determination by dictating
that since droplets exist in the gas stream, two moisture content percentages
should be found, physically by Method 5 or an equivalent method and
theoretically from psychrometric or saturated vapor tables, and the lesser of
the two values should be used.

Twenty-five percent moisture assumed

initially was still the lesser value of the two so isokinetic sampling continued
using some of the calculational base from the Method 5 run.
However, when the data were re-examined after sampling was

completed, this assumed 25 percent moisture value was questioned.

After

inspecting psychrometric and saturated vapor tables at the stack’s operating
temperature,

it was

existed on the tables.

discovered

that no realistic moisture

content value

The preliminary assumption was a mistake.

To

determine the theoretical value, an energy balance approach was used
calculating the moisture content of the exhaust gas at stack conditions to be 58
percent, greater than the physical value determined by Method 5. See Figure

29 for the energy balance approach.*”

Isokinetic calculations were to be done

with 40 percent as the moisture content instead of the 58 percent theoretical
value or the 25 percent initial assumption.
Nozzle size calculations were also re-examined after sampling.
Equation sheets prepared beforehand to calculate the nozzle size and percent
isokinetic left the units ambiguous.

Because no sources explicitly listed the

units, a derivation from first principles was required to find the proper units
for the numerical coefficients.

Appendix D delineates the steps in the

derivation and lists the necessary units.

AP, the pressure drop across the stack

as read by the pitot tube, was the culprit leading to a faulty result.

As the

129

Figure 29: Moisture Content Estimation by an Energy Balance Approach?7
T1:

Temperature at State 1

T2:

Temperature at State 2

W 1:

Moisture content at State 1

W2:
Mag:

Moisture content at State 2
Mass of air

Ma:
Mw:

Molecular weight of air = 29 Ib/Ibmole
Molecular weight of water = 18 Ib/Ibmole

Cp:
AT:
Am,:
hfg:
AW:

Specific heat of water, dependent upon temperature = 0.24
Change in temperature from State 1 to State 2 = T1 - T2
Change in mass rate of water
Enthalpy = 900
Change in water content = W2 - Wj

State 1:

~ Leaving Afterburner

T1 = 2000 °F

W 1 =0.10 Ibwater/lbair
State 2:

(approximation)

Leaving Stack

T2 = 270 °F

m,:c,’AT
= Am, -h,,

Am, _ 0.24-(2000 - 270)
m
WwW

900

a

2=

0.10

= 0.46 = AW

+ 0.46 = 0.56 Ibwater/Ilbair

Weight fraction:
;

Volume fraction:

X, =

0.56

1+0.56
M

V, =X,-—*
M,

= 0.36
29

=0.36-— =0.58
18

Comments:
1.
At 212 °F and atmospheric pressure, air can hold essentially an infinite amount of water
vapor -- saturated. Dry air is diluted with a large quantity of water vapor. For 1 Ib of dry air,

the volume of the mixture would be infinite.

2.

Above 212 °F and at atmospheric pressure, air can still hold an “infinite” amount of

water vapor, but the vapor will be superheated (pressure = atmospheric).
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derivation shows, AP’s units are inches of water; the coefficient converts it

into inches of mercury.

Entering AP in inches of mercury at the site yielded

the 0.373 inch diameter nozzle used during sampling much larger than the
0.221 inch ideal diameter nozzle.

However, using a larger nozzle size than

necessary did not affect isokinetic sampling.

The proper isokinetic sampling

velocity was obtained using a larger nozzle by forcing the pump to pull
harder.

As long as the pump was able to draw enough, isokinetic sampling

was maintained.
Percent isokinetic calculations were checked for Method 5 and
performed for the other methods requiring isokinetic sampling.
examination, the Method

After careful

5 calculations performed in haste at the site to

determine the percent isokinetic were found to be wrong as well.

As in the

nozzle size determination, the AP was entered in inches of mercury rather
than inches of water.

Instead of a percent isokinetic of 139, the correction

yielded a 113 percent isokinetic.

Since compliance sampling requires that, for

the testing to be acceptable, the percent isokinetic has to be between 90 and
110, within 10 percent of perfect isokinetic, the new corrected value brought
the results near the range of acceptability.
Particulate matter collected with Method 5 seemed reasonable since

similar values resulted from other methods.

The prototype’s particulate

emission rate was 56.1 lb/hr or 1.59 Ilb/ MMBtu.

Oxford Energy’s whole tire-to-

energy plant located in Modesto, California carefully monitored particulate

matter to prove compliance with the strict California regulations.

According

to estimates before the plant was built, the Modesto plant was going to release

226.0 Ib/day2® or 0.050 lb/ MMBtu.

These estimates gave some sort of idea of
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the amount of control equipment that was going to be required to operate the
plant in California under the regulatory structure at the time.

However, the

estimate was based on emissions from a similarly designed plant in Germany
which uses an ESP to remove particulate matter.

The emission rate was

determined after the control device so less particulate was measured than was
actually produced.

After the Modesto plant had been built and fitted with

control devices, the emission rate of particulate matter was 93.12 Ib/day* or
0.021 Ib/MMBtu.

Particulate emissions for the prototype as evidenced by the

testing results will have to be controlled fairly severely in future permits.
For Method 201A, using the PM-10 head, 131 percent isokinetic is too
high to be acceptable.

However, in determining the percent isokinetic, the

equation from Method 5 was used.
and total volume collected.

This equation depends on the total time

When sampling for particulate using the Method

5 procedure, the sampling flow rate is varied to match the stack velocity and
the same amount of time is spent at each point resulting in a representative
particulate sample.

In Method 201A, on the other hand, the sampling rate

remains constant throughout in order to maintain the cyclone cut size while

the amount of time spent at each point varies with the velocity in the stack.
If the stack gas velocity is high, more time is spent at that point to collect
more particulate; inversely, if the velocity is low, less time is spent and thus

less particulate captured.

Using velocity pressure data collected previously,

the amount of time spent at each point with respect to the stack gas velocity
was calculated.

Since the Method 5 equation does not take into account the

time at individual points, the percent isokinetic does not really apply to this
sampling technique.
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Method 29 moisture content and particulate concentration are
consistent with the values determined by the other methods.
isokinetic is satisfactory for research purposes.

velocity cannot be explained.

Percent

However, the measured stack

According to the differential velocity pressures

from the pitot tube, the average velocity was calculated to be 17.4 ft/s much
lower than the 25 ft/s measured by the other methods.

Nothing during the

operation of the plant indicates any reason for a drop in gas velocity during
this test.

The velocity pressure profile was consistently very low and showed

none of the trend of high velocity at the far wall and dropping severely as it
approached the near wall.

Perhaps a bend in the umbilical cord caused the

pitot tube or inclined manometer to misread.

Sampling procedure did have

to be altered to compensate for the lack of a probe liner heater by remaining at
the point 3 location for most of the testing but this should not affect the
velocity readings.

Velocity at point 3 remained consistent and low

throughout the test.

To remedy the likelihood that the instruments were

misreading resulting in a low velocity and thus low collection results,

the

results gathered by the train but only at 17.4 ft/s were directly proportioned up

to a 25 ft/s velocity.
Metals are of great importance in emissions from any incineration
unit.

Because of the high metal content in tires, metals emissions must be

monitored carefully.

Results from the metals sampling are listed in Table 13b

in terms of mg/ft3, lb/hr, and Ib/MMBtu.

Oxford Energy’s Modesto plant,

due to strict regulations in California, actively monitored metals release as
well.

Table 14 tabulates 2 sets of metals sampling data for the Modesto plant.4

These

results are the actual controlled

emissions.
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Table 14:

Modesto Metals Results4

Metal

1988

October 9-11,

October 9-11, 1990

19904
Ib/day

Ib/million Btuc

0.28

0.1015

2.3x 10-9b

0.0026

0.00

0.00

0.00

0.00

0.0018

0.016

3.5 x 10-6

0.0011

0.020

4.4x 10-4

0.0

0.0

Ib/day

Aluminum
Arsenic
Beryllium
Cadmium
Chromium

(total)

Chromium

(hexavalent)

Copper

0.015

0.0326

7.1x 10-6

Iron

0.62

0.3165

7.0x 10-96

Lead

0.026

0.0065

1.3x10-6b

0.023

0.007

1.5x 10-6b

<0.00003

0.003

6.6 x 10-7

Nickel

0.0275

6.0x 10-65

Tin

0.018

4.0x 10-6

0.623

1.4x 10-4

Manganese
Mercury

Zinc

7.79

@ Assumed 24 hr/day operation.

b MOL or trip blank showed significant measurement.
C lb/MMBtu calculation based on 14681 Btu/Ilb tire and a feed rate of

12846 lb tire/hr.
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Concern about metals also affects burning TDF with other fuels.
fuels have comparable metals concentration to tires and TDF.
in Figure 4, coal and whole tires have similar metal content.

Some

As can be seen
Because fuel

composition can vary and no two plants have the same combustion system,
the advantages of adding TDF have to be determined on a

site-by-site basis.

Some industries have tried supplementing the regular fuel with TDF with
moderate success.

Tables 15a, b, and c list emission data from various

industries adding TDF to their regular fuel loads.4

Depending upon the metal

composition of the regular fuel, emission rates of metals can rise or drop.

For

cement kilns, TDF contains less metals than the original low-grade coal so the
emission rates decrease with the addition of TDF.

However, at pulp and

paper mills, the regular wood waste fuel contains fewer metals so the
additional TDF causes an increase in emission rates.
Due to problems with the sample preparation for analysis, the Method
0010 results from the analvsis seemed to be extremely low.

See Table 13c.

Having only one sample was risky and the semivolatile organics results
demonstrated this.

Also, the moisture and the percent isokinetic were both

low in comparison to the other methods.

Leaks within the train during

sampling drawing in dry ambient air rather than damp stack gas probably
caused the low moisture content.

The low percent isokinetic was due to the

fact that near the end of the sampling run, the pump could not match the
velocity in the stack.

In order to collect the correct volume of sample, more

time was spent at the later points than was warranted by the isokinetic
sampling procedure.

Thus, the sampling rate was slower than the stack

velocity lowering the percent isokinetic drastically.
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Table 15a: Effect of burning 9 to 10 percent TDF in a gas and
oil co-fired dry process, rotary cement kiln controlled by an ESP
Ash Grove Cement, Durkee, Oregon*

Baseline,
0% TDF

9-10% TDF

Change

Particulate, Ilb/ MMBtu

0.969

0.888

-8

SO2, Ib/ MMBtu

0.276

0.221

-20

CO, ppm

0.049

0.036

-27

Aliphatic compounds,
lb/ MMBtu

0.0011

0.0009

-18

30

DLa

NAP

3.0

2.0

30

DLa

NAb

Lead, ug

DLa

DLa

N Ab

Zinc, ug

35

35

Arsenic, ug

0.2

0.2

0.268

0.197

37

13

400

200

Pollutant

Nickel, yg
Cadmium,

ug

Chromium,

yg

Chloride, lb/hr
Copper, ug
Iron, ug

—

Percent

4 Below detection limit (DL).

> NA = not applicable.
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Table 15b:

Effect of burning 15 percent TDF in a

gas-fired rotary lime kiln
Boise Cascade, Wallula, WA*4

Pollutant

100% gasfired

85% gas, 15%
TDF

o
Change

3.7
51.9
8.6

1.8
29.1
8.8

-51
-44
+2

1.1

1.1

0

Ibx10-°/ MMBtu_ 1bx10-°/ MMBtu
Organics>
Anthracene
Phenanthrene
Fluoranthene

Pyrene

Benzo(a)Anthracene

Chrysene

Benzo(b)Fluoranthene
Benzo(k)Fluoranthene

6.6

1.1

6.2
1.1

-6
0

0.8
0.3

0.8
0.4

0
+33

1.9

3.2

3.5

2.9

+84

29.9
231.7
5.6
83.3
1.4
4.1
5.7
24.9

427.7
138.3
3.5
318.6
1.3
2.8
3.8
52.1

+1385
-2/
-38
+282
-7
-31
-33
+109

Metals
Arsenic

Copper

Zinc
Iron
Nickel
Chromium
Cadmium
Lead
Vanadium
Barium

-9

a Kiln emissions are controlled by a variable throat venturi scrubber, 27-29 in. H2O.

b Also measure, but not detected with or without (TDF) were naphthalene,
acenaphthalene, benzo(a)pyrene, dibenzo(a,h)anthracene, genzo(g,h,i)perylene,

and indeno(1,2,3-cd)pyrene.
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Table 15c

: Summary of tests on 3 hog-fuel boilers at Package Corp.
of America (formerly Nekoosa)#
November 7, 1989

0% TDF

1-2% TDF

% Change

19.0

20.7

+9

NOx

114.36

107.06

-6

CO

111.09

147.23

+33

SO2

180.67

268.00

+48

0.0129

0.036

+179

0.003

0.003

<0.0023

<0.0023

DL@

0.019

0.018

-5

<0.008

<0.008

DL

Zinc

0.715

0.851

+19

Mercury

0.0005

0.0006

+20

Chloride

0.96

1.82

+90

Benzene

<0.0557

0.0665

+20

Pollutant

Particulate

Chromium

IV

lb/hr

Metals
Arsenic

Cadmium
Lead
Nickel

NOTE:

All three boilers are ducted

to common

duct and then to two ESP’s.

4 Below detection limit (DL).
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VOCs by Method 18 also were very low.

Nothing was resolved by

either test. The TOC analysis did, however, support the theory that most of
the contents of the bag was carbon dioxide rather than organics.

Organics

concentrations were expected to be low because of the destructive high
temperatures in the combustion system oxidized all the carbon.

Also, the

results may have been low due to the delay between sampling and analysis.
Sample containment could have been corrupted by diffusion or the organics
sorbed to the walls altering the bag’s concentration.
The only air pollution control equipment installed on the plant was a
cyclone removing large particles and droplets from the exhaust before
entering the stack.

However, the sludge dryer turned out to be a fairly good

scrubber extracting sulfur dioxide, oxides of nitrogen, and some metals as is

evidenced by the fairly low concentrations determined from sampling
Method 6 for sulfur dioxide and Method 7D for oxides of nitrogen listed in
Table 13d.
Alkalinity in the nonpotable water coolant spray scrubbed sulfur
dioxide out of the stack gas reducing SO2 concentration.

Also, a reaction with

the free ammonia in the nonpotable water decreased the amount of sulfur
dioxide in the gas stream.

Ammonia consumes indicator as well during

analysis reducing the quantity available for sulfur dioxide titration.

Another

interferent with SO? determination could be cations from the high metallic
fume content of the stack gas.

A high-efficiency glass wool plug in the probe

would have prevented the cations from entering the train but the Method 6
probe was not equipped with this type of filter.
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Nonpotable water scrubbing action removed oxides of nitrogen as well.
The low concentration of NO, was also due to the fact that the combustion

was taking place at temperatures lower than the maximum thermal efficiency
to prevent damage to the mild steel burn tube and any of the equipment.
Keeping the temperature down suppresses the formation of NOx during
combustion.
Oxford Energy’s Modesto whole tire-to-energy plant’s permit listed very
specific emission levels for all of the criteria pollutants including SO2 and
NOx.

Table 16 lists the permit limits for the criteria pollutants for the

Modesto plant.4-

Appendix E describes the calculations made to estimate the

emissions of both NOx and SO2.28

Uncontrolled emissions for NOx were

estimated to be 247.1 Ib/day and for SO? 9866 lb/day28.

In the German plant,

the operating conditions such as lower excess air and modifications to the

combustion train caused an estimated 75 percent reduction in NOx2® which
was included in the Modesto emission estimation calculations.

Because of

the size of the Modesto plant and the inability to operate within those
combustion parameters, a Thermal De-NOx system, injecting ammonia into
the gas stream, was installed to remove NOx operating at a 35 percent
efficiency*.

Sulfur dioxide is removed by a proprietary wet scrubber operating

at 97 percent efficiency2?.

Including these control devices, in theory, the

Modesto plant would comply with the permitted limits: 500.0 Ilb/day NO, and
250.0 Ib/day SO2.

After the plant was built, compliance with the regulations

had to be demonstrated.
criteria pollutants.4

Table 17 lists the results from 2 sampling tests for the

Modesto does release less than the permit limits.
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Table

16:

Permitted

Emission

Levels

The Modesto Energy Project, Westley, CA4

Pollutant

Ibs/ day

CO

346.4

NOx

500.0

PM

113.0

SOx

250.0

HC

148.4

Note:

Based on 700 tires per hour, 300,000 Btu's per tire,

and 24 hours per day, these permitted emission levels are

equivalent to: 0.069 Ibs/ MMBtu for CO; 0.099 lbs / MMBtu

for NOx; 0.022 Ibs/ MMBtu for PM; 0.050 lbs/ MMBtu for

SOx; and 0.029 Ibs/ MMBtu for HC.
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Table 17:
Pollutant

Modesto Criteria Pollutant Limits and Results#
Limit

1988

October 9-11,

October 9-11, 1990

Ib/day

Ib/day

19904

Ib/million Btu

346.4

247.8

311.5

0.0688

NOx

500.0

384.3

424.6

0.0940

PM

113.0

31.2

93.12

0.0206

SOx

250.0

127

61.9b

0.0137

HC

148.4

CO

|

0.646

a Assumed 24 hr/day operation.

D As sulfur trioxide: sulfur dioxide not reported.
C Ib/MMBtu calculation based on 14681 Btu/Ib tire and a feed rate
of 12846 lb tire/hr.
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Comparing the Modesto plant with the prototype is difficult because
each has unique combustion systems and air pollution control devices to deal
with tires.

On a pounds per million Btu basis however, the prototype seems

to do fairly well when compared with the estimated uncontrolled emissions
from the Modesto plant.

The prototype produces 35.2 MMBtu/hr as compares

with 188.6 MMBtu/hr for Modesto (assuming 2400 Ib rubber/hr fed to the
prototype, 12846 lb rubber/hr fed to the Modesto plant, and 14681 Btu/Ib

rubber).

See Table 18 for emissions rate comparisons.* 28 The prototype emits

0.0488 lb NOx/MMBtu

uncontrolled as compared with an estimated 0.0546

Ib/MMBtu uncontrolled2® and 0.094 Ib/MMBtu controlled4 for the Modesto
plant.

The initial estimated emissions using the data from the German plant

yielded an uncontrolled emission rate less than that for controlled because
the German plant’s operational parameters that reduced NO x without air
pollution control devices were not feasible for the Modesto plant.

For SO2,

the uncontrolled prototype emits much less than the estimate for the

uncontrolled Modesto plant, 0.018 Ib/ MMBtu to 2.18 lb/ MMBtu28.

After the

plant is controlled, the emissions are comparable to the prototype: 0.014
lb/MMBtu4.

Thus, the prototype with little control emits about the same

amount SO2 and NOx as the Modesto plant does controlled on an energy
basis.

If the same design is retained for future modifications of the prototype,

hardly any control will be required for these two pollutants.

However, if the

sludge dryer is removed, the “natural” air pollution control will be lost and
equipment will have to be afforded to contro! these compounds.
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Table 18:

Pollutant

Criteria Pollutant Emission Rate Comparisons

Prototype

Uncontrolled

Modesto

Modesto

Uncontrolled
Estimated28

Controlled4

1Ib/MMBtuP

Ib/MMbtub

---

0.0756

0.0688

0.0488

0.0546

0.0940

PM

1.59

0.0506C

0.0206

SOx

0.01824

2.18

0.0137

HC

---

6.2

lb/MMBtu@
CO
NOx

@ Prototype Ib/ MMBtu calculated using 2400 Ib tire/hr and 14681 Btu/Ib tire.

b Modesto Ib/ MMBtu calculated using 12846 lb tire/hr and 14681 Btu/Ib tire.
C Estimate came from data where PM was already controlled by an ESP.
d Sludge dryer removed SO2.
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Three compounds from the master list were not sampled at all:
benzene, hydrochloric acid, and formaldehyde.

A number of reasons

prevented their quantification.
Initially, Method 0010 was thought to collect benzene along with all the
other compounds.

Unfortunately, it was discovered that the gas

chromatographic analysis could not analyze for benzene with the
semivolatiles.

A VOST

quantify benzene.

train, Method 0030, would have had to be used to

At that point, there was no time left to assemble a VOST

train and obtain the resin cartridges required.

Method 18 was hoped to result

in some sort of concentration for benzene but nothing was detected.
Hydrochloric acid was bypassed for of a number of reasons.
sampling equipment failure.

Method 26A required a glass liner.

One was
Since there

was so much trouble during the metals sampling without a heated liner,
hydrochloric acid sampling would be difficult.

Also, because the permit

would be for the tire incinerator and not the sludge dryer, most of the
chlorine in the gas stream was from the cooling water and not the tires. Tire
rubber contains very little chlorine.

The last and probably the most decisive

reason was lack of time.
Lastly, formaldehyde was omitted because there was no time left in the

test burn to run another sampling train.

The other sampling runs such as

semivolatiles and metals were considered more important.
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Chapter 7

RECOMMENDATIONS AND CONCLUSIONS

The consent agreement specified that the plant operate no more than
72 hours in one session.
72 hours available.

The desired sampling required more time than the

Even though less sampling was accomplished than

desired, the results obtained contain a consistency from one test to the next.
The moisture content determination and particulate concentrations were
fairly uniform throughout the testing indicating that the sampling technique
was reasonably consistent.

Percent isokinetic values were also reasonable

within the range given by the regulations and the flexibility for research
sampling.
The consent agreement called for 2 12-hour burns followed by one 72hour burn.

Because heating the plant up to temperature using oil before tires

could be added was so expensive, the 2 12-hour burns were bypassed.
reduced the costs and the wear-and-tear on the plant.

This

From a sampling point

of view, however, completing the two preliminary 12-hour testing periods
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would have allowed time to work out logistic and equipment problems
before the actual 72-hour test run.
In order to obtain a permit, additional burns to acquire more sampling
data could be required by the DEQ.

Semivolatile organics data would be

helpful along with some replicate sampling to determine reproducibility for
obtaining a permit.

In the future, another use for the prototype might be

combustion of other materials with tires, such as chemically treated wood or
TDF tests with primary fuels.
Before the prototype can be marketed, however, considerable effort will
have to go into the air pollution control devices.

An estimated $1 million or

more of control equipment will be required for a $5 million plant.

As can be

seen from the data, particulate matter is of concern along with the metals.
Also, to use the incinerator for steam generation, the emissions before the

flue gas reaches the evaporation chamber may have to be documented by
stack testing.

Evidently, because of the scrubbing ability of the nonpotable

water, sulfur dioxide, oxides of nitrogen, and some metals were removed in

the dryer.

If the incinerator is running alone, no scrubbing action will be

taking place within the combustion system and these pollutants will have to
be dealt with in the air pollution control devices.

Hydrochloric and sulfuric

acids that collected in the cyclone will also have to be accounted for in
commercial

development.

The plant stack emissions appeared to be essentially smokeless
verifying that the improvements to the combustion equipment were
successful.

The stack gas was opaque white will little or no dark particulate

resulting from incomplete combustion.

Even though the analysis of the VOC
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samples in Tedlar bags was delayed, no organics remained.
were degraded in the combustion system.

Most of them

In addition, no carbon monoxide

survived the combustion at all as evidenced by the Orsat analyses
throughout.
A number of factors with respect to emissions and plant efficiency will
have to be monitored when the plant is commercially developed either as a
sludge dryer or for generating heat.

One is the fact that when the plant is

running at full capacity, the combustion will be much hotter increasing the
amount of NOx produced.

Like the Thermal De-NO x device at the Modesto

plant, a fairly sophisticated piece of equipment will be necessary to control .
NOx.

Also, chlorine as hydrochloric acid will have to be watched.

Tires

contains little chlorine but even a small amount is of regulatory concern.
Because the stack gas was so wet sulfuric acid was a problem, pooling in the
bottom of the cyclone.

If the plant is operated without the dryer, reducing the

amount of moisture in the gas stream, sulfuric acid will probably become less
of a problem and the sulfur dioxide emissions will increase.

If the dryer is

retained, the sludge coming out of the dryer might be a problem.

The content

of the sludge entering the dryer is known but the scrubbing ability, removing
sulfur dioxide, nitrogen oxides, and metals from the gas stream, will change
the composition of the dried sludge perhaps complicating its final handling.
The mechanical design of the kiln worked fairly well.

Having the

combustion air heated by passing around the core, saved energy by not having
to heat the outside air for entry into the chamber and seemed to supply ample
excess air for combustion.

Finally, the doubts that had existed about the

mechanical ability of the plant to continue operating for the full 72-hour test
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were eliminated.

Since the kiln and burn tube consisted of mild steel,

concerns were raised that they might deform under the load over the

extended period of intense heat. With careful control of the tire feed rate and
combustion air flow rate, the prototype survived the 72-hour test and proved
that the design was worthy of further development.
For the mechanical design of the plant, a few modifications will have

to be made before commercial development can take place. One of the most
important, as was stated above, is the fact that the kiln will have to be

manufactured out of stainless steel rather than mild steel.
survived the 72-hour test but barely.

The plant

Near the end of the test, the outside of

the kiln was glowing because the shells were getting so thin.

If the plant is to

operate in a continuous fashion, a tougher material will be needed to
withstand a longer operating life. Also, the physical design of the plant will
have to be examined.

As it is now, the steel residue drops out of the

afterburner into an underground tank.

Through the 72-hour test,

approximately three quarters of the tank was filled.

If the unit is to operate

for a longer period of time, some other arrangement will have to be made
enabling the steel to be removed while the plant is operating.
Attacking the huge tire stockpile is going to take a concerted effort.
Evidently, no all-encompassing solution exists so many small- and mediumscale facilities are going to have to be developed to fill the void.

Atlantic

Pacific Engineering’s tire incinerator is one of those medium-sized projects
that has the potential to consume one million tires per year each.

Demand

for these devices will multiply when landfills start rejecting tires and the
regulations controlling scrap tire disposal come into effect.

When developed
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commercially, this tire incinerator has not only an American market but a
world-wide market as well.

If the prototype fulfills its potential, a great

number of tires will be consumed helping to alleviate the scrap tire disposal
problem while recovering energy instead of burying it in landfills.
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Chapter 8

APPENDIX
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Appendix A:

Sample Molecular Weight Calculation

Multiply the percentage of each constituent gas by tts respective molecular
weight and divide each bv 100 to convert to percentage. Summing the results
vields dry molecular weight.
FromOrsat measurements:

Gas

actual
actual
reading 1 —s reading 2

CO?

7.7

rae

O92

18.8

18.8

CO

---

---

average
net
77

Moisture

to wet molecular

content

percentage
conversion

molecular weight of
stack gas (drv basis)

44

0.01

3.388

32

0.01

3.552

---

28

0.01

0

81.2

28

0.01

22.730

sum

29.676
Ib/lbmol

il.

N2 (balance)

Converting

molecular
weight

weight

(Ms):

(Byws): 0.42

Drv molecular weight (Md): 29.676
Ms

= Md(1- Bws) + 18 (Bws)
= 29.676 (1 - 0.42) — 18 (0.42)

= 24.772 |b/ lbmole
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Appendix B-1:

Vs:

Kp:

Isokinetic Sampling Equation Derivation@4

stack gas velocity (fps)

85.48 A( men)

Cp: _ pitot tube correction factor = 0.84

AP:

velocity pressure (in. H2O)

Ts:
Ps:

absolute stack temperature (°R)
absolute stack gas pressure (in. Hg)

Qm:

volumetric flow rate (cfs)

Ms:

wet molecular weight stack gas (lb/Ibmole)

Am:
orifice area (ft2)
Tm:
absolute temperature of metered gas (°R)
AH: | orifice pressure differential (in. H2O)

Pm:

Mm:

Cm:
An:
Vn:
Md:
D:

absolute pressure of metered gas (in. H2O)

molecular weight of metered gas (dry) =29 Ib/Ibmole

orifice meter coefficient

area of nozzle (ft2)
velocity through nozzle (ft/s)
mole fraction of dry gas (dry) (Ib/Ibmole) (Orsat)
nozzle diameter (ft)

Stack gas velocity as measured by S-type pitot tube:

7.

Vv.

= K,C,

[apt

| P, M.
M,

|

(1)

Flow rate through calibrated orifice meter:

[7,, an]

On = CnAn P.M, |
Qm = vnAn

(2)
(3)

Rearranging (3) to get nozzle entrance velocity:

, LT

"

|,

Q,,

T,P,_|

PM |

A,

(4)

Appendix B-1 continued
For isokinetic sampling vs = vn:

T, P
A,T, P,M,
Q,,

Combining

S

m

APT,|"
° °| P.M,|

kc!

#%

. |

(5)

s

(2) and (5) with some rearrangement:

A= TA
|

| 7, P, MT.
M, AP
M,C, |p

(6)

The first nomograph (AH@, Tm, % H20, Ps/Pm) is used to calculate C which
is the ratio of the true value of K2 to some assumed value of K2. The

theoretical value of K2 is built into the nomograph to correct for nonstandard

conditions.
K

C = tact
The

second

conditions

2actual

K 2 theoretical

nomograph

(AH, Ts, C, K, D, and AP) is used to calculate the

of isokinesis.
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Appendix B-3:

E

c
-

0.4

05

0.6

0.8
Vo

2
5

a

4

-— 0.1

5

6
8

10

Nomograph for Isokinetic Source Sampling Conditions Given

C (K2 ratio), Ts, D, and AP24
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Appendix B-4:

Nomograph Procedures

First Nomograph:
For C Factor:
Need:
AH@

% H2O

meter
percent moisture:

Tm

dry gas meter temperature

Ps

1)

orifice calibration factor: the orifice pressure
differential that gives 0.75 cfm of air at 70 °F
and 29.92 “Hg from calibration of dry gas

Pm

determined by initial traverse

the lesser value between measured and
calculated

stack pressure

meter pressure (atmospheric)

Find AH@ and Tm. Draw line between them noting Point A on
Reference 1 line.

2)

Draw line from Point A to % H2O.
line.

3)

Draw line from Point B to Ps/Pm.

Note Point B on Reference 2 or Tm

Note C Factor on C

line.

Second Nomograph:

For Nozzle Size and to set K Factor:

Need:

1)
2)

C

Ts
AP
D

C Factor from above

stack temperature: average from initial traverse
average velocity pressure: average the maximum

and minimum pitot values from initial
traverse

exact nozzle diameters

Set sliding C Factor to Reference A mark.
Draw line between Ts and AP, note D.

3)

Select nozzle size (Dr) closest to D from Step 2.

4)

Draw line through Ts and Dy to AP line.

5)

Draw line between Reference B mark and AP from Step 4. Note point
on K-Factor line.

6)

Set K Factor pivot point.
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Appendix B-4 continued
For Isokinetic Sampling:

1)

At sampling point, read pitot AP.

2)

Locate the AP on nomograph.

3)

Using supplied ruler, draw line through K Factor pivot point and AP to
the AH line.

4)

Adjust flow valves to obtain the AH from the nomograph.

Nomograph is valid as long as:
«Stack temperature, Ts, doesn’t change more than 25°F.
°D is not changed.

¢Tm is estimated correctly and doesn’t vary by more than 15°F.
e% HO

remaines constant, within +5.0%.

ePs and Pm

remain constant, within +2.0%.
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Appendix C: Method 201A Calculation of Nozzle Size and Sampling Rate

Barometric Pressure (in. Hg)

Phar = 30.23
Pg = -0.22
ts = 309

Stack static pressure (in. H2O)

Average stack temperature (°F)

tm = 67.8

Meter temperature (°F)
Orifice AH@ (in. H20)

AH@

Gas analysis

Fraction

= 2.030

%CO2

= 7.2

%O?2 = 11.6

moisture

%N2+%CO=
Bws = 0.43

content

Dry molecular weight:
0.44(%CO?2) + 0.32(%O2) + 0.28(%4N2 + %CO)
Wet molecular weight (Ib/Ibmole):

=

Md(1-Bws) + 18(Bws) =
Absolute stack pressure (in. Hg):
Pbar + (Pg/ 13.6) =

Md

= 29.62

Mw

= 24.62

Ps

= 30.21

Viscosity of stack gas (micropoise):
152.418 + 0.2552t, + 3.2355x10ts2 + 0.53247(%O2) - 74.143Bws
us

Cyclone flow rate (ft3/ min):

0.002837
Us [ (ts + 460) / MwPs]0.2949

81.2

=

=

208.66

Qs = 0.60

=

Orifice pressure head AH needed for cyclone flow rate (in. H2O):

[O,(1- B,,)P, T (1, +460)M, 1.083AH,,
|

t, +460

AH

|

= 0.206

For 3 different temperatures (ts, tg + 50°F):
temps

___309

°F__

AH, in. H2O

___9.206__

359

°F

_299

°F

___0.235__
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Appendix C continued
Nozzle Selection:
Cp = 0.84
Cp’ = 0.84
Dn

Method 201A pitot coefficient
Method 2 pitot coefficient

Nozzle diameter

(in.)

Nozzle velocity (ft/sec):

v, = 3.056 <

~

n

Minimum

velocity (ft/sec):

X = 0.2603(0,)*

5,

(v,)"

Ryin = [0-2457 + (0.3072 - X)*]
If Rmin is less than 0.5 or imaginary:
Vmin

Otherwise:

Vmin

=

0.5Vn

= YnRmin

Maximum velocity (ft./sec):

Ryax = [0.4457 + (0.5690 - X)*]

If Rmax is greater than 1.5:
Vmax

Otherwise:

Vmax

Maximum
A

=

1.5vn

= VnRmax
and minimum

=

velocity head values:

P.M,(Vmin)

B= (t, + 460)C?

A
Ap... = 1.3686 10-*{=)
P

C

Ap. .

min

=

P.M,

x

\B

(Vinx)

=1.3686x10~( =)C
Prax
\B
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Appendix C continued
Atts

=

—

309

7

__8__

Dn, in.

_0.2303

_0.2607

Vn, ft/sec

_34.60_

_27.0_

X

_0.207_

_0.30_

Nozzle

No.

Rmin

_0.631_

_0.562_

_0.33_

Vimin ft/sec

_26.06_

19.44_

-13.5_

Rmax

_1.086_

1.047_

0.96_

Vmax, ft/sec

44.85_

_36.23_

25.92

A

0.505x106

2.81x109

1.36x10-9

B

-542.6_

_542.6_

_542.6_

_0.127_

_0.0709

_0.034_

1.50x106

0.976x106

5.0x10°

_0.378_

_0.246_

_0.126_

Apmin

in. H20

C
Apmax

in. H2O0

Since the initial traverse Ap readings ranged from 0.09 to 0.24, none of the
nozzle sizes could completely cover the range. Number 7 was chosen because
it covered more of the range than any of the others.
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Appendix C continued
Calculation of Dwell Time:
Total run time (min):

T

=

60

Number of traverse points: n = 12
Velocity head at first point from initial traverse: Ap’; = 0.24
Square of the average square root of the Ap’s(see initial traverse):

Measured velocity at point n (in. H2O): Apn = See above
Measured velocity at point 1 (in. H2O): Api = See above

Ap’ aye = 0.13

Dwell time at first traverse point:

Dwell time at subsequent traverse points:

= | A)
Ap

n

A

1

dwell time (min)

Le
200
ae
A
5B
60
To

8
7.11___
6.73____
6.11___
5.66___
5.42
4.90 __

8B

5.16__

1.

5.16___

90

5.66___

We
12000¢€C

4.90___
4,90_

Total

69.7 min

In Conclusion,

Number 7 nozzle with diameter
AH = 0.206 in. H2O

Total sampling time:

0.2303 in.

69.7 min
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Appendix D:

Derivation of Method 5 nozzle size

Vs: gas velocity in stack
Vn: gas velocity at nozzle
v: velocity

Ps: stack pressure = 30.16 “Hg

Pm: meter pressure = 30.18 “Hg
g: acceleration due to gravity = 32.2 ft/s2
gc: universal gravitation constant = 32.2 Ibmft/Ibf s@
Ap: pressure drop from pitot tube averaged across stack = 0.13 “H2O
AH: pressure drop across orifice

y:

weight/volume

W:
p,:
Pm:
Cp:

weight
density of stack gas
density of dry gas
pitot tube coefficient = 0.84

V:

volume

m:

mass

R: universal gas constant = 1545 Ibf ft3/Ibmol °R ft
MWs: molecular weight of stack gas = 26.757 Ib/lbmole
M Wary: molecular weight of dry gas = 29.6 Ib/Ibmole
Ts: stack temperature = 733 °R
Tm: meter temperature = 525 °R

Qn:
Qd:

flow rate through nozzle

flow rate through orifice

% Moisture:

assumed at 25%

Mary probes Mass rate of dry stack gas through nozzle
Marvorifice. Mass rate of gas through orifice at control box
k: proportionality coefficient

Dn:

nozzle diameter

DERIVING STACK GAS VELOCITY AND DETERMINING CORRECT
UNITS:
Bernoulli’s equation relating stack gas velocity with velocity at the nozzle:
Vs
2g

Ps
y

Yay Bn
2g

Y

At the nozzle the velocity is 0 so:
Ap
v
> 2
AP
vs
v=gp
y

2g

Y

(1)
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Appendix D continued
Using English units:
it
W =—meg
&e

Dividing each side by volume:
Y -~p,
§ ¢e
Substituting into (1) and solving for velocity:
perfect

=

2gAp
Ps

This is the velocity if the pitot tube were perfect, directly reporting the
velocity.
The S-type pitot tube used during sampling reports the stack gas velocity a
factor of 1/cp off thus requiring a factor of cp in the equation to adjust
the velocity to the correct value.
V.=

29.Ap

Cy

p,

From the perfect gas law:

pV=

m
RT,
MW,

m_
Vi

P,= T=

p.MW,
RT,

Substituting for p,:

2g.RT,Ap
"¥ pMwW,

v= C,. |

Pulling out the constants:
Vo

V2 Je.WRc,

Zp

pMW,
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Appendix D continued
Multiplying constants and converting inches H2O to inches Hg:
v=

2+322 Ors?

"

SAS 018 lomo’ Rf?

T Ap

13.6°° Aig

"¥ p.MW,

T Ap
v, = 85.48 4%(” in" "Sf omot H 30° R) Ks Cy | MW.

(2)

With these coefficient units, Ap is in inches H2O, ps in inches Hg, Ts in °R,

and MWs in lbm/lbmole to yield a velocity in ft/s.

DERIVING NOZZLE DIAMETER IN CORRECT UNITS:
dry stack gas mass rate through nozzle = dry gas mass rate through orifice
dry mass rate from stack through nozzle:
,
{,
% moisture
TN ary probe =

p.Q,

\ 1-

100

but:
Q,

™

xD,
4

V,

Pp,

”

m_
V

~

p,.MW,
RT.

So:

in

dryprobe

_{

RMW,
RT,

(222
4

)

$

1

Tomoisture)
100

mass rate through orifice at control box:
Pm

arvorifice

=p me

MW,

= [ae

Q,
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Appendix D continued
Since:
m dry probe =

IN arworifice

p.MWw.

aD; \

| RT,

\(724 i” J

{, _ Zmoisture

To9

_

)=(

a

RT. |
m

Solving for nozzle diameter:
D

-(

"

100

\ Pm T,

MW,,
dry Q,

|\100-% moisture) p, T,, MW,

4ral

v, x |

Substituting velocity determined above (2):

|

.

100

\ p, T, MWiy
Q,

| 100~% moisture) p, T, MW,

4/1

c, 1\85.48/¥

p.MW, |
T.Ap

Ks

|

Pulling out the constants and converting from feet to inches and minutes to
seconds:

Ty —.\(4 Ay 2

"~ [\85.48

100

\ Pn T, MW,,, O,

pw,

60/\100—% moisture) p, T, MW. cy TAD
T,.Ap

|

§

4
[

D,

=

""

-

0358!"

3

:

iY

3

v

tbmo?

mot

H

Fi

O°R

ibnt' al

100

-

Pin

—
eo

100 -— % moisture

With these coefficient units, Od is in ft3/ min, Pm

r

Mi
wel

uM

T

S

|

|

>

in inches Hg, Tm in °R,

and MWdry is 29.6 Ilbm/Ibmole yielding Dn in inches.
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Appendix D continued
DETERMINING THE APPROPRIATE NOZZLE SIZE:
flow rate at orifice:

QO, = k/AH

AH and Qg from control box calibration:

———— = k 1.0" H,0

5.022 f°
9.30min

5.038 ff?
<— = k,/2.0"H,O
6.7imin
~
°

———*— = k, /4.0"H,0

fr
k] == 0.54 Sas

fi
k2 == 0.53 SS

fe
k3 == 0.53 Sas

‘

°

5.020 ff?
4.73 min

‘s

°

k= 0.53 sas
O, = 0.53VAP
Average pressure drop across stack: 0.13 “ H2O
Flow through orifice, Qg = 0.191 ft3/min
Calculating the ideal nozzle diameter:

, 0.1914
FS 29,67
oR S016
fomerTe
58.8
p, ne= ||0.03
.
fr
Tom" Ae
525°R
0.75: 0.84

26.757

733°R

#24; 30.18" Hg: 0.13" H,0

Dn = 0.221 in.
Due to a mistake at the site, Ap was entered into the equation in the wrong

units, inches Hg rather than inches H2O. The calculation indicated an ideal
nozzle diameter of 0.424 inches to be correct and the next size smaller, the

0.373 inch diameter nozzle, was selected. Using the wrong nozzle size did not
affect isokinetic sampling. In order to get the proper velocity within the train
to maintain isokinetic sampling with a larger nozzle, the pump just had to
pull harder. As long as the drawing limit of the pump was not reached,
isokinetic sampling with the larger nozzle was possible.

167

r
|

Appendix E:

Calculations for Estimation of Emission Rates for Particulate

Matter, Sulfur Dioxide, and Oxides of Nitrogen.28

Basis of Calculations

Fuel feed rate (total):
Average sulfur content of fuel:
LHV of fuel:

12846 lb tires/hr
1.6 percent
14681 Btu/Ib tire

Volume of flue gas at stack outlet (total):

104000 Nm3?/hr

Temperature of flue gas:
Controlled PM concentration@:

180 °F
20.6 Mg/Nm3

Uncontrolled SO? concentration:
Uncontrolled NOx concentration:
Control Efficiencies
NOx Control:

SO2 Control:

75 percent

.

PM Control:

1794 Mg/Nm3
45 Mg /Nm3

97.5 percent®
99 percent

Operating schedule:

7500 hr/ year

Number of stacks:

1 stack with 2 flues

4 Based on Source Test Data from Gummi Mayer Plant in West Germany.
b NOx is composed of 90 percent NO/10 percent NO2
© SO2 emissions are based on average sulfur content of tires: 1.6 percent

d The difference between the Gummi Mayer units 1 and 2 show an overall reduction of NO of
approximately 75 percent. These reductions are expected to result from operation at lower

excess air and general combustion modifications. These control efficiencies are already included
in the “uncontrolled” emission concentrations.

© This control efficiency may be overly optimistic. Emission offsets are being secured in the
event that less than 97.5 percent control efficiency can be achieved.

PM

Emissions

Uncontrolledé:

eee

hr

onal

\

Nm

3

1 lb ‘ 24 hr\

}\ 454 2)\ day }

xlO

3

Ae

= 226.0 Ib/ day
f Based on test data for Gummi Mayer unit 2 with an ESP system.

& This value is the sum of the front half EPA Method 5 train and the total HC emissions
expressed as carbon for the Gummi Mayer unit 2.
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Appendix E continued
PM Emissions continued

Controlled:

Assuming that the proposed baghouse will reduce the after control levels by
50 percent as compared to the ESP.

(226.0'%ayX1.00 — 0.50) = 113.0 %ay = 4.71%,

Annual

controlled

emissions:

{4.71 a=

\

Ar

mn

yr

Lion \ 47 41

)\2000b/

SO? Emissions
Uncontrolled:
{ 12846 Ib res) ( 24 hr\ ( 0.016 lb sulfur _ aoa3iesui,
\

hr

day }

lb tire

}

1 Ib sulfur will form 2 Ibs SO?
( 4933 lb sulfur\ ( 2 lb SO,\ _
day

Controlled:

)\

9866" fay = 411K,

lb sulfur} -

97.5 percent control

(9866 %ayX 1 - 0.975) = 246.7 "Yay = 10.3%,

Annual

controlled

emissions:

(Seyi

hr

ton

\ = 38.6%,

yr) \ 2000 1b )

NC dx Emissions
Uncontrolled:

(oot Ni
hr

Annual

5 Mey

3

{10.3 lb (eon

ar

)

i Lib (AY

J Nm? /\1000 Me)\ 454 2)\ day }

uncontrolled

\

lg

yr

= 247.14

103%

emissions:

lton \

)\ 2000 ib}

= 38.6 °%,

*
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