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I.

State of California

AIR RESOURCES BOARD
Emissions from Residential Fireplaces

SUMMARY

Fireplaces and metal wood-burning stoves are popular with homeowners concerned
about fuel shortages. They are also suspécted of contributing a large portion
of the air pollution in some residential and rural areas. _Tests show that

fireplace and wood stove emissions are highly variable.

Although fireplace and stove emissions have been tested by several organizations,
detailed test data have not been widely publicized. Emission factors published
by EPA for residential firep]aées are based on limited data and are in some

cases estimates. Results of tests by ARB and other organizations were analyzed
and compared to evaluate the cause of emissions variations and to assess
reliability of published emission factors, particularly at high altitudes in
mountainous areas. Tests on which EPA published emission factors are based

were included in the analysis.. Findings are indicative rather than conclusive

due to difficulties in comparing tests of diverse methodologies.

A major finding is that emission factors, except for Nox, increase with

1nqreasing excess air and decreasing stack temperatures. NOX emission factors

show no clear trend. The normal range of fireplace and woodstove excess air

ratios is 500% and above, and stack gas analyses show no indications of air
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Primary control of excess air is by damper adjustment and regulation of

starvation in wood stoves.

fire size. Large fires and restricted draft favor clean burning. The
higher firebox temperatures which accompany clean burning at lowered excess
air make it compatible with fuel economy in residential heating. Severe

draft restrictions may reduce fire size and increase excess air, causing
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deterioration of fuel efficiency and higher emission factors.

Emission factors presented by EPA in Publication AP-42 for carbon monoxide
(120 1b/ton of fuel) and sulfur oxides (negligible emissions) seem fairly
compatib1e with averages found in all test programs. The NOy emission

factor in AP-42 seems to be too low and a value of 5 1b/ton of fuel is
considered more reasonable. An emission factor for hydrocarbons of 30 1b/ton
of fuel is considered preferable to the figure given by AP-42. Most data
support the AP-42 figure for particulate matter; ARB's higher findings in

particulate tests above 6,000 ft. elevation are not considered conclusive.

Suggested operational procedures were developed that will enable the user

to minimize emissions from fireplace and wood stoves. If only moderately
followed, these procedures could result in up to 50% reduction of
particulate emissions -and would provide a highgr thermal efficiency for the
user. The effects of fireplace design, draft control and firing methods are
sufficiently clear to establish guidelines for fireplace usage. It would

be effective to have such guidelines distributed to the APCDs and to the
public and architectural design firms. A significant reduction in emissions

can be obtained at very minimal expense.

INTRODUCTION

This report discusses factors important to fireplace and metal stove emissions,
describes ARB tests done in 1977, interpfets the apparent causes of test
result variations and compares ARB results to data from other organizations.
Tables and figures illustrate ARB results at the end of the report. Data from

other organizations, with illustrative tables and figures, are included in

appendices.



111. BACKGROUND DISCUSSION

GENERAL

Fi}eplaces are a familiar and traditional source of heat, cheer and smoke.
Particulate matter is the most readily noticed fireplace pollutant because
of its visibility. Organic compounds are the cause of the familiar odor
and condense to form much of the visible material. Considerable amounts

of carbon monoxide, odorless and invisible, are also emitted.

Metal stoves are attractive to homeowners interested in auxiliary or
emergency heating equipment. Accessories to improve heating efficiency
of brick fireplaces are also popular. Installation of metal stoves and
fireplaces is regulated under the Uniform Building Code (uBC) by building
inspection departments in most California localities. The UBC refers to t

PRI o

metal stoves as "factory built firepjaceﬁ.“
Pollutant emissions from stoves and fireplaces are influenced by factors

of design, operation and fuel which are discussed in the following

sections.

DESIGN OF STOVES AND FIREPLACES

Brick fireplace design is influenced heavily by esthetics. Combustion
efficiency and fuel economy are usually secondary to considerations of
appearance and safety requirements. Accessories are available for
improving the performance of brick fireplaces, including glass doors.
Glass dobrs can protect against escaping sparks, limit loss of warm indoor

air up the chimmey, and provide a means of regulating intake air to a
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certain extent. The brick fireplace tested by ARB was equipped with
such doors. Brick or stone fireplaces provide a large mass for heat
storage. They are usually Tocated on an outside wall, wasting most

stored heat.

Metal stove designs are proliferating because of current energy concerns.
Many new designs feature improvements in control of intake air and other
innovations advertised as improving efficiency in residential heating
applications. Virtually all metal stoves, including the Franklin stove
which dates back to the American Revolution, have some form of intake
air control. Heat transfer through metal stove walls is vastly superior
to that in a brick fireplace. Stoves are generally equipped with doors.

They provide 1ittle mass for heat storage.

FanaeY

Grate and chimney designs influence combustion. Grates affect combustion
air flow patterns. Flue height and cross section afféct friction, resisting
the flow of combustion products. Mass and thermal inertia of the chimney
may cause cooling of the stack gas while a fire is growing and, later,
heating of gases from a dying fire. This will affect the buoyaht‘fdrﬁe

which obpoSes f?iction.in f1de bésgiaés'énd partially closed dampers.

Firebox materials have varying insulating properties. Excessive heat

Toss to the surface dn which fuel rests can retard or extinguish combustion.
Contact with surfaces of the firebox or flue can also cool burning gases
and prevent complete combustion. Ashes, the air gap provided by a grate,
or insulating brick can isolate fuel from the supporting surface.

Isolation of burning gases is determined by firebox geometry.




In some residences the supply of combustion air may be restricted by
tight weather stripping installed for energy conservation. Fireplace

draft is affected when doors or windows are opened in any residence.

FIREPLACE AND STOVE OPERATING PRACTICE

Operation of fireplaces and stoves is a matter of personal taste and opinion.
There are no strict rules. Generally, addition of fuel is the most common
means of regulating a fire. Adjustments may be made to an existing fire
with a poker. Less frequently, a hand.be11ows may be used. Flue dampers
are rarely adjusted. .Those in brick fireplace chimneys are usually left
wide open, while stovepipe dampers are most commonly partially closed off.
Inlet air dampers on metal stoves are sometimes closed off to slow

combustion but in other cases stove doors may be opened wide for esthetic

reasons.

The consequences of the fireplace "control procedures" above are

various.

Addition of fuel affects the fuel combustion rate. Large fires raise
temperatures in the firebox and flue. This affects flue and inlet air
velocities. Stack.velocity rises with higher temperatures but friction
increases. rapidly as the square of velocity, 1imiting the velocity change.
Because velocity changes little, a large fire's combustion products form

a larger_fraction of stack gas and the excess air ratio measurable in the

is Tower.



Closing inlet air dampers can reduce the excess air, raising flue gas
temperatures. Reduction of the fuel combustion rate may result if inlet
ajr flow is severely reduced. Characteristics of the individual fireplace
determine the minimum stable excess air which can be achieved by damper
adjustment. |

The effects of flue damper adjustment are similar to those of inlet air
damper adjustment except that smoke may backup into the residence at
restricted damper settings. Flow resistance caused by dampers generally

overshadows friction in flue passages.
Higher combustion gas temperatures cause more of the fuel's energy to
be transferred through stove walls. Large fires and low excess air

ratios therefore improve fuel economy.

FIREPLACE FUEL CHARACTERISTICS

Wood is the traditional fuel burned in stoves and fireplaces. Dry hardwood
logs are most often recommended. Fireplaces are, however, a convenient
place to dispose of combustible household refuse. In residential heating,

the most economical fuel available is usually preferred.

Fuels commonly burned in fireplaces (wood, paper, cardboard, etc.) are
similar in chemical composition. A1l contain roughly 50% carbon, 6%
hydrogen and 40% oxygen by weight, Roughly 70% is volatile, burning in
gas phase. Fixed carbon which may burn as glowing coals is typically
around 10% of the fuel weight. Ash content is most variable. It is about

5% for paper but typically less than 1% for wood.




Coal, not a common fireplace fuel, differs from wood in that it typically
has less than 35% volatile content and much more fixed carbon. It's ash
content is higher than paper or wood. Coal may contain as much as 1 or

2% sulfur while paper and wood rarely have more than 0.2%.

Differences between wood species are less than the difference between wood
and paper and insignificant when comparing wood to coal. Some woods
contain more resinous sap which may volatilize rapidly in a fire. Ash
content of hardwoods and softwoods is not consistently different. Density

of hardwoods is usually higher.

Dimensional and moisture variations in wood and paper products over-
shadow differences in composition. Paper and small kindling have much more

exposed surface area than large logs. This greater surface area allows

‘rapid heating and vo]ati]ization in a fire, leading to high combustion

rates. Moisture contained in wet or green wood can exceed the oveh—dry
weight of the fuel. Fuel energy needed to vaporize moisture is not
available to volatilize unburned fuel or heat the residence. Wet material
may burn fitfully, allowing uncombusted organic compound; to be drawn up

the chimney.

Dimensional properties of fuel are frequently modified by chopping wood
into kindling or crumpling paper. Moisture content is less readily modified
by the fireplace owner. Chemical composition is fixed by the choice of

fuel.



IV. EXPERIMENTAL PROCEDURES

Tests were conducted on three (3) fireplaces: a metal Franklin stove, a
metal Fisher stove, and a brick fireplace fitted with glass doors. Three
fuels, oak, Pine and coal, were burned. Tests were run in duplicate, two

tests for each combination of fireplace and fye] fired.

These ARB tests were performed in 1977 at which time a preliminary report

wWas prepared. A summary of ARB test results is presented in Table 2.

The Franklin stove which was tested was installed in a private home at
South Lake Tahoe. The stove was tested with its doors ajar rather than
completely closed. Oak (2 tests) and Pine (2 tests) were fired in this

stove. Testing was conducted on May 24, 1977.

The Fisher stobe which was tested was moved from one test site (the
Fisher stove works at Tahoe Vista on the north shore of Lake Tahoe) to
a second site (Caltrans facility at Kingvale on Interstate 80, west of
Lake Tahoe) after the first pair of tests, The metal flue of the stove
Passed through the roof of high-ceiling industria1etype buildings in
both cases, and both sites were at apprbximate]y the same altitude,
approximately 6,000 feet. The Fisher stove was tested at the first
site, bqrning oak, on May 25, 1977. Tests at the second site were

conducted August 2, burning pine, and August 3, burning coal.

The brick fireplace which was tested was equipped with glass doors which
Provided some draft control. It was tested using oak as fuel, with

the doors closed and also with the doors open, on June 14, 1977,



Oak used as fuel was obtained in a single large lot. This supply was
used for all oak fires. Pine was obtained from separate sources for
use in tests May 24 and August 2. Coal, in bags, was obtained in a

single lot.

In all cases, fires were started at least twenty minutes before testing
and were burning vigorously during testing. Fires were maintained by

vaddition of fuel during testing. No strict regime for draft adjustment,
“poking", or other fireside activities was followed. Stack temperature

was used as a loose guide in maintaining stable fires.

EPA Method 5 was used to measure the concentration and mass emission

rate of particulate matter in each test. Combustion gas was sampled
(duplicate or triplicate samples) in mylar bags. EPA Method 7 was uéeq
to sample for oxides of nitrogen. EPA Method 8 was uged to sample for
sulfur oxides in tests conducted August 2 and 3, (pine and coal fires).
Sampling for organic acids was attempted, but the sampling procedure used
was not effective. Samples to be analyzed for aldehydes were obtained

in 2 Tliter flasks.

Samples were transported to the state Air and Industrial Hygiene Laboratory
(AIHL) in Berkeley for analysis. Some bag samples were lost due to bag
deflation. Those not lost were analyzed by gas chromatography. Some
Method 7- samples were erroneously discarded. All samples were loggéd in
and assigned a laboratory number when received by AIHL. Resuits of
analyses were identified by field number and AIHL laboratory number when
reported. AIHL's date of receipt was used as a check against field

jdentification numbers of samples.
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Fuel consumption rates and excess air ratios shown in Table 2 were
calculated by a carbon balance method from combustion gas analyses and
measured stack gas flows. The method used cancels stack velocity
measurement errors in emission factor calculations but is dependent

on precise combustion gas analyses. Low velocities typical in fireplace
flues and chimneys are difficult to measure, making accuracy of stack
gas flow rates suspect. Gas chromatograph analyses were used in
calculation of fuel consumption rates and excess air; Orsat analyses,
considered less precise, were disregarded. Calculation notes are
included in Appendix B together with tabulations of intermediate

calculated values and analytical results reported by AIHL.

. INTERPRETATION OF TEST RESULTS

Original objectives of ARB testing were to identify the effects of fuel
type, fireplace type and altitude on emissions. In testing, emissions were
found to vary widely from fireplace to fireplace, from fuel to fuel,
betweén similar fires and even during the course of the same fire.
Variability of emissions during the course of individual fires was so large
that the effects of fuel and fireplace type were masked. Similar problems
have been encountered in studies of fireplace emissions by other

organizations.

Data from fireplace tests by several organizations are available for
comparisoh to ARB resﬁ]ts. Particulate emissions were measured in all
cases, but not all tests measured gaseous pollutants. Direct comparison
is somewhat difficult because of test method differences. Comparison,

however, provides additional perspective on ARB results.

ey

.y
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Tests on a brick fireplace were performed for EPA by Valentine, Fisher and
Tomlinson of Seattle (VFT) in 1974. Results were reported in an EPA

publication, Source Sampling Residential Fireplaces for Emission Factor

Development (EPA-450/3-76-010) dated November 1975. Appendix C contains
a retabulation of VFT data in units compatible with ARB results including

estimated excess air ratios (not calculated by VFT).

Tests on several brick fireplaces were conducted by the Bay Area Air

Quality Management District (BAAQMD) of San Francisco and summarized in
an internal memo in 1968. Appendix D contains a retabulation of BAAQMD
data with estimated excess air (again, excess air was not calculated in

conjunction with tests).

Tests on metal stoves have been done by Bowdoin College of Brunswick,

Maine and rgported in two articles in the Journal of the Air Pollution Control
Association. Test data in the articles were insufficient for estimation of
excess air ratios but additional information was furnished by Dr. S. Butcher
of Bowdoin College. Excess air ratios estimated for Bowdoin tests are

higher than indicated in the published articles; they are included in a

retabulation of some Bowdoin resuits in Appendix E.

Average values of emission factors from ARB tests are compared in Table 1
to average emission factors found by other organizations. Emissions factors

for equipment other than fireplaces are included in Table 1 for additional

perspective.

Let us consider ARB test results in detail before discussing Table 1.
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Emissions were found to vary more with fireplace type than with fuel type

in prel‘minary analysis of ARB results. A major differeﬁce between fireplaces
tested by ARB was in their draft control provisions. Notably, potential
effects of high -excess air on emissions were mentioned in the report on

VFT testing. Since excess air is influenced by draft controls, variation

of emissions with excess air in ARB tests was investigated.

Figures 1 and 2 illustrate that calculated excess air for ARB tests is a
reasonable indicator of test conditions despite variations which occurred
during each test. Stack temperature shows a distinct relationship to
excess air in Figure 1, decreasing for higher excess air ratios as would
be-expected. Figure 2 indicates that higher fuel burning rates correspond

to lower excess air ratios in 6 out of 7 pairs of tests.

' Figure 3 shows that particulate matter emission factors increase at higher
excess air in ARB tests. Particulate matter was segregated into several
fractions in ARB testing and Figure 4 shows different components plotted
against excess éir individually. While "back half" material trapped by
impingers downstream of the filter follows a strong trend with excess air
in Figure 4, little pattern is appérent in the plot of "front half"
material, trapped by the probe and filter, against excess air. Figure 5,
however, shows front half material for different fuel types and indicates
that both fuel type and excess air ratio may be influential in determining
“front half" emission factors. Oak, pine and coal have progressively
higher ash contents and show progressively steeper trends of front half

material with excess air in Figure 5.




-13-

Plots of emission factors for gaseous pollutants measured in ARB tests show,
for increasing excess air, general tendencies toward increasing emission
factors for volatile hydrocarbons (Figures 6 and 7), and carbon monoxide
(Figure 8). Nitrogen oxide emission factors (Figure 9) show little
relation to excess air. ARB tests confirm that emissions of sulfur

oxides are very low when burning wood.

It should be carefully noted that excess air ratios indicated by ARB tests
are quite high., There is no indication of air starvation in any of the

tests. Rather, a huge surplus of unneeded air is typical.

Now, let us compare ARB test results to results from other test programs.
First, consider particulate matter emission factors from the different

test programs.

ARB results for particulate matter are higher than results from other test
programs. Stack temperatures were higher and excess air lower in ARB tests

and this may be related to differences jn results for particulate matter.

The test programs of ARB, VFT BAAQMD and Bowdoin College all show lower
particulate matter emission factors at higher stack tempefatures. Particulate
matter also tends to decrease with decreasing excess air in each test

program. Extrapolation of trends in different test programs, however,
indicates that differences in stack temperatures and excess air ratios

do not account for ARB's higher particulate matter results. Barring

test error, ARB tests may reflect a different regime of operation in which

larger quantities of particulate matter are emitted.
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Tentatively, high stack temperatures in ARB tests may have caused material

which would otherwise have been deposited inside flues to instead appear as
emissions of particulate matter. Two potential explanations exist, barring
test error, for the higher stack temperatures and Tower excess air ratios

found in ARB tests. First, ARB tests were conducted at high altitude where
Tower atmospheric density can inhibit fireplace draft. Second, fuel consumption
rates in ARB tests were relatively high in accord with ARB policy of conducting
Source tests with equipment operating at maximum capacity. Recalling that

stack temperature was used as a loose guide to stove operation in ARB testing,

higher emissions found by ARB at high elevations are far from conclusive.

~\<;\\ The AP42 emission factor for particulate matter, 20 1bs Per ton of fuel, is
w \
<§ K compatible with the majority of test results but may be questionable at

elevations above 6,000 ft.

Turn now to comparison of gaseous emission factors found in different test

programs.

Carbon monoxide emission factors found in ARB testing correspond well to
the results of VFT and BAAQMD as indicated in Table 1. Results from the

three programs are in remarkably close agreement and support the AP42 emission

factor of 120 1b/ton of fuel,

Emission factors for nitrogen oxides found by ARB and BAAQMD are in
fairly good agreement. The AP42 figure of 1 1p per ton of fuel is an
estimate only, and results from ARB and BAAQMD indicate that 5 1b per

ton of fuel would be 4 more reasonable figure.

T g s e L
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Comparison of emission factors for volatile organic compounds is difficult
because of the divergent test methodologies jnvolved. There is also some
possibility that all test programs show some compounds both as volatile
organics and as particulate matter since all programs found particulate

matter to consist largely of condensed organic compounds. Comparison of

VFT results to results from ARB and BAAQMD, however, indicates that VFT results
are unusually low. The figures of 5 1b per ton of fuel given by AP42 for
hydrocarbons is based on VFT testing. ARB and BAAQMD results indicate that

30 1bs per ton of fuel would be a more reasonable figure.

Next, consider the range of excess air ratios found in the several test

programs in the light of stove behavior found in practice.

Reduction of inlet air supply is a well proven means of reducing fuel
consumption rates and heat output in metal stove operation. The intuitive
explanation for the observed reduction of the fuel consumption rate is that
air starvation occurs; Stack gas analyses, however, do not reflect air
starvation; since no other mechanism is apparent, assume that air starvation
does in fact occur. Large amounts of apparently vexcess" air found in the
stack, then, must be considered as "dilution" air. It would seem that when
inlet air is reduced a smaller fraction of entering air is available for
combustion. Since the flames of a small fire may extend into only a small
fraction of the firebox, air can readily bypass the combustion zone. Momentum
and turbulence reductions at low inlet air rates are presumably instrumental
in reducing the effective air supply in the combustion zone. When flow resistance
of the inlet air damper is small in comparison to friction in the f]he, inlet

air damper closure may increase momentum and turbulence. Progressive closure,
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however would increase damper friction and eventually begin to reduce

momentum and turbulence.

The behavior hypothesized above accounts for high excess air ratios found

at severe damper restrictions in Bowdoin College tests and for lower excess
air ratios achieved in stoves with superior inlet air control in ARB testing.
It would seem, in surmary, that inlet air reduction can achieve a reduction
of the excess air ratio but that excessively severe reduction of inlet air
may have the opposite effect and increase the stack excess air, simultaneously

reducing the size of the fire.

Finally, since emissions seem to be dependent on how the fire is tended,

it is reasonable to consider what advice might be given a homeowner 1nterested
in reducing smoke from his fireplace or woodstove. This advice must be
conditioned on the homeowner's needs. Home heating and disposal of refuse
will require that an unavoidable minimum weight of fuel be burned. If the
objective is esthetic enjoyment of the fire, on the other hand, then the

homeowner can be advised to burn less fuel.

When a certain weight of fue] Mmust be burned, the homeowner should be
advised to build a large, fast burning fire and reduce inlet air to Tower
the stack excess air but not so severely that the size of the fire is
impaired. If stack excess air is effectively minimized, 50 percent of
worst-case emissions of particulate matter, carbon monoxide and volatile

hydrocarbons may be eliminated.
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when esthetic enjoyment is the objective of building a fire, excess air
can not be reduced unless the fireplace or stove has glass doors. The
homeowner should be advised to keep such fires small in order to minimize

the pollution emitted.
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Figure 1. STACK TEMPERATURE VS EXCESS AIR

Lol




Fuel Burning Rate % of Mominal Capacity

150

125

100

75

50

25

=21-

Fie

300

600

Figure 2.

900
Excess Air % of Theoretical

1200 1500 1800

[:) Franklin Stove o Oak

a Pine
<:> Fisher Stove © Codl
Glass Doored |
‘;7 Firenlace

Connecting lines link same
fireplace and fuel. Nominal
capacity is taken as avqg. fuel
burning rate for oak.

Fuel Burning Rate vs Excess Air



Total Particulate 1b/ton-of-fuel

125

100

75

50

25

-22-

ire’s ¢

.-
®,
®,
3
o @
]
:y@l
’ 0 9.
@ &
@ ‘
(2
30 600 900 1200 - 1500 1800
Excess Air % of Theoretical .
Firenlace Fuel
(D Franklin Stove o Oak
a Pine
<:> Fisher Stove o Coal

Figure 3.

\V4

Total Particulate

Glass Doored
Fireplace

vs Excess Air

p—
’ "



-23-

49330 3}e(NdLlded JO UOLINQLUISLD

ALy 011340341 JO ¥ OLIRY ALy SS22x3

00S1 0001 005 0
o i v)
° 3
(2]
© ° ._uw
[o] o) o ct
° 52
e o °©° y
[nd
o,
=
[-7]
Py
© ° jos3
o
Q Y
{2701 40 % JLeH 2uod
ALY LEO133409YL 3O % OLIBY 4Ly SS3IXJ
0051 0001 005 0
1 L L o
00 [0
o
° o © tegz
° -
[0}
% L 05 o
° 3
o,
o] - GL S

JLeH %oeq

(=]
e
{an4 40 uojy

- G2l

L 061

A}y 1ED139403YL 4O % O1IeY ANV $599X3

‘y aunbi4

0091 0001 00s 0
' L A e c
e ©
Q © o -
(>} R o
. o mmm"
»° o
© Q. i cmw.
Z
—
- 643
o
l’
-ogm
o —
211!
o5l
mu_:anxo ajqejoeaixi JLeH yoeg
ALy eol3a408yl 40 % 0L}y ALYy SSIIX]
00S1L 000l 009 0
1 i i o
o © g o
o ©
o) ° © m
© o [OLF
(5] o
/
° 515
3
o =
lcNJd
[>) lmN
JLeH juod o¢



-24.

ALy [@D133.408yL 3O % OLIRY JAlY S539X]

0051 0001 00$

i

S

0L

-G L

02

52

JLeH 3u0Jj [°0)
ALY [©D133403Y} 4O % OLIRY ALY SS3IX]

0061 0001 00§

A

0¢

ol

0¢

62

J1eH 3uoa] ye0

134 40 uol/|Bi433EK ]

Land jo uoi/|etdaley qL

JAly edL33d

3dh] 19157 40 §399}43 G aanbiy

ooyl 40 % ‘Oley 4Ly SS3X3

0051 0001 005 0

0
s
@ | &
wc—m
o
® FSL
3
@ °
-0z
[ =
®,

a lmN

JIeH ju0a3 suig 0t

ALY BI138403YL 3O % OL3RY A1y SSIIXJ
0051 0001 005 0

A - ) c
[0} . o L g M
(-]
o @ © a mw
o | 3
o © opm“
S
e -GL S
[=]
o e
H02 g
e el

o g2

0¢

J1eH U0



THC (Equiv.'CH4) 1b/Ton of Fuel

100

75

50

25

=25~

N2

Lk ]

¥
()

2»

s

& . @
300 600 900 1200 © 1500 1800
EXCESS AIR % OF THEORETICAL Fireolace Fuel

(:] Franklin Stove o 0Dak

@ Pine
<:> Fisher Stove o Coal
Y;? Glass Doored
Fireplace

*Indicates no dunlicate THC
analysis available - single
analysis plotted.

Figure 6. THC vs Excess Air, Averages of
Duplicated Samples




100

90

80

70

60

50

40

30

20

10

-26-

G-
.
Vsa
@..
V" 43
@.
- v
s ) 9‘8 "
® . ©
e . . @ :
300 600 9090 1200 1500 1800

EXCESS AIR % OF THEORETICAL
see previous page

. for legend
Figure 7. THC vs Excess Air, Individual Analyses

AN
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APPENDIX A
GUIDELINES FOR RESIDENTIAL FIREPLACES
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GUIDELINES FOR RESIDENTIAL FIREPLACES

Tests indicafe that metal fireplace stoves with tight fitting doors can
emit less smoke as well as providing the superior home héating performance
for which they are traditionally valued. Combustion.of one ton of wood,
about a cord, can cause 50 to 100 1bs of particu]ate (smoke) emissions from
a metal stove with doors open or from a brick fireplace. This can be
reduced to 15 to 30 1bs. if the same amount of wood is burned in a metal
fireplace stove with the doors closed and air inlets reduced as far as
possible without reducing fire size. The higher temperatures in stove

and flue with this type of operation will result in superior fuel economy.

Fires built in open front fireplaces simply to be enjoyed will emit less
smoke overall if they are kept small. Again, this type of operation will
provide superior fuel economy in achieving.the purpose intended. Less fuel

means less smoke even though large fires burn slightly cleaner.

Fires built simply for the disposal of paper or trash will produce less
smoke overall if they are puilt large and hot within the limits of

reason and safety.
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APPENDIX C

VFT TEST RESULTS
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EPA 450/3-76-010 Tests

EXCESS AIR ESTIMATES FROM TABLE I DATA CALCULATIONS
3 3
M - kg Fuel 1b scf (dr 1M
Theor. Comb. Prod. e (dry) = Y x 2.2 kg * 69 TE_?UETXI X TS

=kgh:ue1 x 43 e

NOTE: This is a nomﬂ%l estimate using combustion calculations from

Appendix "F" of the EPA report.

3 3 .

Excess Air I (dry) = (actual stack gas ELiQIZl. X 60 mlﬂ) - "C.p."
hr min hr

Theor. Air = 10 x "C.p." > (dry)

NOTE: Per Appendix "F" of EPA report, 70 scf air are theoretically
required to burn 1 1b wood (fuel) and 69 scf combustion products
(mostly CO2 & unreacted N2 from comb. air) are produced.

. Tk M
% Excess Air = (excess air A /Theor. Air Ar) X 100

Combined Calculation:

Let F = fue] kg

hr
M3
Q = stack gas nn
E = % excess air

then . . .

E= [(60 x Q) - (4.31 x F)1/ (ég x 4.31 x F)] x 100%

.. EEwIEeI—

o A R AIETTER ., . =

e ——— e



VFT Fiezeace Tests (EPA 450/3-75-0/0, Novermeeo /975)
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FIREPLACE TESTS

TABLE L

Summary of Eulusions wad Burning Conditiona

Pollucant

Stack Cas **Concenc- Mass Rice
Bucning Stuck Flow Rate **Pollucant **Concent- ration Buening .
*Burning Race Tewp Std.a Maus Race racion b4 $o/3cd. a3 Race (PMR/BR)
Fuel Type Run Couditions Kg/he (BR) ¢ al/min ga/he (PMR)  gm/sed.ad co2 812zc02 gn/Rg
Alder 1 Sture Up 4.8 8] 11.538 76.6 .11l 0.1 13.279 16.v
Alder 2 Stadble 7.8 108 10.513 46.0 .073 0.6 1.389 5.9
Alder 3 Smolder 1.9 67 8.262 42.2 .085 0.1 10.211 22.2
Alder 4 Start Up 10.8 114 9.242 135.4 <264 0.8 4.690 12.5
Alder b Stable 9.1 92 ——b - —b — wnwb ———h
Alder 6c Stable 6.2 99 12.m ——c -~ 0.5 =g ————C
Alder Average Sterc Up 7.8 94 10.39 106 .178 0.4 8.984 14.2
Alder Average Stable o —1-8a 108e 10.513e 46.0e .073e 0.6e 1.38%¢ $.9«
Aldcr Average All '
Coaditiuns ¢ §,3e 9le 9.48%¢ 75.0e 0.128e 0.4e 7.392e 14.15¢
Douglas Fir 7 Scuble 5.7 79 12.139 65.7 .09%0 0.2 5.414 11.5
Douglas Fir ] Stahle 4.1 88 11.715 58.9 .084 0.4 2.322 14.4
Douglas Plr 9 Stact Up 8.3 -3 8.1787 12.7 .138 0.5 2.7%9 8.8 R
Douglus Fir 10 Stable 6.7 110 11.814 90.2 127 0.4 3.817 13.5 ¢
»Duugius Fir 1le Stable 4.3 88 11.72%7 ———C -——c 0.5 —— ——
Duuglas FLr
Average Start Up 3.3 83 - 8.787 72.7 .138 0.6 2.759% 8.8 s
Bouglus ¥z
Average Stable 5.5¢ 92e 11.889e 1.6 104e 0.3e 3.851e 1l.1e
Douglus Flr All :
Av:rn‘e Conditions 6.2¢ 90e 11.114e 71.% «1l0e 0.4e 1.578e 12.05¢ :
}
Locusc 14 Scare Up 9.0 86 . 10.048 85.2 .14l 0.4 <430 9.5 H
Locust 13 Stable 6.2 92 11.414 78.? .115 0.4 <397 12.7
Locust 16 Start Up 5.2 82 9.918 60.4 .102 0.5 2.150 11.6 N
Locuse 1%  Stable 4.3 91 —— b -——b — —-b -=-b 4
Locust 18 Stable 5.5 91 12.709 84.2 .110 0.4 3.312 15.3 {‘
Locust Average Scart Up 7.1 84 9.982 72.8 112 0.5 1.290 10.6 - |
Locust Average Scable 5.84 924 12.0624 81.4d 1124 0.4d 1.854d 14.0d [
Locust Average All
. Conditiuns _ 6.5d4 88d 11,0224 17.1d 1174 0.4d 1.5724 12.3¢ .
Pine 19 Seart Up 11.2 125 11.857 80.5 113 0.2 6.792 7.2 h :
Piae 20 Scable 4.0 109 10.986 91.4 1139 c.2 8.1323 6.5 :
Pine 21e Scable 10.0 104 10.539 ———c ——C ———C ———C -— 14
Pine 22¢ Start Up 11.1 136 8.484 1s1.5 0.298 1.0¢ 3.572 13.6 °
Plne 23 Stable 9.1 108 10.727 73.9 .115 Q.5 2.758 8,1~
Pine 24b Stable 13.6 97 — — -— — — —
Pine Average Start Up 11.2e 125 11.857e 80, Se «11lle 0.2 6.792a 7.2
Pine Average Scable 11.6e 107« 10.856« 82.56e .127e Q.4e 5.539¢ 1.3e
Pine Average All ’
Condicions 11.4a 113e 11.190e 81.9% .122e e 5.957¢ 7.3
Coal 12 Start Up 2.3 80 11.290 69.8 .103 0.2 6.186 30.3
Coal 13 Scable 2.7 74 11.397 38.8 .056 0.3 2.231 14.4 :
Coal Avarage All : '
Conditions 2.5 77 11.444 34.3 .080 0.2 4.208 22.4
All Types h Aver. All
Conditions 7.4 93 10.778 76.1 .119 0.4 4.536 weatl.?

8) Standard - 76 om Mercucy 21.17C und dry

b) Parcicle aizing - se¢ particle sizing results

€) Sampling for polyeyclic organic materials (POM) - See Table II

d) Particle sizing runs not included in average

e) PUM; paccicle sizing, smulder and glass fronc, (1f run) are not incluled in avarage

£) Class flirepluce screen waw used for this run - note higher 2 002

8) POM runs are poe included (n averagse .

h) Coal, PUM, particle 31sing and glasw froac runs ere not included in average

* Stacg Up = Initlal Ignitiun or fira o fuel uddition, increasling cosbustion rate. **4Scacistically decermined mean from

Stable = Constunl combuat inn race. individual values or PHR/BR, Divistion
Swuldur = Tatl end of cushustion, decrcasing combyazion rate. of mean PMR by mcan BR s not squal

** ALl values coported from resuliy of modificd EPA Mathod §; Eront half, buck half to the sean of the individual PMR/BR
impinger cateh, amd Lack~up f{lter, values due to stagistteal procodurce :
for obtutluing muan valuey !

e U
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— {
Tabulation of Front Half to Back Half Ratios - ‘
This tabulation of the front half to the back half ratios in 18 runs show the
significance of the back half particulate. Alsa, the back-up filter shows to be
important in this type of sampling. T
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APPENDIX D
BAAQMD TEST RESULTS
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January 31, 1963

’

TO: HERB JOIGISON )
FROM: LEOMARD CLAYTON Lol /«/L 5
guBJECT:  EMISSIONS FROM RESIDENTIAL TYPE FIREPTACES

( LOCATIONS OF UNITS OH FILE WITIl SOURCE TEST DATA)

$.T. 24C67 §.T. 40C67

S.T. 26C67 S.T. 41C67

§.T. 29C67 S.T. 65C67

S.T. 66C67

—

pistrict Personnel: L. Clﬁyton, G. Karcls and C. Ong
(T. Ying, formerly with the staff, was also —
{nvolved with these tests.)

Source tests were conducted on residential gircplaces in order
to determine the type and nature of contaminants being cmitted
to the atmosphere from the normal use.

SUMIARY :

Scven source tests werc conducted on fireplace emissions based
on their normal use. Considerable time was spent on reporting
the znalysis of the results. As the results are rather lengthy
and involved, it is not possible to surmarize thum in this
sumcnary. The rcader is requested to refer tO the nrabulated
Results.” C

DESCRIFTION or PROCESS AXD EQUITMENT:

These fireplaces were all of the convcntional type (rcsidcntial)
and similar in Qimcnsions:

{init Firebox Chimnay 2
Hleight,in. width, in. Depth, in. Height, ft. Arca ft.

A 29 35 19 12 1/2 0.73

B 3l 35 19 12 0.59

c 30 38 20 13 1/2 0.76

) 25 _ 37 © 18 12 1/4 0.75



Emissions frem Residential - 2 - - "’ January 31, 1968
Type Fircplaces S .
Continuation

Each fire was started with a small amount of paper and kindlinz.
As soon as the paper was burned, the tests were bogun. No woed
was added to the fire once it had started to burn. The burning
logs were not moved or stoked unless it had appcared that the
fire might uot burn to completion. Unit D deviated from the
désign of the others in that both the front and one side were
open. All of the other three were of the open fromt type.

Each damper was left fully open during burning. Unit B was

the only unit that smoked back coﬁsiderably.

TEST PROCEDURES:

Gas Velocitics: Bay Arca Air Pollution Control District's

: Source Test Manual, Section 1-A; intermittant
readings were taken at the midpoint of the
cross-scctional area and the average velocity
assumed to be 0.8 of this value.

NOX: Method G

Total carboryls, specific aldehydes: Method D;
Organic acids, phenols: Method F;

C, + hydrocarbous, including arcmatics: Method E;

Particulates: Method B -

DISCUSSION O RESULTS:

Pleasc refer to the "Tabulated Results." Atleast two tests
were performed on each unit and ranged from 30 to 50 minutes
each. In ordvr to make it convenient to compare the results

of these tests with cmissions from other cowbustion operations,
the values ppm, ppm at 6% 0,, 1bs. cmissions/ ton burned,

total "carbon” and other Regulation 2 notations are shown.

As is the case with emissions from poor incinerators, there
was some condensed oils-on the glasswool probes used for
particulate collcction. As thesc probes were at or necar
‘emission temperature, they may not have collected all the
condensing material.

se

e LA« = oa Al e b he s



UNIT A

)
.

/
. »
t/Ton Burned . Test #1 Test #2 Test #3 Tost #64 Tc.;t #5
19-Cg Sat .5-1.0 3 7.8" .92-.46 - 2.5
7 Sat .09-.18 {.05 (.05 .05 Z.05
2eHe .27 .3 1.5 {03 \ .58
2, ' .26-.09 .6 1.4 .6-.15 .50
CH,, ‘ 6.6-7.6 2.1 42.5 9.2-6.8 10.7
co 64-111 25.8 438 268-166 140
Olefins, ((Ca) 1.7-1.9 1.1 11.6 3.5-1.5 3.8
Aromatics (Excl. CgHg)  ~ .91-2.1 .02 ¢.02 {.02 .71
Organic .uAcids, as NAc 20.2-16.2 (.03 .03 ~1.7 .03
Phenols 1.5-2.2 .04 .04 -b.6 (.04
Total. Carbonyls as CHOH - 9.1-8.0 1.01 18.1 6.2-3.1 5.5
CHOH 3.3-2.2 .27 4.3 1.4-1.2 .12
Cli4CHO N.A. .45 1.21 N.A. 2.4
Total Organics incl.CH, 41-40 5.4 82.9 ~32;3 24.3
jParticulate ~13.2 | - NA N.A. 25__.2-6.9 N.A.
Other Data
l-l20,1 4.9-2.8 1.6 2.0 1.7-1.6 3.4
002,7. 1.4-1.0 1.0 1.1 .9 1.1
02,'1. 19.5-19.6 19.6 19.5 19.8-19.5 19.°
2)C,-Cq, PPm @ 6% 0y ' 189-252 172 457 402-125 873
2)Total Carbonyls, pom @ 67 0, 663-662 350 409 465-147 120
Total "C" pm Exel. o, 198-195 278 142 191-40+ 316
NO_ as NO,, ppm 12 35 22 16 N.A.
Burning Rate, #/hr. and type Eucalyptis, 22 Eucalyptus Euc. and 0Oak Creen !
and Oak Oak,5 . 13 den cv:
6S 27
Stack Temp. F . 300 20% e S‘\{ 220-230 21
stack Flow, e __ | __ 300 230 V=5 tiu I ¥ R 220
() 'wlul' aml (.mu.h Ryt Oxg‘uuc ou Glas ol lxll("r-—- : -
(2) heg. #2 Notatio 97 0784 " LIQ

RN



#/Ton Burned

UNIT B

A

Test #1 _ Test #2

c,-C, Sat. .33 1.7
67 sat .01 o1
CHg {02 (.02
c2“2 fOI .50
CH,, 2.9 8.7
co 47.8 96.7
Olefins (<c4) 1.1 2.3
Aromatics (Excl . Cgllg) .02 .02
‘Organic Acids, as BAC 1.2 11.8
Phenols .33 .83
Total Carbonyls, as CHOH 8.8 18.7
CilOH ' 3.9 10.5
CH3CHO N.A. N.A.
Total Organics, incl. CH‘. 14.6 4’4.5

. Particulate (1) 7.7 26.7
Other Data
320,7. ~2 ~2
0027. 1.2 .
021 19.3 20.2

(2) -CZ-CG,' ppm @ 6% O, 145 837

(2) Total Carbonyls, ppm @ 67 O, 957 ?540
Total "C", ppm, Excel. CHy | 165 351
NO, - as NOZ N.A. N.A. .
.Burning Rate,f#/hr, and type 18 Prestologs 12 ,Dry Oak
Stack Temp. , F 312 191
Stack Flou, SOCHI 158 152

(1) Solils and Condensed Orpamics on Gl

(2) Reg. 2 Kotation

w0l Filter

e R - TR,



b T

UNIT C )
#/Ton Burncd ] Test #1 Tost #2 - - Pestitd
C,-Cg Sat. 1.2 2.5 ' 3.9
¢, Sat. .04 .04 .04
Cellg .50 .81 _ .7Q
C,.H, .02 {.02 | .02
cu, e TR 1.1 .
. CO 114 171 ' 168
Olefins, ((C4) - T 69 5.3 4.9
Aromatics, (Excl. C6H6) <;0&~ 42 .28
Organic Acids, as HAC 17.5 17.9 - ) 29.3
. Phenols 1.6 2.8 4.8
Total Carbonyls, as- CHOH .4 7.0 '11.4
CcHOH 1.2 ‘1.5 ’ 3.2
Cil,CHo 1.3 1.9 2.5
Total Organics, incl. CH, 39.3 ' T48.8 66.3
Particulate (1) 26.3 4.0 | 48.0
Other Data
HZO, % 2.5 2.6 . 2.4
co, % 1.1 1.0 .7
02,% | 19.7 19.8 .24
(2)Cy-Cq.prm,@6% 0, $ 430 513 389
(Z)Tégal Carbonyls,ppm,@ﬁloz 355 467 665
Total "C", ppm 264 263 206
NO, as NO,,” ppm N.A. N.A. .- N.A.
B;rning Rate, #/hr., andtype 19 0ak 15 0ak 10 Madrone
stack Tewp., F 170 i9z 2 56 {l 160
Stack Flow, SDCFM i 295 06 304

s o - ——— —————————————— |

(1) Soalids aud condensed OrgKJfF:'on CYJ;IC:;) Filter
(2) Reg. £2 Notation

.{): C)jjtig



UNIT D s ' . -
o Burndowm

#/Ton Burncd Test £1 ) Test £2 Following #2
€,~C¢ Sat. ' .25 . .37 1.2-

c, sat. ' .04 &.04 .04

Celt, (.04 .04 .04

C,H, ' ' {.02 (.02 ‘ (.02

CHl. 4.8 3.9 ©16.8

co - 55.1 ' 52.6 161
Olefins, ((C4) - .95 . 1.2 3.0
Aromatics (Exel. Collg) (.04‘ ( (.04 <.O4
Organic Acids, as HAc 3.4 5.3 - N.A.
Phenols .20 T .48 N.A.

Totai Carbonyls,. ﬁs CHOH 2.4 3.9 N.A.

CHOH _ .59 1.03 ' N.A..
CH,CHO .36 .78 N.A.

Total Organies, Incl. CH, 11.9 - - 15.1 - |
Particulate (1) 10.4 __16.0 N.A.

Other Data

, : Approx. ) Approx. Approx.

B0, 2 S 2.4 2.4 2.4 .
€0,,% 1.3 T 1.3 1.2

62,% 19.4 19.4 19.4
cz-c6, ppm, @ 6% o, 118 . 119 ' 84

Total Carbonyls, @ 6% 0, 216 295 N

Total "C", ppm 87 112 - .
- uox as NO,, ppm . ‘ 11 8 'S

Burning Rate,#/br., and type 25 Oak 20 Oak (5 (Burndown)
Stack Temp., °F . . 262 ‘ 306} BPLY

Stack Flow, SncR | 283 253 ¥V 560 g5

(1) Solids a'd Conduitid Organics on Classwool Filter

. : 1\)'_ .0.?43 °
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Nores o SFE Bay Firzocace Test Mctroporocy

Me &. Kacees o EAAR V] D was comwrncreED By TELE PHAVE AND
PROVIDE D THE FOLLOWING INFORMATION REGARDING THE FIREPLACE TESTL MHE PAR -
TICIPATE D A .

CO, aws orveenw wirg petecimnen &y me COrsaT mErHoD,

. Hrbzocarenoms INCLUDING C C, Sat " "C St , C /-/ C H

C."/; , AwD O,_::,ue (<C )" A~D CO (cu-,o.u Mcwaxt:ve) were :er;,c;—vwzp
BY 6AS CHROHATOErAPHY O©F A SI)MFLE GETAINE D IV A LARGE STEEL TMK,
INMITIALLY EVACUATED , INTO wWHICH STACK &ASES WERE DRAXMN CONTINUOUSL Y

DURING AV EXTEMNDED SAMPLING FPERIOD.

" n : .
. AROHA'HCSa (Exc;. C;//;) WERE DPETERMNED BY @.C,,AAML)‘SI.s
OF A SAMPLE OBETAINED USING A SILICA GEL SORGAVT TAAP.
Ozmtwc ACIDS WERE DPETERMINED BY AMNALYSIS 617 A SAMPLE WrICH
WAS COTAINED U WET JMPINEER & CONTMNING A WEAK EASIC sowwricns, Fuemoes
WERE DETERMINED FROM THE SAME SAMPLE,

/om«. Carcomyis as CHOH ~ weee DE.'T‘E.A?M//J‘D cocLorimerns CALLY USIVE
A SAMPLE OBTAINED wWITH WET IMPINGERS CONTAIVINVS Sopivom B isuLFare soLuTion,
CHOH " anrw C/y’_,, CHO ™ wepe Foumwd 2v &.C. Anacysis oF THE SAME SAMPLE.

sz-lcuu;re_ WAL DETERMINED USING &GLALS WodL WADDING AS A FILTER
HEDIum I AL IIISTACK LOCATIC+) WHELE FEAs:BLE'; A HEATED PROBE wAS UsED
W INSTANCE S WrHER € JNSTACK LOCATION OF THE FILTERC WAS 1MPOsSI&LE. .

A/rraaeeu OXIDES WERE TVETERAMIAMED BY A METHOD COMPRRBE L € TD
EFA pETHOD 7.



APPENDIX E
BOWDOIN COLLERE TEST RESULTS
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BOWDOIN COLLEGE

DEPARTMENT OF CHEMISTRY BRUNSWICK, MAINE 04011

17 September 1979

‘Mr. Peter Kosel

California Air Resources Board
1102 Q Street

Sacramento, CA 95814

Dear Mr. Kosel:

I have added the stack temperature figures to Table I of the enclosed reprint.
These figures represent the average change in temperature, in degrees centrigrade,
relative to room temperature, for each of the burns. The temperature ranges over
20°C in some of the burns and so the temperatures reported here are uncertain by
at least 5°, mainly because of the uncertainties in the averaging process.

The New Mexico contact I mentioned to you over the phone was Harry M. Davidson;

Air R$sources Mgr.; Environmental Health Dept.; City of Albuquerque; Albuguerque,
NM 87103.

I Took forward to receiving descriptions of the work your department has done
in this field.

Sincerely,
>
C ,
S;T % f;zgfﬂﬁl -
Samuel S. Butcher
SSB:pl

-

BaaE Sy S



A Study of Wood Stove Particulate Emissions

Samuel S. Butcher and Edmund M. Sorenson

Bowdoin College
Brunswick, Maine

Prrticulste emission factors for two wood stove models have been
determined for two types of fuel and a range of operating conditions.
The emiseion taciors rangs from 1 g/kg (fuwel) 1o 24 g/kg. A model
is prosented which represents the emissien factor as a simple function
of the ratio of fuel load to combustion rate, or the leagth of time be-
tween refusiing. This model is feit 1o be apprepriste for evailuating
the impact of wood-based residentisl space healing on ambient alr
concenirations of particulste matter ¥ cerlain assumptions can be
made shout siove operating conditions. An application of the emission

{actor model 10 a typical community suggesis that the contribution

of wood sioves 10 ambient particulate levels might reach 100 jg/m?
i the entire heating load were carried by wood.

mmumwmwmm
exiractables range from 42% of the tetal parsticulate mass at short
refuel times 10 67% at longer refuel times. Aboul 45 % of the mass
of benzene extractables appesred in the newiral fraction of acid base
exiractions. Polycyclic sromatic hydrocarbons are expecied o be
included in this neutral traction.

Recent surveys have shown that substantial amounts of in-
digenous fuel wood are being used to supplement conventional
energy sources (oil or electricity) for residential space heating
in northern New England. These surveys indicate that 11, 28,
and 37 million Btu equivalents of wood per residence were
used in the winters of 1975-76,! 1976-77,2 and 1977-78,24
respectively. The Btu equivalent of fuel oil required to
maintain the entire heating load for this area is about 170
million Btu per residence year.!* These surveys also point out
that the most comion wood heating unit is a small stove,
rather than a fireplace or a wood-fired furnace. Although small
stoves differ considerably in size (less than 20,000 to more than
100,000 Btu/hr), and design of the combustion chamber
(baffled or not, firebrick lined or not, single or multiple drafts,
etc.), most of them have a passive draft system. The com-
bustion air intake in these stoves is driven solely by the
buoyancy of the hot flue gases and the rate of combustion is
generally controlled by limiting the air supply. This method

Copyright 1979-Air Pollution Control A

of controlling the combustion rate may lead to incomplete
combustion at low firing rates as a result of inadequate air or
temperatures which are too low.

Our preliminary study® showed that particulate emission
factors increased as draft settings were reduced. These studies
have been extended with further measurements and a simple
model is proposed to represent the emission factor for par-
ticulate matter as a function of stove operating parameters.
‘The results of preliminary chemical analyses of the particulate
matter are also included.

Figwe 1. The Jotul Model 6§02 wood stove.

Experimental Methods

A Jotul #602 stove and a Riteway # 2000 stove* were used
in these studies, see Figures 1 and 2. The sampling method
used in this work is a slight modification of that used in our
earlier work.® The flue system consisted of about 3 meters of
15 cm diameter steel stovepipe connected to a tile-lined
chimney with an inside dimension 20 X 20 cm and a length
mre the stovepipe of about 2.5 m. No flue damper was

* Mention of a trade name sivwsid not imply & dstion by the authors or the oega-
nizations with which they are assnciated.

Reprinted frum APCA JOURNAL, Vol 29, No. 7, Julv 1979



The sampling method consisted of collecting all stack
emissions for measured time intervals with a high volume
sampler. The smoke from the chimney was drawn through a
1 m section of 15 cm stovepipe to the high volume sampler.
The collecting section of stovepipe was supported just above
the chimney and no effect of the sampling system on the
combustion rate could be observed. The flow rate of air
through the sampler started out at about 110 ft"/min for each
sampler run and decreased as the filter hecame loaded with
particulate matter. The flow rate remained above 90 ft'/min
for most filter samples and very seldom dropped as low as 70
ft*/min. The flow rate of gas through the chimney at a fuel
combustion rate of 3.4 kg/hr and 509 excess air is about 13
ft*/min, substantially less than the high volume sampier flow
rate.

Figure 2. The Riteway Model 2000 wood stove.

The temperature of the flue gas at the point of sampling was
not monitored. The temperature in the stovepipe near the
masonry flue was recorded. This temperature reached 250°C
in some of the burns at full draft, but was generally less than
120°C. The temperature at the top of the chimney was judged
to have been less than 100°C for most runs and the dilution
air in the collection system would have further reduced the
flue gas temperature.

Each burn was conducted by adding a weighed charge of
wood (as 3-5 pieces of wood) to a bed of live coals from a pre-
vious burn. The draft setting (or the thermostat control in the
case of the Riteway # 2000) remained constant throughout
the burn with two exceptions: The door was opened briefly a
few times during each burn to judge the amount of fuel re-
maining. The end of the burn was the point at which the
amount of live coals remaining in the stove was judged to be
similar to that at the start of the burn.

The particulate matter samples were collected on a series
of 8 X 10 in. glass fiber filters. The sampling times for indi-
vidual filters ranged from 30 seconds to 6 minutes with most
of the sampling time falling in the 1-2 min range. Typically,
10 to 20 filters were used for each burn.

The filters were dried in a desiccator for 24 hr and re-
weighed. The emission rate was determined as the amount of
particulate matter on a filter divided hy the sampling interval
for that filter. The dependence of emission rate on time during
a typical burn is shown in Figure 3. The total amount of par-
Liculate matter emitted during the burn was determined hy
integrating the emission rate aver the time of the hurn by the
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Figure 3. Em during the stion of 2.27 kg of oak.

trapezoidal method. The sources of error invoived in the de-
termination of the emission factors have been discussed in the
preliminary study.® Errors in the measurement of particulate
emissions amount to about 25% of the emission factor. The
measurement of the length of the burn is uncertain by about
10 min; this affects the determination of the combustion rate
more than the emission factor.

Eastern white pine and red vak were used in these experi-
ments. The moisture content of the fuel was determined by
drying at 105°C to constant weight (usually two days). It is
reported here as the percentage of weight loss relative to the
pre-dried weight.

Selected filters were extracted with 350 ml of benzene in a
Soxhlet extractor for 24 hr. The solvent was then removed at
25°C with a rotary evaporator and the extracts evaporated to
constant weight at room temperature. The filters were re-
weighed to determine the weight loss and in some cases the
extract was weighed. The agreement between the weights
obtained by the two methods was generally quite good for
these purposes (10 to 15% difference at most). The change in
filter weight is used for further calculations in this section.
This is referred to as the benzene-extractable weight.

Selected benzerie extracts were subjected to the following
acid-base extraction scheme: 1) a bicarbonate extraction to
remove carbhoxylic acids and compounds with similar acid-
base properties; 2) a sodium hydroxide extraction to remove
phenols and similar compounds; and 3) a hydrochloric acid
extraction to remove organic bases. The residue from this
series of extractions was termed the neutral fraction and would
be expected to contain the aromatic hydrocarhons and other
compounds lacking marked acidic or basic properties.

A Particulate Emission Model

The results for 26 burns with oak and pine are collected in
Table I. The draft setting for the JotulLstove is defined as the
fraction of the distance between the fully closed and wide open
position of the rotating sector draft control. The fuel load is
the amount of wood added at the start of the hurn. The
emission factor is represented as the grams of particulate
matter collected per kilogram of fuel. For those burns recorded
as <Y draft, the draft was varied between ¥, draft and ! draft
in order to maintain a stable fire.

It may be seen that there is considerable variation in the

" emission factor even in a series of burns which have the same

draft setting and similar fuel loads. It seems likely that much
of this variation results from differences in fuel geometry and
whether or not ignition occurs quickly following addition of
the fuel. It is also likely that the same variations occur in
residential heating units.

A number of attempts have heen made (o relate the emis-
sion factor, K, to eusily determined parameters which define
the manner in which the stove is operated. The parameters
chosen here are the initial fuel load. m (wet weight in kg); and
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Emission

% Fuel load Lengthof factor

Stove  Wood moisture Draft  (kg)  burn (hr) (g/kg)
B¢ Jotul  Osk 238 1 215 1.72 1331 -
1% Jotui Osk - 238 1 2.66 0.67 231
tTiotul  Oak 238 b 278 1.55 940 -
e Jowl Oak 238 % 318 1.56 521 ¢
$7Jdotul  Osk 238 Y am 1.42 10.39 -
et  Jotul Ok 238 Yo 268 1.23 10.14 °

$3 Jotul Ok 238 Yo 269 1.77 8.24

TV Jotul Oak 238 Yy 227 1.06 8.75

Mo Jotul Osk 228 Y, 1.42 0.48 2.48

1% Jotul  Oak 228 Yo 340 1.38 3.36

Tdotul  Oak 228 Y 128 0.62 252
180 " Jotul  Oak 198 - Y, 0.4 0.26 1.82¢
(7 Jowl  Oak 8.7 Y, 269 0.87 4.85 -
il Jotul  Oak 8.7 Y 122 0.65 490
(19 Jotui Osk 8.7 Yy 1.05 0.45 1.7 -

169  Jotul  Osk 8.7 “Woamn 1.10 10.87

31 Jotul Oak 238 <Y 207 1.70 15.72

[} ] Jotul Oak 23.8 <Y, 2.01 1.95 24.35

1S Jowl Osk 238 <Y, 1.67 1.80 12.82

(45 BN T Pine 424 Y% 204 0.98 1037
T dotui Pine 424 Y 12 1.40 10.79 -

32 otul Pine  42.4 <Y, 1.67 1.33 18.52

97 Jotul  Pine 424 <Y, 1.50 1.52 15.33

¢ otul Pine 424 <Y 138 0.73 9.60

13 Liteway Oak 228 LI ] 1.52 11.85

(3% Riteway Pine 424 ¢ 4.10 .20 11.26

Table . Total particulate emission factors.

“ These figures are averages for a burn in which ;.94 kg of fuel, divided
into eight portions, was burned in 2.05 hours.

b These figures are for a burn in which the thermastat setting
remained fixed and 15.71 kg of fuel, in three portions, was burned in
4.58 hours.

¢ Thene figures are averages for a burn in which the thermastat setting
remained fixed and 12.30 kg of fuel, in three portions, was burned in
3.59 hours. '

the average combustion rate, ¢ (Btu/hr). The combustion rate
is defined here as the heat of combustion of the load of fuel
(the low value, corrected for moisture) divided by the length
of the burn. The heat of combustion is taken to be 17,970 -
203 X P in Btu/kg, where P is the percentage moisture.

The simple relationship £ = A + B(m/q) accounts for much
of the variation of the emission factor with fuel load and draft
setting. The least square line for the data in Table I is shown
in Figure 4. The points in this figure are coded so the rela-
tionships of oak to pine and Jotul to Riteway stove may be
compared. The negative value for A should amplify the im-
portance of not using this model outside the range represented

= ' 4
a Qak,~ 20% moisture, Jotul
o Cak, ~ 9% maisture, Jotul
20} ® Osk, Riteway Cd
A Pine, Jowl a
4 Pine, Ritaway
15t E=~1.18+10.73m/g ?
r=+0.80
-
3 104
w
13 I p
/ o
a tg
o ,
-5 . i " A
0 0.2 0.4 0.8 08 1.0 1.2 1.4
{kg} )
M/Q | wme——
N ( 10° Btu/hr

Figure 4. Emiasion facior as a function of maq.
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by the data. In this regard it should be noted that the regres-
sion line was obtained by assigning unit weights to the points
for the 0.49 kg load in the Jotul and the two burns for the
Riteway stove even though these points represent ave

for more than one charge of wood. In particular, increasing the
weight of the 0.49 kg load point (which has the lowest value
of m/q in Figure 4) brings the value of A closer to zero. It may
be seen that the model represents fairly well the emission
factor for oak and pine; dry and wet wood; Jotul and Riteway
stove. The data from the preliminary study are also consistent
with this model.

The variable m/q was chosen as the independent variable
in the regression analysis because it should be related to the
inverse of the bulk fuel temperature. The emission factor was
also regressed against several other functions of m and q.
These analyses yielded correlation coefficients similar to or
less than the value obtained for the m/q regression, +0.80. The
regression of £ against 1/q gave a correlation coefficient of
+0.78 when only the Jotul stove data were used but these re-
sults did not accommodate the data from the larger Riteway
stove nearly as well as the m/q regression. m/q is directly re-
lated to the length of the burn, for a given fuel moisture con-
tent, and the uncertainty in Lhis parameter is the same as the
uncertainty in the length of the hurn.

The data from this study and the earlier work were also
segregated by fuel type (pine and oak) and treated by separate
regression analyses. These gave the following results: E(pine)
= 4.18 + 6.88(m/q). r = 0.52 (N = 17); E(vak) = -2.2] +
11.41(m/q), r = 0.83 (N = 47). The dimensions of m and q are

Tabie Il. Benzene-extractable particulate matter.

Burn # 1 2 3 4 5
Fuel Oak  Oak Osk Oak  Pine
% H,0 23.8 23.8 8.7 2.8 424
Draft FulD %D YD YD YD
Fuel 266 3.8 L22 201 204
charge (kg)

Total particulate 6.16 16.5 5.97 49.0 21.2
matter (g)

Benzene-extractable 291 928 251 326 128
particulate matter (g) )

the same here as in Figure 4: kg and 10*Btu/hr. The difference
between oak and pine is not large and must be checked by
further measurements.

The data from this work and our earlier work indicates that )
the combustion of very dry wood at low draft settings occa-
sionally leads to higher-than-expected emission factors. This
is consistent with observations by Shelton? of reduced com-
bustion efficiencies when very dry wood is burned in small
stoves.

Benzene Extracts

Over 50 filters from 5 burns in a Jotul #602 stove which
covered a range of burning conditions and fuel types were
selected for extraction with benzene. Using the weight of
material extracted from the filters, the rate of emission of
henzene extractables was determined as a function of time
during the burn. This rate of emission of extractables was then
integrated over the period of the burn in the same manner as
has been done for the total particulate mass. This gave the
total amount of benzene-extractables emitted during the burn,
which could be compared with the total mass emitted and to
the amount of fuel burned. These numbers are collected in
Tabile II for the 5 burns analyzed here.

As may be seen in Table II, there is a tendency for the burns
with larger emission factors to also have a larger fraction of
benzene-extractables. This may result from the increased
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importance of pyrolysis for the slower, air-poor burns. Also,
the only run with very dry fuel yielded the lowest value for
percentage of benzene-extractables.

In order to examine the role of pyroulysis further, the fraction
of benzene extractable material was examined during the
course of each of these 5 burns. These numbers are collected
in Table III as a function of the approximate time into the
burn. (Although a more exact time was used in all calculations
of emission factors, an approximate time is used in this table
to permit a simple tabulation of the data.) It may be seen that
there is a general trend for the fraction of the extractables to
decrease during the course of a burn. Burn # 4, which is the
most air-poor of these burns, is a notable exception; the
fraction of benzene-extractables is quite high and fairly con-
stant for this burn.

of -carbon monoxide, gaseous hydrocarbons, and particulate
matter resulting from the combustion of pine needles under
open burning conditions. Prakash and Murray? demonstrated
that emissions of carbon monoxide, hydrocarbons, and par-
ticulate matter from the controlled combustion of wood waste
were strongly temperature-dependent for combustion zone
temperatures less than 600°C.

The estimation of the worst case ambient particulate matter
contribution from wood smoke is subject to several uncer-
tainties which can only be resolved by examining how stoves
are used. First, emission rates may not be obtained from a
casual use of emission factors and fuel use rates. Rather, the
rates depend on whether the stove operator refuels frequently
with small loads (operating at smaller values of m/q) or enjoys
the convenience of longer refuel times (larger fuel charges and

Table ITl. Percentage benzene-extractabie of total emissions.
Approximate
time (min) Burn 1 2 3 4 5
2 54.1 599 41.0 67.9 61.6
5 H2.5 65.5 44.3 69.] 62.8
8 50.5 61.5 47.5 649
10 304 38.9 69.8 64.2
13 40.5 62.5
16 38.5 64.2 3.5 2.7
20 18.5 h9.4 AR.0 56.4
25 0.1 54 29.6 67.4 49.4
S0 0.7 6.8 17.8 70.2 Y
35 End 54.0 End 67.6
40 50.8
45 40.6 68.0
50 55.4
55 28.3 53.8 End
65 22.4 59.8
80 315 65.8
90 22.6 66.9
100 nd 68.5
110 725

The benzene extracts from the four burns with oak were
placed into groups according to whether they were collected
early in the burn (near the maximum of the emission rate), late
in the burn (where mostly coals remained), or were collected
at an intermediate time. Compusite samples were then formed
from these extracts and subjected Lo acid-bane extractions.

No significant variation of the relalive amounts of the four
fractions from the acid-base extractions were seen when
comparing the four burns or when comparing different phases
of a single burn. The averages for all acid base extractions are
shown in Table IV. The are the ratio of each acid
base fraction to the sum of weights of all acid base fractions.
The figure may misrepresent the composition if the small
transfer losses were not distributed proportionately over the
four fractions. :

Table IV. Average compasition of the acid-base
fractions of the benzene extractables.

Carboxylic acid fraction 15%

Phenol fraction 40%

Neutral fraction 45%

Organic base fraction ~1%
Discussion

The near-zero value of the intercept in the emission factor
model means that the emission factor is approximately in-
versely related to the combustion rate for a constant fuel load.
Sandberg® obtained a similar result for the emission factors

July 1979 Volume 29, No. 7

" larger values of m/q). Emission rates will also depend vn the

fuel moisture content (a higher moisture content will increase
m/q for a given draft setting). As a second major area of un-
certainty, there is little data available on the way in which
wood dispiaces oil and what the potential for wood use might
he. It hus been assumed here that displacement of vil by wood
occurs on a Btu equivalent basis (with a small correction for
differences in combustion efficiencies), but there are at least
two reasons why homeowners may get by with fewer wood Btu
equivalents. The stand-by requirements for oil-fired furnaces
are usually larger than those for wood stoves and small woud
stoves may also be more efficient in delivering heat to the
point of need. -

The ohservation that £ is nearly proportional to m/q, given
certain other assumptions, leads to an interesting conclusion
about emission rates. If the stove user maintains a constant
value of m and varies q with the heating demand by control-
ling the draft, the emission rate will be nearly independent of
the heating demand. During times of high demand the fuel use
rate will be high and the emission factor low; during times of
low demand the emission factor will be high and the fuel use
rate low. )

An estimate of worst case ambient particulate concentra-
tions was made using meteorological factors similar to those
used earlier.* (Wind speed was taken to be 1.6 m/s: the wind
direction was uniformly distributed aver a 90° sector: atino-
spheric stability was distributed as 15 hr of F stability und 9
hr of C stability.) The emission data were 4.72 kg/hr/residence
of 20% moisture oak with a refuel time of 1 hr. This gave an
emission rate of 7.9 mg/s/residence. It may be shown that
worst case 24 hr average ambient concentrations of up to 100
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#/m? may be expected Tor wood smoke particulates for o
housing density of 400 50 residences/km” spreasd over 4 kin®
or more if the entire heating load is carried by wood.

Qualitative analyses of the chemical constituents of wood
smoke have been the subject of many studies by others be-
cause of its importance to food processing.' Most of these
studies produce wood smoke by heating sawdust in controlled
smoke generators and are not felt to be directly applicable to
wood stove emissions. Gerstle and Kemnitz!! reported that
65% of the mass of particulate matter from the open burning
of lawn and tree trimmings was soluble in benzene, a resuit
consistent with Lhe range 42-67% reported here. Further work
is needed to resolve the chemical species present in the par-
ticulate matter. Polycyclic aromatic hydrocarbons may be
expected to occur in the neutral fraction of the henzene ex-
tractables. The present data suggest that emission factors for
these compounds will increase as m/q increases.
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A Preliminary Study of Particulate Emissions from

Residential space heating in the north-
ern New England states is largelv ob-
tained from the use of # 2 fuel oil at the
present time. The increasing cost of #£2
uil coupled with the general availability
of wood in this area has led many people
to augment their oil heating svsiems
with small wood stoves.

An attempt to survey the impact of
wood combustion for space heating on
ambient air quality indicated very (ew
emission factors relevant 10 the types of

heating systems in common use in

northern New England.

This note reports on preliminary
studies of particulate matter emission
factors made on twu types of stoves.
These factors are then combined with
simple models for fuel use and area
source dispersion to obtain estimates for
ambient levels of particulate matter
under conditions of high heating de-

Experimental Method

Two stoves were tested: a Model 602
Jotul. and a Model 2 Franklin. The Jotul
is an air-tight cast iron stove manufac-
tured in Norway. It has a flue gas baffle
and draft regulator which are designed
to achieve high combustion efficiencies
while minimizing excess air. The
Franklin stove is cast iron and made by
the Portiand Stove Foundry. Portland,
ME. This stove has front doors which
may be opened to simulate a firepiace or

Small Wood Stoves -
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Samuel S. Bulcher and Douglas |. Buckiey

Bowdoin College. Brunswick, Maine
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closed to reduce excess air and increase
its heating efficiency. The Franklin
stwve was operated with the front door
clused for these experiments.

The flue system cunsisted of 22.7 ft of
6 in. steel stovepipe. The low flue gas
velocities expected for woud-stoves
would appear Lo make the determina-
tion of emission rates by conventional
stack sampling techniques very difficuit.
The sampling method used for these
studies consisted of collecting all stack
emissions for selected time intervals
with a high volume sampler. For this
purpose a 4 ft diameter sheet metai
cone. connécted to the high volume
sampler. was positioned over the flue in
a wav which minimized the effect of the
high volume sampler on the operation of
the stove while maximizing the collec-
tion of particulate matter. The high
volume sampiers were operated st flow
rates ranging from 40100 {t*/min. The
maximum volume flow rate through the
flue was estimated to be 25 ft-/min, as-
suming 504 excess air. Very littie smoke
joss was observed for the runs included
in this report.

Each run was conducted by placing a
weighed charge of wood (1-3 kg in 2-5
pieces) on a bed of coals. The particulate
matter was then collected on a series of
8 X 10 in. glass fiber filters. The run was
allowed to continue with s constant
draft setting until the amount of coals
remaining in the stove was judged to be
equali to the amount at the start of the

run. The sampling times for individual
fiiters ranged from 30 sec to 5 min, with
most of the sampling times falling in the
1-2 min range. An average of eight filters
were used for each run.

The filters were left in a desiccator for
24 hr and then reweighed. The total
amount of particulate matter emitted
during the run was determined by inte-
graung s graph of emission rate (g/min)
as a iunction of time (min) by the trap-
ezoidal method.

Three types of wood were used in this

study: eastern white pine (Pinus stro-
bus). red oak (Quercus rubra); and
white birch (Betula papyrifera). Most
of the wood used had been cut in 14 in.
lengths. split. and stored outdoors for at
least 5 monthsx before it was brought into
the building. The moisture content de-
termined by cutting small blocks from
this wood and drying at 100°C for 24 hr
ranged from 7-11%. While this value is
subject (o large sampling errors, the
wood used is felt to have a moisture
content typical of that generally used for
fuel.

Experimental Resulls

The emission factors g (particulate
matter)/kg (wood) showed a great deal
of variation from one run to another. It
is quite likely that much of this scatter
results from variations in burning con-

- ditions from one run to another, rather

than random errors in measurement. In
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the only run not included in Table I. oak
wood at full draft in the Jotul stove
smoldered for 11 min before igniting.
The emission rates were very large dur-
ing the smoldering stage and the overall
emission factor was 10.4 g/kg. nearlv 10
times the values for the other two runs
at this draft setting. It seems reasonabie
to expect that the same sort of variation
in burning conditions occurs in home
stoves and that the average of a signifi-
cant number of runs will simulate
emissions from a large number of stoves.

Table . Summary of emission factors.

ter collected. This factor will contribute
a small svstematic error to the results in
Table . which were calculated without
this extra drving.

Effect on Ambient Air Quality

In order to ubtain an estimate of the
effect of widespread wood hurning on air
quality, the meteorological and home
heating factors outlined in Table [l were
used.

The vil consumption figure, 1050

Emission factor (g/kg)

Dnaft Number
Stove Wood setting of runs Ave, Std. Dev. Range
Joeul Pine 1/2 open 6 4.5 1.0 2.9-5.6
Jotul Pine 1/4 open 5 i0 8 4.5-25
Jotul Oak 1/2 open 6 1.7 0.9 0.7-2.8
Joeul Oak Open 2 .17 0.01 1.16-1.18
Jorul Birch 1/2 open 2 2.3 1.7 L.1-3.5
Franklin Qak a 15 2.8 1.0 1.2-4.4
Franklin v. dry Oak 4 3 1.02 0.10 0.91-1.08

3 The small draft adjustments were altered for the Franklin stove, but no significant vanations

of the emission factor were observed as a tun

ction of the dratt sctting. This probably resuits

from the large amount of air able to ieak in around the doors of the Franklin stove indepen-

dently of the draft setting.

The average emission factor. standard
deviation uf the sample. range of values.
and number of runs are reported tor
each burning condition in Table I.

Seurces of Error ’

The decision of just when the wood
has burned down to an amount of coals
equivalent to that present at the start of
the burn can be uncertain by perhaps 10
min in a burn which lasts typicailv 40
min. The contribution of this' uncer-
tainty to the emission factor is probably
very small, however, since oniy a small
fraction of the total particulate matter
emitted is released in the final 10 min of
the burn. During the final stage of the
burn only charcoal remains and the
emission rate is typicslly 0.03 g/min.
compared with 0.5 g/min during the
open flame active pyrolysis stage. The
relative error cuntributed by judging the
end of the burn is estimated to be about
10%.

Particulate matter cullected on a filter
at a fairly low temperature close to the
flue can he expected to include mea-
surable amounts of cundensible vapors
which would not he present in the con-
densed state farther from the stack. The
dirty filters in eleven of the runs in
which oak was burned were dried at

* 50°C for 24 hours immediately atter the

post sampling weighing. The average
weight loas for each run was 4.4 ¢ rnye
L.1-12.5%) of the total particulate mat-
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gal/vr, is the average of 242 noncom-
mercial and apparently nonseasonal
customers of a localoil distributor. This
figure includes a number of mobile
homes and is less than the estimated
requirement of 1200 gal/yr for the av-
erage single-family house.' The figures
chosen for emission factors are felt to
represent most closely actual operating
stoves. Average temperature and wind
speed were evaluated for the period |
Oct 1975 to 30 Apr 1976, All fuel use was
assumed to occur within this period.
Values of the dispersion parameter
cu/Q, where c is the concentration in
2/m. u the wind speed in m/sec. and ¢
the area emission rate in g/m-sec, range
from 27 to 143 for neutral stability. de-
pending on the dispersion model chosen.

- Turner’s workbook- vields a value ot 27

tor cu/Q if one assumes a stack height of
10 m and an initial value for o. ot 30 m.
The model of Sharma: vields a value of
56 for cu/Q for neutral stability if a
surface roughness of 1.0 m is used. The
simple model proposed hy Hanna'! gives
the value 143 tor cu/Q for neutral sta-
hility.

The maximum concentration of par-
ticulate matter may he estimated for
very cold davs (average temperature
4°F) using the figures given above and
assuming that wood completely replaces
oil. The use of pine leads to a value or
UM uge/m, while that tor ok is 19 we/m-.
‘T'hese figures represent expected max-
ima and not 24 hr averages.

Discussion

The figures for emission factors in
‘Table [ tall roughly in the range indi-
cated by E.P.A.% for wood and hark
waste combustion in boilers 12.5-7.5
8/kg) and are considerably below the
figure of 15 g/kg cited by Feldstein® for
fireplaces.

The dependence of the emission fac-
tor on draft setting shows an increase in
the emission factor as the available air
is reduced. [t is likelv that many people
operate stoves with smaller draft set-
tings than have been used in these
studies and that emission factors of
stoves in actual use will be greater than
those in Table L.

The numbers presented here suggest
that emission factors for wood stoves are
large enough to lead to an air pollution
problem in communities where wood
may carry a substantial fraction ot the
space heating load. Much more research
on the relationship between emission
factor. stove design and operating mode.
and wood type needs to be pertormed.
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‘Table {1, Meteorolowicai and home
heating tactors,

(] fuinacey
kiticiency 85%
1l consumption 1050 aifvr
teat of combustion 140.000 By, vui
Wond stoves
Efriciency 50%
leat of combustions
Oak 7180 Bru/lb
Pinc 7960 Btu/ib
Enussion tactor
Oak 1.7 gke
Pine 10 kg
Community density and size
Uensity 2 umitstfacre 14.94 ¥ 10~
antsime)
Size 2 kmbv 2 km
Climauc and dispersion lactors
Average temperatured 34°F
Coldest 5% of the davs w4 F
Dispersion parameter o Q=70
Wind speedd 4 m/sec

A Eae i Handbouk, ed, R, D. Forbes,
Runaie Press, New York, 1961. Ch. 22,

o I8,

P Loeal eclimatolowical data for Porttand,
Maumne.” NOAA Environmentad Data Nervice,

- US. Dept.- of Commerce.
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Venturi scrubbers are used extensively for the collection of
small particles. The maior limitation on their use is that thev
have high pressure drops which result in high operating costs.
With u better understanding of the fundamentals of the op-
eration of this type of scrubber, the pressure drop could be
uptimized for a given level of particle collection.

Nomencisture
Con = drag coefficient, dimensionless
d = diameter, cm :

g = conversion factor

{ = throat length, cm

b = pressure, dyne/cm?

G = volumetric flow rate, cm3/sec
u = velocity, cm/sec

x = 3:Chipc;, 16dgpy + 1

z = axial coordinate, em

Greek .

P = surface tension, dyne/cm

n = demity. (/cm“

“ = viscusity, poise

Subscripts

d = liquid drop

G = gas

L = liquid ’

1.2 = throat entrance and exit, respectively

Dimensionless numbers
N, = Reynolds number based on drup diameter

The pressure drop for gas flowing through a venturi
scrubber is due 10 the friction loss along the wall of the
scrubber and the acceleration of liquid drops. Friction loss
depends largely upon the geometry of the scrubber. Acceler-
ation lusses. which are frequently predominant in the venturi
scrubber pressure drop. are (airly insensitive to scrubber ge-
ometry and in most cases can be predicted theoretically.

Currentiy. there are several correlations available, both
theoretical and experimental. for the prediction of
drop in a venturi scrubber. Correlations by Matrozov,! Ya.
mauchi. et al..* Volgin, et al.," Gleason, et al.,* and Hesketh?
are experimental correlations. Matrozov's correlations and
Volgin's correlation were obtained mainly on small size venturi
scrubbers. Yamauchi's correlation was based on experimental
data taken from a venturi scrubber with high temperature gas
flow (100°-90°C). Hesketh's correlation is an experimental
currelation he obtained after he had evaluated data obtained
from many fixed throst venturi scrubbers.

Equations propased by Yoshida. et al. 87 Calvert,® Tohata,
et al.* Boll." Behie and Beeckmans!! are theoretical corre-
lations. All of the equations were derived from the equations
of motion and momentum balance. Geiseke's equation sc-
counts for the mass transter between liquid and gas. Boll’s

equation'" is similar to that of Geiseke's except Boll had ne-

glected the mass transfer hetween phases. Equations by To-
hata. et al.* Yoshida. et al.5* and Bol!® cuntain terms at-
tributed to wall friction. While Tohata, et al..? and Yoshida,
et al.."* have used different values for the friction factors in
the convergent, throat and divergent sections, Boll'® sugpested
a single value, 0.027, for all sections.

Of all the equations, Calvert’s equation? is the essiest to
apply. Calvert derived his equation by use of Newton's law and
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APPENDIX F
COMPARISON OF PARTICULATE TEST PROGRAMS
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