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ACRICULTURAL PURNING ABSTRACT

This project was initiated to obtain information on the effect of atmospheric
conditions, residue management and fire manageﬁént techniques on particulate, .
nydrocarbon, and carbon monoxide emissions from open field burning. Burns were
conducted with cercal grains such as wheat, rice, and barley; asparaqus fern
and orchard prunings. Hany burns were conducted in the field and laboratory
simulations of field turns were done at the SAPRC burning towar. Both laboratory
and field data agfeed that moisture content of fine fuel residues was the most
significant factor iafluencing emission levels. At higher moisture contents
particulate emissicns can be reduced by Tighting the fiéld only on the down wind
edges {backfiring) or using an into-the-wind striplighting technique. Particulates
were analyzed for size distribution and percent fraction soluble in chlorofor.
Residue drying rates were measured to aid in predicting when a particuiar residue
would te dry encugh to burn. Costs of various fire management procedures were
determined and cultural recommendations to reduce emissions are given.

FOREST BURHING ABSTRACT

A1l of the experimental work in the forest burning ocrtion of the project
ias yet to be.completed. Emissions from forest fuels collected at Whitiker‘s
the Sierras are still being determirad from fuel beds prepared two
years ago. The report of the field fuel management study has been prepared
by the Berkeley group, but since the emissions portion is not yet ccmplete,

it seems better to sutmit the complete forest fuels portiaon at a later date
as a supplement to the present report.

This report was submitted in fulfillment of ARB Project Ho. 2-017‘]_ahd
ARB 2113 by the University of California at Davis. (Principal Investigator:
Ellis F. Darley, Co-investigators: George E. Miller, Jr., John Goss, Harold
Biswell) under the partial sponsorship of the California Air Resources Board -

“ﬂﬂrk was completed as of April 30, 1974.

The statements and conclusions in this report are those of the contractor
and not necessarily those of the California Air Resources Board. The menticn
of coumercial products, their source or their connection with material reported

herein is not to be construed as either an actual or implied endorsement of
such products,
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concLYSIOoNS

fanagement of fuels, fire, and timing of burning agricultural residues can

be effective tools in minimizing emissions from agricultural turning. \lnile
all field conditions and residues have not been evaluated, a representative

aumber have been and the resuits and obscrvations developed are as follows:

1. Noisture content of fine fuels [cereal straw and stubble, fine portions

of asparagus fern (< 1/4" diemeter), leafy portions and small stems (< 174"
diameter) on orchard prunings, wildland grasses, etc.] is the main factor
affecting the level of emissions from agricultural burning. When the moisture
content of these fuels is increased above 129 weot basis, there is a definite
_increase in emissions af:. narticulate matter, hydrocarbons, and carbon
monoxide. In coarser fuels (large orchard prunings, limbs, and stumps)

that purﬁ slowly, the moisture content does not appear to be a largs factor
until it reaches 30-35% or more wet basis.

2. Backf1r°s cenerally produce about one-half as much particulate emissions

as headf1res bu* bzckr1res do no; seem to provide much 1T any, reduction in

e B

hydrocar on or G _enissions. The reduc;1cn> in.particulate en15>1ons in

bac?f[re burns occur largely when the moisture content of the fine fuels

eXCEEdE\Izb;_ The sTowsr burning Backfire develops more complote combustion

of the volatile organic aerosols which are produced in close proximity to

the fire. In the backfire these combustibles are carried into the flame area
and consumed. In the headfires these aerosols are also produced on the
upwind side of the fire but the flame is moving away from the aerosols and
there is essentially no potential for combustion of this airborne material.
Other factors that affect combustion and may enhance the quality of burn

in a backfire are: longer flame-fuel contact period which can aid in
preheating and predrying the fuel, and greater potential for oxygen supply.
o attempt has been made to isolate or evaluate the individual effects cof
these factors. The overall benefits of backfiring are attributed to the
conbination of these factors and possibly others not recognized in theze
studies. There may be a reduction of cmissions in backfires at less than
124 moisture content (wet basis), but the data are so we]] grouped at this
point and the differences so small that it .could not be detected within the
precision levels 'of our instrunientation. In-fact, data from rice straw,
barley straw, and wheat stray for all management methods of fire and fuel ™
are grouped well together at moisture levels bglou IZN(wot basis) excecpt P"c
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buirns which Jenarally produced the loviest levels of emissions, Bq;kfifes

———— -

also typiééif}_g}bduce &bch less dense plumes than headtires.  This is
f;fgcly_dﬁc‘to gréatér“diiutioquith‘a slower rate of fuel consumption ang
partially due to the reducedwcmigsions in Eg/iT (1b per ton). This

effect 5s.most noticeable at higher mojsture contents, but the presence

of visible white sinoke even at very low moisture content makes the headfjre
appear to have higher erissions even if they cannot be detected in ri2asurements .
The less ggqgg_p]ume of tha backfire is of definite advantage even on dry

fuels when burning in close proxXimity to airports, highuays, or highly
-Edpulated areas.

- 3. The SAPRC burning tower Studies of particulate matter emissions

from rice stray residues showed a significant decrease in particulate
emissions with increaseqd ruel loading [Kg/m2(1bs/Ft2)]. This phenomenon
was also observed ip Some rice field burn trials and a few pile burns of
rice straw and barley straw that vere measured. However, not enough field
trials were Conducted tg obtain statistical significance for this factor
and the effect i relatively small Compared to those jtems reviewad in
paragraph 1 and Paragraph 2.

There is alsg 3 Contradiction to this in the SAPRC Trials on barley and
wheat straw at g Kg(2 1b) and 2.7 Kg(6 1b) per 1.2 m x 2.4 m(4 7t x 8 ft)
tray. On these residucs the higher fuel loading levels produced higher
emission levels, Further studies Will have to be done to clarify this point.
Higher fuel Toadings wiij aid in producing'greater flame residence timg
and theoretically should inpreve combustion but it did not work out this way
In this ope set of trials.

Hydrocarbon emissions were also inversely related to fuel (residue)
Toading, Carbon monoxide emissions showed no effect frem residue loading.

4. At the SAPRC burning tower Studies of rice residue burns, absolute
humidity appeared as 3 5ignificant variable affecting hydrocarbon emissions.,

In field studies humidity was so correlated to fuel moistyre content that

No separate relationship could be detected.

T e
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Heasured variables that showed no statistically sianificant effact in field
trials vere: lapse, windspeed, rate of burn, ambient temperature, and relative
humidity. This does not mean that these variables do_not‘produce effects. Ip
fact, with some variables it seems reasonable to expect that they do have sone
effect, it just could not be measured with these tests. For examnle, bulk
density of fuels appears to be a factor. Very low densities such as Russian

-thistle produce high enission levels and tightly cempacted residues also produce

similar results. It is also expected that relationships exist between rate of
burn, rate of fuel coasumption, or windspeed and particulate emissions. Ope
of the problems in field trials was not being able to get a wide enough range
of conditions to Tully evaluate certain factors. !lormal weather conditions often
Provided a repetition of results of previous tests. This was not fully recognizad
until data was analyzed. This problem generally occurred when the moisture
content was less than 129, It was for this reason that additional tests were
scheduled and performad at the SAPRC burning tower at Riverside so that
controlled variation over a wide range. in specific variables, such as moisture
Content, could be intraduced. The result of these simulations has been good and
it appezrs that furthar tests of the effects of fual and fire management should
be canducted at a burning tower or in a wind tuanel to better define effects
of these variables, - '

Since moisture content was found to be a dominant variable affecting all
measured emissions, preliminary studies were mada to determine moisture leve]

patterns in scme residues ip the field. These preliminary studies revealed sub-

‘Stantial diurpal variations and different drying characteristics for spread

strav than for stray left in windrous. From these data and other information
available it is apparent that spreading green or wet straw exposes it to the

maximun available solar radiation and convective drying. This is the most effective
means of reducing the moisture content during the drying periods of clear days.

The increased exposure is beneficial during clear daytime periods but has a

negative effect on drying when night time high humidity and dew formation

. Teverses the drying process. Thus, in the early morning hours spread straw will

have a larger Guantity of dey or moisture associated with it than will straw in

. windrows and the apparent* moisture content will be higher. This quantity of

water that can become ré-associated with the residue and can be substantial under

————e

Apparent mois@ure'content is used in this case to reflect the total moisture
surface and tnternal) tnat i associated with the straw at-any given time.

S STETRT et e g — e
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heavy dew conditions but it 1s largely surface moisture and is readily removed

on a clear day by solar radiation and convective drying. Usually by 11 a.m. or
When the relative humidity reaches 50% or lass, spread straw on standing

Stubble will be 12¢ or less noisture x<ontent, Hindré@ed straw may not reach that
" Moisture level until later in tie day or even several days later depending

on tha initial moisture level in the morning. All of which indicates that
spreading residues and waiting until they are down to 125 moisture or less {s a
method that can be generally utilized with reasonably low expense and little
inconvience to produce minimum emissions. _

Particle size distribution of emissions were determined on a number of field
and SAPRC laboratory burns. These studies revealed that mass median diameter
levels from the line fire burns monitored (headfire, backfire, sidefire) were
in the submicron range. This'{Hdicates that the majority of the particles would
remain in the atmosphere for extended periods of time unless altered by:
evaporation, growth through agglomeration and subsequent fgl]out, precipitation,
or through chemicé] or photcchemical reaction with other pollutants. Particles
from .4y to 6y significantly affect visibility, but only 20-50% (with an average
of 30%) are in this range. Therefore, only 30% of the measured emissions affect
Visibility as measured in a fresh plume. Aged plumes may present a different
picture. With evaporation, aged plumes should show a lower percentage larger
than .4u. The only way to evaluate this would be to measure aged plumes with a
high-vol cascade irpactor for comparison. Very few particles (2-3%) were found
to be over 10y in line fires so Tittle fallout would result from line fire emissions.
This would not be true in peripheral lighted fires where fire whirls can carry
large arounts of ash, unburned residue, and soil particles hundreds of feet into
the atmosphere, '

Costs have been developed for different types of burning techniques for
field crops. There will be variations in these costs depending on many factors
but reasonable estimates for average conditions have been made for comparison

as follows: ~
Headfires $ .30-.48/ha ($.12-.19/ac) <
Backfires | $1.61/ha ($.65/ac) _ ]

Into-the-wind striplighting $ .62/ha ($.25/ac)

The many variables present in field monitorihg of Burns and the difficulties,
if not impossibi]ities, of making measurenments in-appropriate locations for sope
-ypes of opeﬁ burns makes it almost a nccessity to employ laboratory simulations.
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Staulaticns in the SAPRC burning tower heve compared favarably on many buras

to date and when the simulations are accomplished tha results siould be comparab]c:'
Another potential would be aircraft sempling with a hjgh'volume Cascade impactnr
fn aged plumes. An unkncwn factor would be the dispersion characteristics of tie
gases such as COZ' Ca, «C, compared to particulates. e have accepted Boubel's
theory that the gases and particulates will essentially disperse at the saime rate
and this appears to be approgriate for short time and distance comparisons.
The theory may have to be re-cvaluated for aged plume studies where photochemical
or cherical reactions may. be taking place. However, aged plume studies may be
the only way to examine some fires where the Intensity will not permit tihe type
of measuring cquipmient we were able to utilize. ' _

Orying characteristics vary with cfop residues and management methods.

[t is therefore di?Ficult to meke broad classifications that will adequately
cover the wide variety of Crop residues and conditions that exist in California.
The large quantities of certain crop residues that are burned has guided the
directicn of this.research and important information has been daveloped for
these residues. Mora detailed viork is needed on dr}ing characteristics in ordor
L0 cover more of the conditions that exist particularly in rice straw under the
wida variety of weather conditions that rmay be encountered auring that burning
season. \ , ’

Estimates were made of the number of days of drying required for a specific
agricultural fuel to be dry enough to burn with minimum emissions. Straw
Spread On standing stubble where it is not in contact with wet soil or water
will dry doun in one or two clear or mostly clear days. ‘Windrowed straw in contact
with wat soil may require 10 days or more of good drying weather. Asparagus
fern that has been severed with a rotary cutter wil] require 20-30 drying deys
ff 1t is a matyre heavy fern, .a young stand not so thick will require
less time to dry. It is difficult to aﬁcertain when asparagus fern that has been
Prepaered by knocking down with a roller or bar is dry enough to burn because
of the unknoun effect of soil moisture, the percent of connected stems and many

Other factors. Orchard prunings may require 10 to 30 days depending on the fire

MInagesent technique to pe employed. A single pile fire can be best utilized

by Picking up the Prunings on a brush rake, and continuously adding them to the fire.

This utilizes the heat of a pre-existing fire to dry, preheat, and gassify
corbustibles of subsequently applied prunings in the flaming zone of the fire.
v clean buen can then be obtained at relatively high moisture levels. Each fuol
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must te evaluated separately for its drying characteristics and its emission
Characteristics. A substantial start has been made in this subject.

[mission levels for crop residues vary with the crop and even under
optimum conditions of fire and fuel management. Particulate einissions for some
crops residues under reasonably good burning conditions are about as follows:

Kg/MT (1bs/ton)

1. Orchard prunings: citrus, almond,

peach, walnut, grape 2-4 (4-8)
2. Rice, barley, wheat 3-5 (6-10)
3. Russian Thistle 10-13  (20-26)
4. Asparagus _ 14-20  (23-40)

Fortunately, the quantities of the latter two residues burned are small compared
to the first two, but it might-be logical to consider Himiting the quantities
burned per day in a local area based on the potential emissions.

Hith careful selection of permissive burn periods, more attention to fuel

‘moistuyre content, proper selection of fire lighting techniquas, emissions from

agricultural burning can be minimized. Atmospheric visibility can be increased
and the local effacts of piumes on aesthetics, and ajr and land traffic can be
minimized. This Will require a cooperative effort by all concerned but it is
Possible. The amount of ilprovement that can be effected is unknown because much
of the current burning is being accomplishad under good conditions and growvers
dre becoming more awuare of the value of burning with a minimum of emissions.
Further research and educational programs will be needed to fully utilize the
information obtained so far. Some of the basic principles of emission production
have been related for fire and fuel management of agricuftura] residues. For

Specific €rops and conditions not covered by this study additional work may
be required. :
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From. these studies it has becore apparent that alT fuels should be burned
- after a suitable drying period following harvest or rain. Fine fuel moisturs
. appears to have a nore domtinant roll in erission control than coarse fuel
moisture. The fine fuels are more susceptible to diurnal moisture variations
and are responsive to the effects of rain or dew and humidity as well as solar
radiation and convective drying. In general, internal moisture must Le low
enough (on fine fuels less than 123 moisture content, on cozrse fuels less than
35%) and surface moiéture from dew or rain should not be present at the time
of burning. HMoisture levels can generally be related to the type and condition
of a specific residue, the time since harvest or appreciable rain anq the
atmospheric_condition of the previous &ay and night, together with current
corditions and time of day. Rainy days should probably not be burn days
. 'except under unusua] conditions".

General recommendations that apply to agricultural burning for minimizing
emissions are:

1. Burn on permissive burn days.

2. Burn when fine fuels (<1/4" dia.) have dried to 12% moisture contant or
less and all dey or other surface moisture has been dissipated,

3. Utilize line back fires and line side fires, and into-the-wind
striplight fires {with caution) whenever feasible, for field crops and
generally avoiding headfires or peripheral light fires except under

" conditions wiiere this type of fire is the only feasible means.

4. Utilize backfires near roads, airports and residential areas, where good\j
Tocal visibility and minimum particulate concentration are important.

5. Burn heavy fueis_such as orchard prunings after dew or other surface
moisture has been dissipated and when moisture content of the wood
is less than 359 vet basis. ‘Hhere practical, burn fuels by adding to
an existing fire to berefit from preheating and predrying of fuel with
énergy *n coals and flame,

6. Burning should generally begin at a time of day when relative humidity
in the_fie]d or at the site of the burn Has reached 505 or less. [n
Most areas examined this voyld generally be from 11 a.m. to 6 p.n.
Desert areas, and Coastal areas may be soievhat different and if SO,

( these times should be adjﬁsted accordingly. Under certain weather

regimes, such as north wind in the Sacravento Va]]ey; satisfactery

e
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burning conditicns may occur earlier in the rorning; if so, the times
can be adjusted. ‘hen fog occurs in coastal areas in the morning,
the relative bumidity may not reach 503 all day and if so the fuel

- should rot bLe burncd. There-will be other sgmiIar type conditions

T which may preclude the use of tine. llovever, if the residue has once

reached a satisfactory moisture level since harvest or the last rain

it should reach it again by 11 a.m. on the next clear day.

Specific Recermendations for Crops Examined

Cercal Crops fesidues - Spread straw behind the harvester to premote

drying following narvest and subseduent rain storms and on the daily

diurnal cycle of moisture content. Burn when the moisture content is 12% or
less and use backfire and sidefire, or into-the-wind striplignt lighting
techniques. Vehicle traffic in rice fields should be minimized to limit

fuel compaction which results in paor drying, poor coribustion, and high

., emission levels.. Raking windrowed or compacted straw can aid in drying if

moisture content is a problem. Striplighting should be done with caution

. with healthy persannel, good supervision, and 3 buddy system in the event
of incapacitation of a fire Tighter through injury, seizure, or other cause.
Wind changes can also be a problem and this system can best be used under
relatively steady wind conditions above 6 Kn/hre (4 @i/hr) up to possibly
19-24 Kn/hr (12-15 mi/hr). low levees in rice fields to promote fire
coverage of the entire field. Burn as soon as fuel {s sufficiently dry
after harvest to mininize emissicns. Green regrowth in rice and summer
weed growth in other crops increases average moisture content of the fuels
and increases emissions. If burning is accomplished soon after harvast
and. follows the same schedule so that fuels dc not accumuiate, burning
is spread over a longer period. Under these conditicns, daily cencentrations

of emissions from burning in an air basin can be minimized.

ﬁégéﬁggyg_ﬁggg - Rotary mow asparagus fern allowing three weeks to dry.

- Burn when fine fue) [< .3 cm (1/8") diamcter] is less than 123, Backfire
and sidefire or into-the-wind striplight with the same precautions as listed
under cereal crop residues. If material is not drying satisfactorily it
May be advantageous to rake and expose shaded wmaterial to solar radiation
and-convection drying. This has not been tested to date in asparagus fern

( and is not 3 recornendation but can be a valuable potential.
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Orchard Prunings - In those instances where it is feasible and practical

leave prunings in small piles or windrows in the orchard to dry to 359
moisture or less. Start a good fire with dry pruninés and ignition aids

such as dry ccllulose and some dicsel 0il, or som2 of the materials
manufactured for tiis purpose, when dew is dissipated or relative huridity
reaches 50%. Add prunings to the fire as fuel is consumed maintaining a
relatively steady state fire. Other similar methods or waiting until prunings
reach lower moisture levels can also bo utilized. If visible smoke is
mininized or non-existent fram this type of burn it is a good indicaticn

that gaseous emissions are also Tow,

Russian Thistle - Based upon the limited number of fires, it appears
that the material should be burned when dry and that green plants should
not be added to the fire becauge of the increase in hydrocarbon emissions.

Utilization of these recommendations should be 3 substantial aid in

T minimizing emissions frem agricultural burning of these residues which constitute

the majority'of contributions to air pollution from prescribed agricultural

burning. Further refinements can and undoubtedly will be deveioped for moisture

content predictions, and methods for emission reduction for various crop residues
but this study has developed important criteria than can be utilized nov.
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N "Sﬁubble is that portion of the plant not cut by’thc combine.

burn. (See figure 1). The platform contained the following instruments:

1. Gelman turricane high volume sampler
with 20 cm x 25 cm (8" x 10") type A
glass fiber fiiter,

2. Gelman Hurricane high volume sampler
with a six stage Heathermeasure high-
volume cascade particulate impactor.

3. Chromel-alume] thermocouples for measuring
temperatures at the platform and in
the fire,

4. CO2 gas sample intake.

A 37 meter (129 Teet) cable carried the terperature and gas information
to a four wheel drive instrument vehicle and supplied power to the sampling
€quipment (see figures 2& ). The instrument vehicle containad the following:

1. 2 strip chart recorders for temperature
recording.

2. A Beckman non-dispersive infra-red qas
analyser for C02 analysis and a strip‘
chart recorder.

Hind speed and-direction recording aparatus.,
Ambient air temperature and relative
humidity sensors. .
Prior to each coreal crop burn straw* -and stubble** quantity and moisture contant
samples vere taken along with stubble height measurements. After the burn,
unvurned straw and stubble quantity and moisture sanples were collected as well as
ash samples to determine ash quantity and carbon content. Rate of fleme
advance measurements were made on a number of the trials. Laboratory analysis
of field collections included: chioroform extraction of high volume particulate
samples using Soxhlet extraction apparatus; carbon content analysis of straw and
post burn ash using an induction oven, dry chemical CO2 absorption method; and
arr oven moisture content determinations of tha straw and stubble samples.
(See Appendix p for sample caiculations for particulates). Three residuec

i \

For trese trials strav and chaff are defined &5 the material cut by the corbine,
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Management techniques and six fire tlanagement techniques were studied in the
ficld trials. The strau vas left in windrows as it was dropped benhind the
harvester, spread uniformly over the stubble by a combipe stray spreader attach- |
ment or two rakewidths of spread straw vere raked tdgether after several davs

of drying. The six firo techniques were: lighting a single line fire perpendi-
cular to the wind on the leeward edge of the plot allowing the flame to progress
Anto the wind (backfire), ]ightihg the windward edge of the plot (headfire),
lighting the entire perimeter (peripheral light) on a calm day, spot'1ighting the
center of the plot oniy (center fire), lighting fields in strips into the wind

at 103-200 m (300-609 fect) intervals (into-the-wind striplignt) and lighting
approximately 400 kg(1000 1bs.) piles of strau (pile burns). ileadfires and
backfires were not monitored unless the windspeed was greater than 4 niles per
hour to avoid the difficulty of defining the fire type under tight and variable
winds. Despite this precaution, some fires changed type and this undoubtedly

contributed to some of the variability of field data results.

Generator — ] l
3 ‘1—! Telemetry
' 1 cabie
10" Sompling aeTeny
tower

el

T\

| Vaczuum
pump

CO2 intoke —— 4 - Stip chart_d_,,-——JG}—‘l
o recorders
L

Hivol

FCOZ Analyser

Hival impactor Soil thermocouple
‘ {L_ o1 m vP - EqQuipment vehicls
; Tower thermocouple Flome thermocouple
/
' /

Wind speed & direction —1

/

Air tempercture 8 relotive humidity recarder

Figure 1. Schematic of Field Sampling Equipment

The cost for open field burning df cereal grains analysis was based primarily
on the rate of flame advance for thé various fire management techniques.
several average sized fields, approximately 40 ha(100 ac) were burned to verify
the total time required to burn a field calculated on the basis of the plot

data. The ]érge'fié]d'trfals wbre also used to-evaluate the practicality of

the Proposed fipe and residye management techniques.,
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burning Tower Simulations

Experimental procedurcs for burning fuels and sampling emissions were
carricd out in an out-gf-doors burning tower and adjacent instrument builging,
The facility simulated opan buraing Lut channzlled the combustion produces |
S0 that representative samples of gas and particles could be taken. The tener
vas in the form of an inverted funnel 4.8 m(16 ft) in diameter at the base,
.decreasing to 71 em(23 in.) in a length of 6.1 m(20 ft) and topped with 4
stack 2.4 m(8 ft) in length. The tower had been erccted above a table 2.4 i
(8 ft) in diameter, which was positioned on a scale with a maximum capacity of
56 kg (125 1b). The sauiple site for gases, particu1ate, and for recording
temperature and airflow was in the stack about .6 m(2 ft) from the top. Stack
gases for analysis of total hydrocarton, €0, and COZ' were drawn through sariplo
Yines into the apprapriate analyzers in the instrument building to give a continuous
millivolt equivalent recording of concentrations. Taps on the gas sampling
'SYStem led to btottles which could be used to obtain greb samples at any dosired
time during a fire. Previous studies showed that 1ittle HOX is produced
in these tynes of fires, therefore it was not sampled in this set of burns . 9
Airflow was monitored with a 4-cup anemometer mounted in the stack. A shaft
€ncoder was positioned on the end of the anemometer shaft, Just ouside of tin
stack. The encbder generated a millivolt signal by making and breaking a 1.t
-beam through an §00-slot disc. One revolution of the shaft created $0Q pulscs,
and 3000 puises per second genarates the full-scale 50 nmv signa1; The maxiiu:
afrfiow encountered during the peak of the hottest fires was between 40-i5 v,
or-approximately 283 m3/min. (10,000 cfm). A transducer was adapted to Lhn actuating
mechanism of ‘the scale so that a change in weight generated a millivolt signal,
1 av is equivalent .to .45 kg (1°1b) and full: range is 50 mv.

A1l recording instruments were connected to a.data acquisition systom,
which in turn was. connected to the campus computer. ‘The -computer polled vach
‘recorder every 2.6 seconds and stored the millivolt -response of each fnstru. -t
‘on-tape or discs. A.comouter program had been written from which the yicid
of pollutants in kilograms per Metric Ton of Tuel burned could be calculatrl uving
‘the-data»collected.on.temperature, gas concentration, and airflov.

- Particulates were.collected isokinetically on standard Type A glass it
“filters held in.either one or two riodified HIVOL samplers positioned in scet.
inlthe sample Tine. and outside of..the tower. " The -approximately 2.5 ¢ {i")
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Drawing of tower used in burning straw. (A) Complete
unit showing relative position of fuel bed and sanpling
sites. ZBurning table is mounted on scales. (B) Detall
of instrumentation and prebes. at sampling site in stack
of tower. (C) Schematic rclationships of tower and
analytical instruments in shed ncxt to tewer.

Figure 4. SAPRC Burning Tower




diameter particuiate sarpling orifice in the stack was one of 2 pair of piorg-
meter rings, the exhaust side of which was Connected tg the sample line througn
the filter holders. The sample air flowed stauantially -intg tha sampling orifice'
and through the filter, a preunaticad ly controlled g}obe valve, and a constan:
Spead exhaust blower. The exhaust of the S€cond piezometer ring was open to the
atmosphere. The static pressure plenum of each ring was Connected with appro-
priate tubing to a preumatic controller located in tha instrument building. Tha
PRcumatic controller sénsed any pressure difference between the piezomater rings
resulting from airflowy rate differences through the rings, ang equalized the
Pressure (and thyus tpe airflow), by opening the giob@”va]ve. In a typical fire,
the blower was turned on prior tq gnition. Since there was no flow up thea
Stack, and thys M0 pressure difference between the piezometer rings, the controller
¥as already balanceq and the glote valve remained closed. As heat gererated ap
airflow through the stack and the Open-ended piezometer ring, a pressure
difference developed which immediate!y caused the controller to open the globe
valve unti] the pfcssure Was equalized. ‘This Of course, was a continuous
response and isokinatic sampling was achieved. The samole volume was calibratzd
at 1/776th of the tota] flow through the stack.

with'many agricultyral fuels, the wastes generated ar the end of each
growing seasop are gznerally locsely arranged on the ground, either freom
the harvesting process itself gp from'subsequent Spreading, raking, or piling.
It 1s thus less Critical as to how such fualg are collected and arfanged on
the burning table except to duplicate the range in fuel size and weight per
unit arca that one finds with a given crop, -

Fuel moisture 1S an important factor governing pollutant einissions,
Samples of fual are taken just before ignition and oven dried tq constant
weight at 105°C.  For fuels that are received green and/or fairly moist, fireg
are run at appropriate intervals as the fual dries naturally. there higher
moisture levels were studied with fuels that were received dry, calculated
amounts of water Were sprayed into the fuel contained in 3 large plastic bag.
The bag yas <ealed and tha contents allowed tg come to equilibrium.

. (5-50 Pounds ), depending on byl density] either in a pile and 1gnite from the

top or along the edge, or to Spread it uniformly in an inclined rectangular
T.2m x V.oa (40 6') tray and ignite along one 1.2m edge. A small proparne
torch was yeeg for ignition. Prior to ignition filters vere placed in the holders. .

‘and all qas analyzers and other instrumentation ¥ere turned on. The analyzers

e e e e e
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recorded the background lovels and indicated completion of the fire when

“foncentrations again return to backgreund. Ucather conditions, ambient

eperature, and relative liumidity were recorded. -

Size distribution was determined with the Brink 5-stage cascade impactor

. and the Heathermeasure cascade imvactor. Particulate morphology was examined by

.Iight and scanning electron miCroscany. )

With cascade impactors, particles were sized by their aerodynamic size
rather than thejr geometric size. The method accounted for the three major
aerodynamic factors gf size, shape, and mass density. With the Erink, calcula-
tion of particle size distributions was based on the generalized calibration curve
determined by Ranz ahd Hlong!2. The characteristic diameter for each stage
of the impactor was calculated fbllowing Brink's calculation!3. For the
Heathermeasure, particie cut-off sizes for each stage are determined by

-caleulations based on the theory developed by HMarplel. yith this impactor,

correction was made for a 1.4 m3/min. (50 cfm) flow and for both impactors a
Mass dens&ty of 0.9 g/cc was selected as a reasonable approxfmation.

Because the Brink impactor uses relatively low sample flow rates (3000 ml
per minute), it was difficult to obtain adaquate samples during the short

-burning period of most tower batch tvpe fires. Reliable samples were gbtainaed

from nearly steady-state fires by hand-feeding the fuel at a uniform rate
over a 20 minute period onto an existing fire. _
A specially designed glass cycione preceded the Crink impactor and a

" nuclepore membrana filter followed the last stage to provide an additional cut

point. The complete apparatus was mounted in a temperature controlled box as
described by Brink!3. Rather than use the sample cups as the collecting surface,
the bottom of the Cup of each stage was lined with a pre-weighed aluminun

foil disc held ip place with a retention ring. This modification reduced the
ratio between the weight of the collector and the weight of particles collected

.and also provided a medium for direct mounting on the specimen holder of the

electron microscope. The aluminum foil had been washed previously with
'N€C12/acetone, dried in an oven, and held in a dessicator prior to weighing.

The Veathermeasuro inpactor was used extensively with the batch fires
because of jts high flow rate (40-60 cfm). Several minutes of sampling providad

enough Particulate matter on each stage to pernmit gravimetric analysis. The

sarples were collected on glass fiber material so chloroform extraction could be

. P?ffOﬂﬂGd and a size distribution for both soluble and insoluble particulates

!
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could be obtained. The llcathermeasure impactor was also wuitable for micro-
scopic analysis with specially prepared aluminum foil used as the collection
surface instead of glass fiber filter material.
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= PART III. DISCUSSION OF RESULTS

CEREAL GRAINS
Field Burning Trialsl!s:

Analysés were performed to determine which fire and fuel management
varfables had a statistically significant effect on particulate emissions.
In the analyses of the rice open field burning data, fall and spring open field
burning data were cembinad to give a broader range of some of the independent

variables. The following dependent and independent variables were considered.

Oependent variable - Independent variables

particulate emissions direction of burn: headfires vs. backfires
carbon monoxide emissions residue moisture content

gaseous hydrocarbon emissions  (residue moisture content )2*

(residue moisture content)3
fuel loading

o v —————
e

absolute humidity
(absolute humidity)?2
relative humidity
Tog (relative humidity)
air temperature
wind spead
*HOTE: ()" where n indicates the exponent of the variable enclosed
in the parentheses. .

The direction of burn variable is discreet, therefore, the correlation
and regression analyses were performed separately on headfire burns and backfire
burns. HNo significant difference could be found in particulate production by
grouping the data by fuel management technique. The effect of spread, wind-
’ rowed, and raked straw was represented by the moisture content and fuel loading
. variables, , | .
The correlation analysis of the fall apd spring field data indicated that
s fuel loading and moisture content increased particulate production increasad
but the high positive correlation between fuel loading and moisture content




overshadowed the real effect of fuel loading. (Tests at the SAPRC Riverside

".la-~ -~ . Coea - - £y < - s~ [ - 1 LR P .
d2ltratiey ) wiipe ok Fiald zorralazion macezaa (oo Toadies a0 d pasidoe Uritan

. 'td not exist, indicated that as fuel loading increases, particulate production
ﬂgecreases. The relationship between fued loading and residue moisture content
..‘¥111 be discussed further in the residue drying experiment. )

Table 1
Correlation Anaiysis*
— Field Data
Rice Straw Particulate Emissions

independent variables . vs. particulate emissions
independent variables Headfire Backfire
. r r
.residue mofsture content ' .548 .743
.(residue mojstyre content)? ‘ .536 .. 766
(residue moisture content)3 ‘ .503 - 776
“Yuel loading .538 - .675
relative humidity 275 A7
Tog (relative humidity) .281 .405
absolute humidity .198 . 159
(absolute humidity)2 ' 174 .143
air temperature -.103 -.218

wind speed .066 =.208
significant correlations between -

independent variables:
____E__~____________

moisture content vs. fuel loading .649 . 748

A regression analysis of the data verified the significance of residue
moisture content and shoyed the difference between headfiring and backfiring.
-A stepwise regression package developed at the Health Sciences Computing
Facility at UCLA was used3. Using a 10% significance level the regression
" chose residye moisture content in headfires and (residue moisture content)3

in backfires as being the significant variables affecting particulate production.

The headfire ang backfire regression equations are.signficantly different at
‘the 1% level.

) M

*See appendix D for raw data,
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Table 2
Regression Analysis
Field Data
Rice Straw Particulate Emisé}ons

Independent
Variable Coefficient = of Variability
" —__ Selected ' (Hetric) Explained
residue
Headfire moistuyre ' ~76 (1.52) 30
content '

[constant = -3.78 (-7.55)]

Multiple r = 543

Backfire residye g }
moisture .00068 (.00135) 60
content ' '

. [constant = 1.37 (2.74)] ﬁ

myltiple r = 776 i,

[ E—

_Figure 6 (field data) shows what the statistics imply. Firstly, particulate

~ emissions decrease with decreasing residue moisture in both headfires and {Q
backfires. Secondly, backfiring reduces particulate emissions over headfiring. i
PARTICULATE EMISSIONS vs FUEL MOISTURE
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Although the other independent variables ware not found to be statistically
“oUsignificant in determining particulate production this does not imply that
- they do not have any efrect. The variation in the data could easily obscure
... the effects of these other variables. This variation arises from several

~

" sources. The residue is rarely in a uniform condition in the field. Even

;_in @ field that appears to be very uniform there may be variations in residua

~ mGisture content as high as 507 about the mean value. Fuel loading will also
vary by as much'as 50% about the mean value, because of differences in plant
populations in the tield, straw spreader perfermance, and harvester patterns
In the field. The smoke sampling technique only measures the particulates
produced from .07 kg (.15 ibs) of fuel or less. Unless a uniform mixing of
the particulate emissions takes place between the fire and the sampler the
emis;ions measured may not be fully representative of the entire plot.

Field tests have also been done with wheat and barley straw. These residues
are often burned upder different field conditions than rice. These grains are

£ 2T

““harvested after the plant becomes senescent and consequently the straw residuss

.. are usually very dry. Also these residues are burned in the summer.when drying
~ "conditions are excellent. In the Central Valley and desart regions, barley ' \
-. and wheat residues can reach a moisture content of 4-5% in the mid afternoon of
_ a clear, hot summor day. (Under typical conditions in the fall and spring f
© o rice straw will only dry to 8% moisture and can easily be at much higher moisture
lTevels.) Further, wheat and barley usually have a lower residue quantity in
the field than rice. Wlheat and barley often have 2200-3400 kg/ha (2000-3009 1b/ac)
‘while a rice crop can easily leave over §700 kg/ha (6000 1bs/ac) of residue
after harvest.

-

50 open field barley and wheat residue burns were monitored in the summer ' i
- 0of 1972 and 1973, The burns were done during normal burning hours (9 a.m. -
- 3 p.m.) on dry surface soil, Jow relative humidity and high Tevels of solar
radiation. As a result the straw was generally at iow moisture content compared
to typical rice straw moisture conditions, MNo statistically significant effects
could be found between any of the atmospheric or fuel variables.
A compariscn of the fire management techniques showed no difference between \\
‘ head firing, backfiring, center firing on a calm day, or peripharal lighting on }
- a calm day. Tests did show that pile burns [450 kg(1000 1bs) piles] did reduce H /
. particulate emissions over the other burning techniques listed above. Three ) ' ;_

!
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pile burns produced an averege of .8 Kg/MT (7% moisture) and 46 field burns

;f:produced 2.5 Kg/MT (617 average moisture). The tnability to distinguish

= _differences between any of the fire, fuel, or atmospheric parameters is largely

- due to the levn] of error in experimental technique. The combined experimental

Ly
~

* " error allows a resolution of about + 2 Kg/MT (4 bs/to ). In rice burning trials

-

O

v

backfires typically reduce emissions by about one-half over headfire burns.

A one-half reduction of a burn that produces 4 Kg/MT (8-]bs/tpn) is 2 Kg/™T

(4 Ibs/ton) which is equal to the "noise" level in the experimental data. Thus
ft is difficult to determine the difference between a headfire and a backfire
burn when a field is dry enough to produce less than 4Kg/MT (8 1bs/ton) with

3 headfire burn (see figure 7).

Some error also resulted from the hi-vol filter being exposed to different
temperatures on different burns.  There is some evidence from both field and
laboratory tasts that a filter that is exposed to a higher temperature will
collect less particulate weight than one at a lower temperature. This

"phenomenon 1s reasonable ip light of the fact that the particulates are formed

-- by condensation. Yhen the particulate levels for the summer burn trials were

corrected for average temperature at the filter, the average emission level of

- roved and raked headfires was higher than the average emissicn level for rowed

and raked backfires. However, the results were not significantly different.
In any case, a burn that produces less than 3 Kg/MT (6 Ibs/ton) of particulates

is an efficient open field burn. Open field burning is often chargad with
producing nearly 8 Kg/MT (16 bs/ton). It appears that if barley and wheat straw

- e® burned under these dry conditions (e.9. 42-8% moisture content) an acceptably

Tow barticu]ate emission level will be produced. An example later on in the
" report will show that barley and wheat straw might be burned in the summer at

moisture contents above 8% In the morning hours and- that burning in the afternoon ’//

hours will minimize emissions.
a£Em§ﬁ9919w§J§ofbewpointed‘out“that,even though- the experimental procedure

coulg,not_detectAawdiffcgpncg"pg§ween ngijrjpgland ba@k?iringiin_dry wheat

éﬁa:ggrley_burns“thefg_qﬁthtill be one. The results previcusly presented

from rice straw would tend tawfhditété"fhat there is a difference between these

£Wo [jghjjngﬂ;qghniques_evenm;hough\it may be small at low moisture levels.

Tﬁii_giffefcnce has also been reported in Tow intensity prescribed forest

fanagement fires.l6 fFrop a safety and public nuisance viewpoint backfiring

1s ElEQXSHEPEiﬁﬂgjﬁg A backfire is a much slower burning fire and consequently

F-JQEECS_]OWM]ngJ) lgﬁudensity plume. In fact, in dry barley burns, the pluie
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from a backfire in a summer wheat or barley ficld is barely visible at a distance

- - of a quarter of a mile. Where visibility is important (i.c. near roads and

1frports) a backfire has a definite advantage over a headfire. (See figres 8 3 9).

SAPRC Burning Tower Trials:
Recaognition of the variability in field data led to the laboratory work
at Riverside. It was expected that under the laboratory situation variables

‘could be Letter controlled and measured with greater reliability. A series

of 34 trials was conducted with rice, barley, and wheat straw. A large percentage

-0f the burns were conducted with rice straw. The quantity of fuel burned in

most trials was approximately 2.7 Kg (6 1b) of dry material per tray. This
corresponded to field fuel loadingsin Kg/m? commonly found with spread straw.
These burns were designed to éttempt to isolate the effects of ignition
technique: headfire, backfire, gidefire (an attempt to simulate striplighting

in the field), residue moisture content, absolute humidity, and relative humidity.

A smaller percentage of burns were conducted on wheat and barley straws.
Fuel qdéntities of 2.7 Kg(6 1b) and .9 Kq(2 1b) per tray were used. The
.9 Kg Toading simulated spread straw in barley and wheat fields. The 2.7 Kg
triais corresponded to rowed straw. The -9 Kg burns had never been tried in the
SAPRC tower and it was not known if the tower would accurately measure emissions
from such a small quantity of material. Therefore, several .9 Kg trials were |
done with rice straw to compare the emission levels of these fires with the emission
levels from the relatively large number of 2.7 Kg rice straw burns. The same
statistical analyses usad on the field trial data were performed on the lab-

- oratory test data. The correlation analysis (see table 3) showed that in the

2.7 Kg rice.strmvtrials.moisture content and fuel loading were the most sig-
nificant variables affecting particulate emissions. There was not a significant
correlation between straw loading and residue moisture content because the residua
semples were not allowed to be affected by meteorological factors before ignition.
Straw loading showed a negative correlation with particulate production. This
result was in agreement with trends observed in piled straw burns. The stepwise

‘regression (table 4), using a 10% significance level, chose residue moisture

content and fuel loading in headfires and (residue moisture content)? in

 backfires as being the significant variables affecting particulate production.
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Figure 7. Particulate Emissions vs.

Correlation Analysis for Particulate Emissions
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SAPRC Riversida Laboratory Rice Straw Data

; Tab}e 3
.

! -Independent variable

| £

[ residue moisture content. .785

| (residue moisture content)? .779

f N (residue moisture content)3 745

fuel 1loading , -.248

air temperature ‘ -.202

(absolute humidity)2 -.153

-log (relative humidity) 137

absolute humidity -.133

‘relative humidity ' .087

Headfire

held constant in trials
.. Mo significant correlations between independent variables.

Moisture (Barley Field Data)

Backfire

r
126
138
.738
-.242
-.096
=.226
122

-.200-
.068
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Table 4
Regression Analysis for Particulate Emissions
SAPRC Riversida Labaratory Rice Straw Data

-

Variable Coefficent % of Variability
Selaected Metric Explainad

* Headfire residue - - : .87 (1.74) 61

moisture
content

Straw Toading -3.66 (-35.6) 7
Lconstani 5] (1.02)] -

multiple r = ,826

Backfire residue 7 2
moisture 013 (.026) 55
content

‘[constant 1.54 (3.08)]
multiple r = 738

L

. -:The Feadfire data vere significantly different from the backfire data at the
- 5% level.

Riverside and field 2.7 Kg rice stray particulate émission data were
Statistically compared to determine the correlation between ]aboratpry and
field tests. Field and Riverside data were ségregated according to moisture
content and type of burn and then the difference between laboratory and field

“particulate enission data was calculated at each moisture level and for each type

of burn, The following table was calculated using a significance Tevel of
5% and 2.5 Kg/MT (5 1bs/ton) was selected as the minimum detectable difference
betwgen means.
Table 5
Comparison of Riverside and Field Rice Straw Data
Particulate Emissions

average of std. deviation probability of accepting
differences of differences d_ false hypothesis
Headfire 1.52 7.85 . .64 7%

- Backfire -.04 4.40 1.1 2%
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Table 5 indicates that thore is only a 7% chance of erronecusly concluding
“L'that the Riverside headfire data is the same as the field headfire data.
~ Similarly, there is only a 2% chance of erroneously conc]uding that the Riverside
-_backfire data is the same as the field Uata. Thus it is reasonable to conclude

. < that the Riverside laboratory rice straw trials accurately sinulated field

rice straw trials. ,
The Riverside data confirmed the effects of direction of burn and residue
moisture content (see figure 10). A reduction in residue moisture content from
5% (wet basis) to 103 can reduce particulate emissions from 18 Kg/IT (35 1b/ton)
to 5 Kg/MT (10 1b/ton) in headfires. Backfire burning additionally reduces
particuiate production nearly 50% over headfire burning at moisture levels
between 10% and 25%. Increased straw loadings tended to reduce emissions in
.headfires but not in backfires.
The SAPRC Riverside Tower trials also provided data on gaseous hydro-
carbon and carbon monoxide emissions from rice straw burning. The same statistical
“analyses used on the particulate emission data was used on carbon monoxide
-. 2nd hydrocarbon data. Tables 6 and 8 show the results of the correlation
“analysis. Tables 7 and 9 show the results of-the regression analysis. o
- significant statistical difference could be detected between headfires and
backfires for these emissions, therefore the tables show correlation and regressicn
. results for data from headfires and backfires combined.

50‘( PARTICULATE EMISSIONS-VS-FUEL MOISTURE
Riverside SAPRC Burning Tower Data 1972,1973
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Table 6
Correlation Analysis

SAPRC Riverside Laboratory Rice Stray Data -

Independant vs.® Gaseous Hydrocarbon
= Variables Emissions
. residue moisture .822
(residue moisture)2 .794
(residue moistura)3 .729
residue loading - ' : -.343
log (relative humidity) . 249
relative humidity .230
alr temperature ' -.230
absolute humidity o .198
(absolute humidity)2 N 191

wind speed held constant in trials

No significant correlations between independent variables.

Table 7
Regression Analysis
SAPRC Riverside Laboratory Rice Straw Data
Gaseous Hydrocarbon Emissions

Independent . .
Yariable Coefficient %.0f Variability
Selected (Metric) ' Explained
Moisture .79 (.40) 68
[Absolute 2 .00086 (.00043) ' 8

Humidity

Residue -18.8 (-.397) : 6

Loading

[constant = -2 g7
.muftiple r= _,904

SN

(-1.29)]
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'*dé Table 8
a Correlation Analysis
SAPRC Riverside Laboratory Rice

g

Independent
Variables

Vs,
residue moisture
(residua moisture)?
(residue moisture)3
(absolute humidity)?2
absolute humidity
alr temperature

Tog (humidity)
residue loading
relative humidity
wind speed

Straw Daté

CO Emission
.796
777
.728

-.233

-.213

-.196

.116
-.092

062 .

held constant in trials

No significant correlaticns between independent variables.

. Table 9

Regression Analysis

SAPRC Riverside Laboratory Rice Straw Data
Carbon Monoxide Emissions

Independant

Yariable Coefficient % of Variability
Selected (Metric) Explained
Hotsture 6.09 (3.05) 64

{constant = 29,2 (14.6)]
multiple r = _ggg
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of calibration of air flow instrurentation of the tower. This would indicate

o ~4u-

—

Afr flcws on the .9 Kg (2 10) burns were determined to be within the range

<hat the tower is capable of accurately measuring-emission levels of this law
- fuel quantity. However, we arc still not completely sure of why thare were
typlcally lower readings on .9 Kq burns. Pocsible explanations may be as follows:
1. .9 Kg trials were more susceptiable to significant air drying between
moisture sémp]ing and ignition than 2.7 Kg burns because of the
greater exposure to convecticn and radiation drying to the thin
-9 Kg layer. This is because of the greater surface area of'exposure
per unit of waight of straw in these trials.

2. It is possible that 2.7 Kq barley and wheat straw are more cempacted
than .9 Kg. Compaction has been shown to increase particulate emissions
in forest fuels.!l®

3. Light fuel loadings. .9 Kg requires a lower rate of oxygen supply which
should produce more complete combustion, hence lower emissions.

Barley and wheat straw fires have shown higher emissions at the SAPRC burning

““tower than rice straw at both residue loading. A corresponding relationship

¢ -
does not show up in field data. The reason for this difference is not apparent

“Tat this point. A possible reason may be differences in the chemical constitusnts

of the fuels burned at SAPRC from the L.A. area cempared to field conditions
“in the Sacramento Valley. Chemical analyses of the fuels were not made or
anticipated to be needed for this purpose at the time of the burns. Another
possible difference might be in physical characteristics of barley and wheat
straw which were baled for handling and storage at SAPRC until the burns could .
be conducted. While rice straw was baled similarly, it does not generally
break up as much as barley and wheat straw when taken from the bale in preparation
for hydration or burning. The slick character of barley and wheat straw comparad to
rice straw produces a potential for more compaction of the material on the
burning tray. Compaction again may have added to the emission levels.

Another factor that may be a consideration is that in field burning a

conposite moistura content was used based on a weighted average of the individual
mofsture contents of straw and stubble. In some cases there is a substantial
difference in moisture content between Straw that has been severed and stubble
that is still rooted in the soil. At the SAPRC burning tower only straw mdtLrla.S

- were used and it was hydrated uniformly to one moisture content. This would not

‘Count .for the high emission levels of low moisture straw since it was not

hydrated at all.




At this point nothing definite can be said about these unexplained
“differences in the level of results, and additional trials will be required to
.'f‘termine the causes, and to make appropriate burning prqcédure recommenda-
';ions. These trials should be designed to evaluate the possible explanations
_ guggested.

Greater residue moisture tends to increase particulate production for two
-'reasons. The water vapor coming nut of the residue tends to smother the fire.

For higher moisture contents, especially associated with wet pockets of straw,
the vapor pressure of the water may almost equal the atmospheric pressure.S

Under this extreme condition oxygen is nearly excluded from the area near the
fire. With insufficient oxygen the residue will not flame but will only smolder,
Increased moisture in the residue also requires a greater heat energy flux to

dry the residue enough to burn. As the moisture increases more of the residue
Will not te dry enough to burn while the flame iS'nearby. However, there

Will still be enough residual heat to cause smoldering of the incompletaly burned
residue, - . ' :

The effectiveness of a backfire in reducing particulate emissions can be
_-{nferred from the nature of the fire. A backfire burn is characterized by a
5_{ow flame which progresses across the field at a slow rate. The slow rate of
~ bura results in a tonger local flame residence time as the flame front advances
", into unburned residue. Thermocouple recordings of a backfire flame front show

that a typical backfire maintains a high temperature two to three times longer
 than a headfire and fhat the peak temperature in a backfire is usually slightly
higher than a headfire peak temperature (see figure 13). The longer residence
time and the higher flame temperature in a backfire exposes the unburned fuel
adjacent to the flame front to greater heating and drying as the front progresses
toward this fuel. As a result of this, more fuel burns without smoldering.
The higher peak temperature in a backfire is probably due to the greater
oxygen supply and drier fuel in the slow speed front moving against the wind.
The relative velocity of the wind (oxygen supply) to the flame front on a
vackfire is the-sum of the wind velocity plus the rate of flame spread., The
relative velocity of the wind (oxygen supply) to the flame front on a headfire
"1s_the difference between the wind velocity and the rate of flame spread.
_,fA backfire also has the property of consuming substantial quantities of the
combustibles contained in the white smoke associated with smoldering combustion.
_fThc slow rate of flame spread in a backfire causes most of the distilled volatile

.
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" organic compounds and gaseous hydrocarbons to be released upaind from the

These are then carried by the wind into the flame arca of the fire

The flame area of a headfire passes quickly over the

flame.
= and largely consumed.
. surface of the residue heating unburned or partially burned material enough to

L 1

With a wind of 4 miles per hour or ‘

-drive off volatile ccmpounds and gases.
of a headfire does not remain in contact with the ignited fuel and
As.the unburned

more the flame
- volatiles long enough to consume as much of these combustibles.
the heat

and some2 condense forming thick white or brown smoke behind

volatiles leave source (flaming and smoldering combustion areas),
they are cooled

the flame front.
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Figure 13. Typical Flame Tehperature Recordings

Particulate Characteristics:
Extensive particulate size distribution measurements were perfarmed at the
The particle size distribution of smoke particles was

~ SAPRC burning tower.
determined with the aid of various cascade impactors and microscopes. The
impactors were the Brink, Lundgren, and High Volume (Heathermeasure Corp.).

The following table compares data on partic]e size distribution in smoke from
the burning of citrus leaves end twigs using the Brink 5-stage impactor.

- The conditions under which the samples were obtained are indicated by the words
pre" and “post"., The term “pre" means sampling of undisturbed smoke at a location
slightly above the second filter holder without any filter being placed in the
first filter holder whereas “"post" indicates sampling at the same location but
vith a filter ip the first holder. Consequently, "the collected particles under

© the "post" conditions are the uncondensed gases which traveled through the .
f st filter.
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Figure 14, Photograph of Spring Backfire Burn

Figure 15, Photograph of Spring Headfire Burn
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Table 10

Particle Size Distribution in the Smoke of
Citrus Leaves and Twigs Expressed on a
Height Percent Basis, Using a Brink

Hodel B, Five-Stage [mpactor -

Particle Size Weight Percent Distribution
Stage : u Pre Post
R | 2.5 | 0.19 0
2 1.5 - 2.5 0.97 0
3 1.0 - 1.5 5.53 0
4 0.5 - 1.0 18.04 9.12
5 .25 - 0.5 22.90 13.05
Filter <.25 52.38 - 771.82

In this fuel the proportions of particles below the .25 micron range is nigher
under the "post" conditions. The majority of the particles fall in the range

-'be]ow 0.5 micron.

A series of 27 cereal straw fires were sampled for particulate size distri-

bution with the hi-vol cascade impactor. (See appendix D for comolete data).

" Assuming a log ncrmal particle size distribution the average mass median diameter

for the 27 fires was .17u. This compares quite well with-the mass median diameters
obtained in the spring rice field trials. See fiqures 16, 17, and 18. The
Riverside Trials revealed that there was a tendency for fires with higher

~particulate emissions to have larger mass median diameters than fires with

Tower particulate emissions. This is undoubtedly due to the fact that most of
the particies formed in open field burning are formed by condensation. The
denser smoke associated with fires that have higher particulate emission levels
allow particles to grow through condensation and agglomaration to a larger size.
The average mass median diameter for the soluble particulates was .23u and the
mass median diameter for the insoluble particulates was .16,. The small size

. of the insoluble particulates indicates that.these particles were also formed

by condensation and not cominution and are perhaps condensed carbon. This would
also imply that only a small amount of fly ash is-being collected at the sampler
and it is not a significant portion of the particulate matter that travels

any distance. This observation is valid only for single line headfires and

.. backfires, Peripherally lighted fields can cause large fire whirls which will

:rain large amounts of ash charred plant material and elevate them hundreds
of feet in the ajr. '
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The fact that all mass median diemetors are small shows that very few of

-~ *he particulates will fall out of the plure. Fiqgure 19 indicates that particles
h #8ss than 10u 1in size cannot be expected-to fall more than 210 meters per day

1700 feet per day). Except on windy days open field burn plumes will rise
“at least 210 meters. The size distribution indicates that only 1-2% of the
_particles are larger than 10, Thus, most of the particles have the potential
to remain in the atmosphere for an extended period of time unless removed by
one of the other removal processes such as precipitation, or coagulation and
'subsequent gravitational setfling. |
Although most of the particulates have the potential to remain in the
atmosphere for extended periods of time, not all are going to affect visibility.
Visibility degradation is associated primarily with pértic]es targer than .4u.
703 of the particulates in open field burning emissions are smaller than Sy,
This meaﬁs that only 30% of the total mass of particulates will contribute
significantly to visibility degradation. . |
The précedfng statement demonstrates that merely measuring the quantity of
.ﬁarticu]ate emissions without considering their nature can lead to

- .an incorrect evaluation of the magnitude of their effect. A further example

of this can be seen in the chlorcform extraction data. It showed that about

. half the particulate production is soluble in ch]oroform. It is probable that

@ substantial portion of the soluble particles are organic liquids which can

- be expected to Evaporate at atinospheric temperatures.l It has bzen shown that

organic compounds with vapor pressures as low as 10°° Torr{mm of Hg) can evaporate
quite rapidly when they are in an aeroscl form with a large surface to volume
ratio®. Aircraft sampling of particulates by Carrol? confirms the fact that

sone 6f the particulates €vaporate. Carrol's data leads to the conclusion

that within a few hours enough evaporaticn has taken place to significantly
decrease the size of many of the particles. Thus, within a few hours the chloro-
form soluble particulate fraction‘(approximately one-half of total mass) may be
small enough to have significantly different physical characteristics than they
had when fnitially emitted from the fire. The data in this report can reveal
‘only glimpses of the picture of the fate of open fig]d burning particulates.

:More vork needs to be done to discover the processes that effect the particulates
' {n the atmosphere. ‘
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Some field sampiing of particulate emissions from open field burning or
asparagus burning was done with a portable air sampier in 1972. The sampler wes only
able to take ug/m3 measurements. Headfires and backfires were sampled in areas
where operators were able to withstand the heat, This typically resulted in
monitoring fires with relative low flame intensity. A comparison of low intensity
headfire and backfire burns at similar noisture contents is surmarized in
Table 11. These data show that the particulate emissions for a low intensity
headfire produces a plume that has approximateiy the same ug/m3 as a backfire
burn. [n barley and rice straw field burns, the relationship showed headfires
to be about 2 to 3 times greater in particulate density than backfires. These

+ had been taken generally in the centeor of the fire front as it progressed across

the field. It would appear from this that a substantially different combustion

“condition was taking place at tho points sampled in asparagus with the portable

sampler. PResuits are therefore not nccessarily considered to be representative
of the main fire front in these tests.

S —— ——
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ug/m3 x 193 1 Extractahles
11729 #4 185 25 Flaming
Portion
11729 #2 190 36
11730 # 33 25 11/30 #3 21 32
11730 #2 125 25 11/30 ¢7 450 13
average 289 27
11730 #5 373 L i A
11/30 #6 466 18 Smoldering
Portion
11729743 182 87
11/30 #4 244 43
11/30 48 265 61

-63-

Table 17
Is and Percent
for Head and Cackfire Burns -

Particulate Leve

———

Particu]ate Level 4 Chloroforn

+

Backfire

. —
. T

observe
bar

» Mounted op 3 tractor,

Average: 245 ? 21 Headfire Averaga: 25q [ 44
)
1. Values Corrected for dilution and temperatyre

Two series of ag

Paragus burns with different
d in the South Desert area in 1973,

" lack of Oxygen, T
Lurns haye high carbon
The backfires in the knocked dg
a fire requiring largé amount
fern produce only small flames

/ Headfire

average

The fern %as Kknocked over

2 emissions.

Chloroform Extractables

Rotary Fowed Asparagus Fern

——

IParticu]ate Level{ ¥ Chlorofon1

231 66

fuel Management techniques were
With a top]
Headfires ip the

very dense plumes. Even

However, when the

SAPRC tower data noted below
ndicate
M asparagus prodyce large

S of oxygen, The backfires

which require less oxygen at

—
1g/md x 193 () Extractablos



At the request of staff of the Regional Anti-Pollution Authority of the
Coachella Valley and the Agricultural Extension Service of Riverside County, a

f few fires were conducted at the SAPRC Riverside Laboratory using asparaqus

, . fern collected in the Indio arca in Cecember, 1972, Most of the fern was burned
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';fmmediate]y in order tg determine emissions at the fuel moisture Tevel at vihich
the fern was currently being burned. Sufficient material for two fires was

- held for 4 nonths to allow the fern to come to air dry conditions.

-

ATl of the fern from field plots of 2.3 2 (25 ft2) were included in each
fire and held in g4 sfanding position within 1.5 m 1.5m (5 ft x 5 ft) rack
on the burning table. In the December fires, the weights of each fuel toading
ranged frcm.8.6 kg - 11 kg (19 to 22 1bs) for the April fires the fuel weighed
about 6.4 kg (14 1bs) due to loss of moisture, Fuel moisture of the fern and

stem and the emissicns of particulates, carbon monoxide, and hydrocarbons are
given in Table 12,

Table 12
Emissions from Burning Asparagus Fern
in SAPRC Burning Tower

©_Fuel Moisture : Emissions, Kg/MT (1bs per ton)
Wet Basis , of.Fuel Veight Loss

Fern Stem Part, co HC

_ Qecembar Fires

18 48 18 (35) 52 (103) 33 (66)

33 61 16 (32) 54 {107) 24 (48)

29 50 27 (53) 136 (171) 44 (87)

18 63 —==] 111 (221) 31 (61)

April Fires :

12 12 14 (27) €3 (165) 4.7 (9.3)
10 ‘ 14 (28) 73 (145) 3.6 (7.1)

1/

“Particulate saripler inoperative.
—_—
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Light microscope photomicrographs of particles collected on the second
~stage of the Brink {n the pre- and post-filter samples of the citrus fires
’E'are shown in figures 20 and 21. The large dark clusters of particles in the
. _pre-filter sample probably represent thg soot component-in the smoke. These
;<clusters appear to be an agqglomeraticn of sealler particles and to have a

*spongy structure. Most of the single particles are transparent, yellowish

brown in color and may be the tar fraction. There are a few greyish angular
particles of varigus sizes which may reprasent ash. In the post-filter sample,
the large clusters are missing, having been removed by the filter in the first
- holder. Most of the particles are of the transparent, yellowish-brown tar
fraction which passed the first filter and condensed as liquid aerosols.

Scanning electron microscope (SEM) photomicrographs of two collection stages of
the pre-filter sample are shown in figures 22 and 23. The same aluminum disc from
stage 2 of the tmpactor as shown in figures 20 and 21 was used in making the upper
" photograph. The large clusters appear more clearly to consist of spongy substance
unlike the iadividual rounded and angular small particles. A comparison of
““the light and SEM micfcgraphs also indicates that there is no significant
--alteration in the morphology of particles from the vacuum imposed in the SEM

o fcolumn. The micrograph in figure 23 shows particles collected on the nuclepore’

“'menibrane filter which followed the last state of the impactor. These are all
below 0.4 ym and represent 52 mass percent of the particles collected. Many
particles are in the 0.] km range and appear to agglomerate somewhat.

Many of the high volume filter samples were extracted with chloroforn.
(Benzene was also tested as a solvent but typically dissolved less material).
The chloroform extraction data from the SAPRC Tower burns showed that rice straw
‘burns had about 0% extractable material in the hivo] filter collection. Head-
fires and backfire burns vere similar and moisture content of the straw had
little effect on the relative arount of chloroform soluble material. The second
filter in the two filter system consistently had a s]fghtly smaller amount of
chloroform soluble particulates. This fact tends to reinforce the idea that the
_ insoluble particulate emissions collected from open field burning are primarily
condensed particles, not entrained charred plant material or fly ash.

The summer wheat and barley burns had a smaller quantity of chloroform
_ soluble particulates. 1In the 1972 barley trials, headfires averaged 303
. extractables and backfires averaged 193 extractables. The difference between
.. the headfire and backfire burns is statistically significant and is perhaps

\\ i




“an indication that backfira burns even at low moisture contents produce

less particulate emissiogns than hoadfires.

., The extract from the filters is a thick brown liquid which has led to the:
l,peculation Ehat the soluble particles are liquid aerosois of organic compouﬁds.
These compournls are the major constituents of the thick white {or brownish-yellow)
" smoxe often scen in open field burns. Hork done by Darley et al?d partially
-identified some of the hydrocarbon compounds. Darley indicated that.rice and
) barley gaseous hydrocarbon emissions contained about 10% ethene, 15% olefins and

4% saturates and acetylenes. ‘Work done by Tebbins et al indicates that the soluble
wparticulates frum the combustion of ceilulosic fuels are a complex mixture of
perhaps hundreds of organic spacies®. These particles are associated with the
pungent odor of the smoke from scme open fiecld burning.

Residue Moisture Studies : _
Scme preliminary wark has been done to determine the drying characteristics

of agricultural residues. Report ARS 1-101-115 Spring Burns indicated that under

104 residue management techniques and clear weather rice straw can dry to an
.acceptably Tow moisture content for reduced emission burning in two to three
-. days after a rain. (See figure 24.) Figure 25 shows similar results for

- .rice residue following harvest in the fall. 1In the fall example the rowed straw

- dried almost as quickly as the spread straw. This rapid rate of drying for
rowed straw occurred because the straw was placed on top of 33 cm (13 in.)
tall standing stubble. If the rice had been cut clcse to the ground and the
" straw placed on top of the wet soil, as in the spring field conditions the rowed
straw may have taken ten days or longer to dry. It is important to notice in
figures 24 and 25 that each afte%noon the moisture content begins to incr;ase and
that dew during the night can raise the moisture content above 35% (wet basis)
moisture., This implies that even though the residue may have dried to an acceptably
Tow moisture content on one day, it may not be dry enough to burn until 11 or
12 o'clock the following day. This same moisture pattern has been seen in
barley and wheat residues in the sumner. Even on summer nights with little or
'ng dew the residue can absorb enough moisture because of increased relative
. humidity and may reach 15% moisture content. (See appendix C  Equilibrium
Moisture Relationship.) The residue will begin to dry as soon as the sun comes

. up at about 7 a.m. and may have dried to near 7% moisture by 9 a.m. However, the

resfdue will be even drier at noon and produce less emissions than if it were

(‘,
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Figure 20. Light microscope photomicrograph (400x) - particulates from Citrus
: prunings, pre-filter sample - second stage of Brink impactor,

. {
Figure 21. Light microscope photomicrograph (400x) - particulates from citrus
prunings, post-filter sample - second stage of Brink impactor.
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- burned at nine a.m. (see figure 26). 1t is important to note that moisture
ocontents follow equilibrium moistures fairly closely for given relative humidities
.~ with spread straw. This phenomena does not exist with_rowed Straw necessarily,
- It has been determined that the straw does not follow equilibriunm moisturce
) i because ¢f the rapijd response of straw to ambient relative humidity but responds
© rapidly because of the drying effect of solar radiation during the daytime
and the humidifying effect of dew at night. Equalization of straw residues to
ambient afr relative humidities without solar radiation and dew is very slow even
at substantial air velocities, [t takes days instead of minutes to reach equilibriun,
See figure 27 developed fron laboratory studies at various air velocities under
this project. Rowed Straw 15 less effected by solar radiation and dow because
of the thickness of the Straw mat. Therefore rowed straw will not follow an
equilibrium relationship as closely as spread strauw.
Emission levels have been related to time of day, relative humidity levels
and'corresponding moisture content of residues in the field. ARB Report 1-101-1
-. 5pring Burns related emissions calculated for two field conditions of rice straw
on March 24, 1973. They are included for information purposes here. See '
-:figures 28 and 29.
) Mork was begun {n the Spring of 1974 at the University of California an
deve]oping a method to predict straw moisture.content on the basis of atmospheric
and residue cenditions.  The work shows promise and may well be able to aid
in predicting when residue is dry enough to be burned or ysed in other ways.

Cost Analysis:
The difference in cost between headfires and backfires is due mainly to
the Tength of time each method requires to burn an entire field. Rate of
flame propagation was used to estimate total burn time. Backfires consistontly
Progressed across the field at a rate of about 1 meter/min (3 ft/min). The
rate of flame Prepagation for headfire burns was more dependent on wind speed,
residue moistyure and residue conditions, and type of residue. Propagation
ranged from 7 to 21 m/min (29 to 70 ft/min). A rate of 15.3 m/min (50 ft/min)
as an average for rice straw headfires under 31} burning conditions and is’
representative of summor barley and wheat burns. A rate of 5 m/min (16 ft/min) is
. typical for rice straw under spring ficld conditions. Backfire burning would cost
“ $1.61/ha ($.65/ac), headfire burning would cost $.30-.48/ha($.12-.19/ac), and into-
+ _the-wind striplighting would cost $.62/ha($.25/ac). (For complete cost analysis
' - sce appendix B), Raking the straw to facilitate drying would add approximately
L 34/ha ($2.00/acre) to both Fire management techniques.
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FIELD BURIl OBSERYATIONS AND EVALUATION OF HANAGEMENT TECHIIQUES

t
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The evaluation of the practicality of the fire management techniques
showed that backfiring cannot be used under as broad a'range of conditions

T as headfires. The Tow intensity flame (in terms of cal/m?/min, not temperature)

of a backfire has poorer fire propagation potential than a headfire flame. For
example, a backfire burn requires a.higher fuel density to maintain a fire front
than a headfire and headfires will continue to propagate under higher residue
moisture conditions than backfires. The lower residue moisture content raquire-
ment should not effect the usefulness of backfiring. If a backfire will not
stay lighted because of high residue moisture, the residue is too wet to burn
and neither a backfire nor a headfire should be used. The field should be
given more time to dry, or if straw is in windrows raked to shorten drying time,
if urgency requires it. |

The evaluation of the practicality of residue management techniques under
favorable harvesting conditions showed that straw spreading is superior to

leaving the straw in windrows. Straw spreading reduces emission production by

" enhancing the drying rate and generally providing for drier straw after solar

radiation removes free water. Straw spreading places a continuous bed of fuel

“over the field providing good fire coverage and consequently bettar disease

control. Straw left in rows behind the combine has no advantage over spread
straw, from an emission standpoint. Rowed straw offers an advantage where it
consolidates fuel and provides for fire spread where residue loading otherwise

‘would be too light, preventing goed fire spread. Raking straw rows can be of use

in the spring rice burns to turn and fluff the straw. This causes faster drying

- and allows- the residue to be burned sconer, but with'substantial additional cost

and poor overall field sanitation. There is no recognized value of raking barley
or wheat straw.

Several methods for moisture determination suitable for field use have
been fnvestigated. A Common test used in hay baling operations is the “crackle
test". This test is performed by gathering a handful of straw and whi]e'ho]ding

the straw in both hands bending it sharply. If rice straw makes a crackling

Or popping noise, it has dried to less than 10-12% moisture content. If the straw
makes a "shhush" sound, or no sound at all, it has not dried to 10-12% moisture
content. Variability of moisture content in the field requires that several

" - Tepresentative samples must be taken to determine 1f the field as a whole is
sufficiently dry. |
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Laboratory studies of straw have shown that there is a relationship between
':irelative hutiidity and straw mofsture. Given enough time and drying enargy, wot
so.iraw will dry to a moisture content determincd by relative hhmidity. Hith little
¢ -energy from the sun (i.e. cloudy conditions), straw may take days to reach
Aquilibrium. It has been observed that spread rice straw will reach the equili-

brium moisture at 10-12% after two or three clear days following a rain or

method of determining that straw s dry enough to be burned with minimum emissions

- can be related to the above facts. If the straw has been exposed to one or two
7. clear days of drying, it may well be dry enough to burn when the relative humidity
:{s less than 50%. A good way to check this test, especially necessary in heavier
b straw loadings, is to sample the'field to determine if moisture content is unifora.
L An indication that the moisture content is not represented by the relative humidity
_ .Is when there are clumps of straw that are much damper than the general field
j- condition. MNote that if only 10% cf the straw feels wet to the touch, a burn
| would prodhce twice as much particulate emissions than if no wet clumps could

** be found. Hand held wood moisture meters have also been usad to'determine the
-+ maisture content of the straw. They can be calibrated for Straw, but have the

é
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?

f- harvest. tHeavier straw Toadings (straw left in windrows) may take longer. A
i

)

*

$

!

.

{

b

v

* _{nherent limitation of measuring the moisture of orily a very few stems at one
. time. Higher moisture contents mey require extensive sampling to get a representa-
tive level. As with the previous test, the moisture meter determination works

»

best when the straw is uniform in moisture content.

g In addition to head and backfiring during the summer of 1973, a fire

ﬁﬂ mdnagement technique called “into-the-wind stripiighting" was developed. This

techniqﬁe consists of backfiring the downwind side of the field and having several

. men spaced 100 m (300 ft) to 200 m (600 ft) apart, igniting the residue as they

. walk toward the windward side of the field directly into the wind. An observer

?: in the air sees long adjacent vedges of flame front progressing across the field
fnto the wind (see figure 30). This technique combines the slow movement of the

- fire front of the backfire with a greatly incrcased length of flame front.
Opgimally, this will combine the low particulate emissions of a backfire with the

. speed of headfire burns. Field particulate emission tests are difficult to

- perform with this technique but limited laboratory simulations on barley, wheat

:;}nd rice straw indicate that the emission levels will be somewhere between

: Jbackfires and headfires, generally approaching backfire levels. Changes in wind

§f~d;*°ction have a tendency to make portions of the flame front into headfires.
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With normial variation jn wind diroction. approximately 20-30%
a field woulqg be burney With a headfire type burn.

the fic1yg would pe burnad wieh a fire that s sinila
before tijs ignition technique can be "eCommended, 4
must be devised, [f a person 1ight7ng a fire through the field were i
(i.e. by a broken Teg, heart attack, seizure, etc.), he woulqg be
further Injury by the oncoming fire, Perscnne] for this work sho
for good health ¢g Rinimize the potential for accidents.

Special supervision with an all-purpose vehicle with water
been sugeested g Possible so]utions, howevcr, at thi

uld be selected
A buddy System or
tank and pump have

S point no Completely
satisfactory method has been developed and thoroughly investigated.

A personnei hazzard noticed on a7 burns wae the use of orchard heater
lighters to light the open field. burns. The lighters often leak Tuel around
Joints anpg potentia]iy allow for the outside of the lighter tq catch fire. The
fuel for the lighters 15 g mixture of three parts diesel fyep] and one part

Proportion of gasoiine is used, the flame from the
'lighter‘becomes dangerous?y large. Safer lighters are sold for forestry yse.

“The use of this type of lighter should he €ncouraged,

—_—

ASPARAGYS FERY SURHIHG,STUDIES
——aYo K L 21UUeS

In the irrigated Southern California deserts 2400-3200 ha (6000-8000 ac)
of asparagus are grown each year. The asparagus plant

the late fall menths ., During liovember and December,
to remove it to aig In soj] Preparation for harvest of the new crop in Jdnuary
and February. There are Several methods of Preparing the fern for burning.
Some growers knock the ferp down with 4 tool bar mounted on 4 tractor. Others
Sever the fapp from the Crown with 4 rotary mower, A few then g0 back over the
field with a flail choppef and fyrther reduce the size of the fern. Fields are

muth Tess dense Flume than headfiring the same material. The asparagus ferp that

¥as only knocked ovep Produced a depse plume Whether it was backfired or head-
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“than this., Carbon menouxide emission from dry asparagus is also relatively high,

From these Vimited tests, it appears that at the relatively high fuel
motsture at which csparagus fern is burned, the yield ot all three pollutants
reported is fairly high., After the fuel dried, hydrocarbon yield dropped rather
dramatically. There was no real change in CO and only a moderate drop in
particulate yield. More tests will be required to determine the variation in
particulate vield and if the present small difference is significant.

When compared to other fuels at low moisture levels, asparagus yields the
highest in particulate of any materials burned to date. Other crops seldom
exceed 8 kilograms of particulate per metric ton of fuel burned and are often less

but hydrocarbon is at or below the yield of several other crop materials. It
is apparent that asparagus should be burned as dry as possible and perhaps some
other fuel modification or fire management technique would result in lower

particulate yield.

Some pre]iminary drying studies were performed on asparagus fern. The
data indicate that if the asparagus fern is green when it is cut, it will take
about three weeks to dry to a reasonably low moisture content (see figure 31).
Although all the methods for cutting the straw were combined, this does not
imply that all produce similar drying rates. [t may well be that flail choéping
after mowing reduces drying time by breaking up the thick stalks which are the
slowest part of the plant to dry. Knocking the fern over with a tool bar will
undoubtedly result jn a lbnger drying time than the mowing methods because the
fern is often not separated from the Tiving crown.

70~ ASPARAGUS FERN DRYING RATE

EiCentro,California 1271972 FERN TREATMENT q
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Figure 32. Photograph - Mowed Asparagus Backfire

Figure 33. Photograph - Asparagus leadfire
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CITRUS STUDIES

At the request of the staff of the Agricultural Extension Servico of
. Ventura County and the Fruit Grower's Laboratory of Santa Paula, a series of
. fires wore conducted at SAPRC wherein pollutants were determined in relation to

g
; *drying time after trees are pulled. This was dene to help the appropriate
¢

i SRt 3OS T S,
o .
f
. Yoa L

officials establish guide lines for burning citrys, .
Using orange treeas growing at the Riverside campus, the genzral procedure

§

% was to pull treeg on a given day, conduct two fires on the following day and
1?"then two fires each at weekly fintervals for 4 to 6 weeks. Approximately 13.4 - 17.%kg
é (30-40 1bs) of branch materfa] up to 6.4 cm - 7.6 cn (2-1/2 to 3 in.) in diameter
f? and attached tiigs and leaves were burned in each fire, Percent roisture of

g leaves and small twigs 1.3 cm (1/2 in.) branches, and of branches ranging in

f{ diameter fromp 3.8-7.6 cm (1-1/2 to 3 in.) were determined at the tine of each
%_'fire. _

.§ In addition, three samples of lemon branches from trees in Ventura that

2 -had been pylied several weeks earlier, were brought to Riverside and burned.

¥ The orange fires were conducted in two series, one with trees pulled
f;‘December 20, 1972 and q second with trees pulled April 11, 1973, Considarable

Cdifficulty was experienced in igniting the fuels the day after and one week aftar
pulling. lhereas growers May use diesel fuel to ignite large piles in the field,
We normaliy use a smal} laboratory propane torch with the majority of fairly dry
agricultural fuels under study. Adding diesel would contaminate our system. " In
* the first series of orange fires, kindling wood and/or barley stray was placed
at the base of the pife +q aid ignition, but even this practice was not satis-
factory and no attempt was made to account for any contribution of the non-citrus
fuel. The second series, a uniform 6.7 kg (15 1bs) charge of small citrus
branches that hag dried approximately 25 weeks, was placed underneath each pile
being burned and this was ignited with a larger propane burner in a 1-3 second
period. We had Previously determined that the burner did not contribute to the
hydrocarbon emissions.

The results of the citrus experiments are given in Table 13. The emissions

e T T T -,..‘,A-.n.._.-..mz:_z;-wu,w;‘i-tﬁ.sénﬁtﬁ:z:muutp@‘w LA LA

for the relatively grecner fuels of the 6 weeks fires in April - HMay, 1973, are
}'adiustcd to account for the contribution of the base fuel.
i The moisture Tevel of the leayos drops very répidly in the first two weeks
“and this is accompanied by a decrease in—emissions. The heavier woods, on the

_:vther hand, do not lose moisture as rapidly. It seems safe to conclude, therefore,, -




" the barley straw that was used to aid in ignition. The fluctuation of the
hydrocarbon in this series and in lemon 15 not undarstood, although during

to say there js a species difference. For citrus that is réasonably dry (4-6

stirred with a tractor blade to increase . the rate of burning and shorten the
. these fires appear to be very clean. Thus, it may be of interest to consider the

- Prolonging the burning period and associated fire danger, |

that most of the emissions due to burning relatively green materials is from
leaves and twigs. There are two other pieces of evidence that support this
conclusion. First, gn the day after the trees were pulled, about 14 Kg(30 1b)
material were prepared as for a normal fire, and then all of. the leaves were
stripped off and the ranaining twigs and branches burned with the usual base
fuel. This fire was immadiately followed by the leaves being burned with
anotﬁer charge of base fuel. The leaves produced from two to three times the
emissions than the tWigs and branches did. Secondly, the rate of emission yield
s quite high during the initial part of the fire when the leaves and twigs are
being consumad and fall tg 4 low, relatively steady-state vajye during the
burning of the heavier pieces of wood. If just a few of the green twigs and
leaves are added to the fuel bed during the steady-state period, emissions increase
rapidly for a few seconds and then fal] off to the steady-state situation again.
In spite of the fact that the first orange series was done in the late falj
when one woyuld expect slower drying rates, there were some relatively warm days
with Santa Ana winds and moisture Tevels at 4 weeks are not too different than in
the April - May series. The higher emissiqns va]ue§‘with time in the earlier

serfes may be dye to experimantal variation within a fye] type or may be due to

February, during the course of other trials, we found a rubber-like obstruction
in the hydrocarbon sample Tine which could have varied the flow rate from fire to
fire and caysad erroneous readings,

ATthough the Particulate Tevel i g3 little higher in lemon than in oranga
(no straw Was used with the lenon), it is not possible from these limited tests

veeks), the emission factors are considerably lower than for several other agri- ' ]
cultural fuels that have been studied and well belpw the factors for open burning i
published by EPA of 8.5 Kg/MT (17 1b/ton) pdrticu]ate, 50 Kg/iT (100 1b/ton)
carbon monoxide, and 10 Kg/MT (20 1b/ton) hydrocarbon. However, our experiments I
do not take into account all of the dirt, dust, and ash that is thrown into the l
air of a field fire of whole trees during thosa periods when the fuel bed js

period of time the fire has to be watched for safety reasons. Prior to stirring,

advantages of cleaner firos with mininum stirring against the disadvantage of

/ '
|
\




Table 13  Yield of particulates, carbon monoxide, and hydrocarbon from
burning Teaves, twigs, and small branches of citrus

trees that
have dried for various periods of time from date of pulling.

—— TN e st L e i a e A e e e e e oo ———

|

- Percent moisture, Emissions, Kg/MT (1b/ton)
P _ wet weight basis of weight loss
Co Orying time leaves, branches
; . vieeks tywigs  Ig-14T 13 Part. Co HC
i Orange, Novewber-December, 1972
] 0 52 40 36 7.5 (15.0) 52 (103) 6.8 (13.7)
y 1 20 32 32 3.8 (7.6) 43 (865) 3.8 (7.6)
f
; 2 (skipped due to bad weather)
T
: 3 19 29 130 3.0 (6.0) 38 (76) - 7.6 (15.2)
L .
. 4 13 26 27 3.1 (6.2) 37 (73) 8.3 (16.5)
b
j-_ Orange, April-May, 1973
i 0 8 33 37 5.1 (10.1) 64 (123) 8.1 (16.1)
' ] 29 37 34 2.4 (4.8) 60 (120) 3.8 (7.6)
'g 2 18 32 32 2.0 (4.0) 43 (85) 3.5 (6.9)
§ 3 14 32 33 1.7 (3.4) 36 (71) 2.3 (4.5)
% | 4 15 29 32 1.5 (2.9) 39 (77) 2.3 (4.5)
_E 6 16 14 22 1.7 (3.3) 23 (46) 2.1 (4.2)
] 25 (base fuel) 13V 1.2 (2.4) 12 (23) 5 (0.9)
i
i Lemon, December, 1972 .
¥
%_ 7 A 271/ 4.1 (8.1) 40 (80) 7.2 (14.4)
% ) 8 12 19 27 2.4 (4.3) 43 (85) 3.0 (6.0)
i 1/ ns . .
,é = Diameter classes combined. )
3
:
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“Yields cap be compared With other fueis.
_Particulate at near ambient Cemperatures

RUSSIAR THISTLE supies

At the request of the staff of the San Bernarding Ajp Pollution Contro}

- District, eight fires wore conducted at the SAPRC Burning Tower using thistie
" plants collected near San Bernarding.

SiX of the fires were with naturally dried
dead materiaj and two were with approximately equal weights of dead and green

: plants; the green plants were from the Riverside Campus.

Total Toading (thistle and stra@) ¥ds started at 4.5 Kg (10 1bs) but this
caused the carbon monoxide recorder to go off scale at 4000 ppm.  Loading was
gradually redyced to about 2.9 Kg (6.5 1bs) before the ¢g recorder stayad on
scale.  The mixed dry and green fuel was run at 3.3 Kg (7.5 1bs). Moisture

content on a wet Weight basis was 12 percent for dry thistle and 38 percent for
the green materia],

to assuma that data from the first filter a?one‘gives a low emission value and

that the tyo filters together indicate more nearly the trye

Particulate emissions,
Experiments Presently undervay are designed

Lo clarify collection techniques.

that of several types of agricuitural fuels of comparable dryness. One exception is
the yield from standing asparagus fern which exceeds that of the Russian Thistle,
The two fuels are somewhat similap in that when burned in 3 relatively undisturbed
condition frop that in which they were growing, the bylk density of the fuel js

The carbon monoxide yield is the highést of any fuel yet burned. An

‘the fire.

It
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Ca variety of fuels of the Same moisture content.

Y

" The hydrocarton yiald is also higher by a factor or about 2 when compared to

the addition of green fuel did

appear to significant]y increase hydrocarbon yield and would indicate that if
- thistle is to be burned, it should ba dry.

In comparing yields of thistle with agricultural crop residues, it should

. be pointed out that while these results certainly show that thistle produces more

emissions than agricultural fuels on a ton for ton basis, the yield from thistle
might be much less on an acre basis, assuming that the weight of thistle may be
considerably less than one ton per acre.
Table 14
Yield of Particulates, Carbon Honoxide, and Hydrccarbon from Burning
tight Samples of Ory or Mixed Dry and Green Russian Thistle

Emissions, ¥a/MT (1b/ton) of Fuel Burned
Particulate

l/. 2/, and 3/.

At the request of the California Air
tion and Enforcement,

were monitored.

Ouring the first week in February,
and walnut were delivered to Riverside.
bafore it wasg collected.
of delivery to detern
7w}th that of the

Off scale 35 Sec., 28 sec.

ORCHARD PRUNIIG STUDIES

st Znd

Fuel Filter Filter Total co HC -
Dry 10 (20) 1.6 (3.2) 12 (24 <123 (<258Y) 4.7 (9.3)
“Dry 10 (20) 200800 13(25)  qes (330¥) 7.5 (15)
Dry 10 (20) 1.9 (2.7) 1 (22) <164 (<328¥) 7.5 (15)
Dry 12 (23) 1.5 (2.9) 13 (26) 168 (336) 9.5 (19)
Dry 9 (17) 1.7 (3.3) 10 (20) 182 (361) 12 (24)
Dry/Green 8 (16) 1.8 (3.5) 10 (19) 115 (230) 17 (34)
Dry 9 (17) 1.5 (3.0) 10 (20) 154 (308) 9.0 (18)
Ory/Green 9 (18) 1.7 (3.4) 11 (21) 155 (310) 16 (32)

» and 10 SeC., respectively,

Resources Board, Division of Implementa-

1974, prunings

simulated open field burns of several varieties of prunings

of almond, grape, peach,

The material had been cut a few days

An attempt was made to' burn grape prunings on the day

ine the emission product

Same material after it had dried for

ion of fairly green material compared

périod specified by the

-*————-—-——--—-—-—-——-—s—-- - .
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APCD involved,
not tried;
. The procedure then followed was to
.- after collection and the other materials at 3p

The grape pPrunings could not be ignited and other materials yore

the moisture content of - the grape was 43 percent on a wet weight basis.
burn the almond at approximately 3 and 6 waeks

days after collection. Scon after

the first almond was burned, 2.5 cm (1 in.) of rain fell and it was dacided to

delay the grape, peach, and walnut fires for about 10 days;

further delays were

occasioned by windy weather which prevented us from burning.

The resylts

tha

of the fires giving average emissions and moisture content of

fuel are presented in table 15. Where fuels are of uniform size, only gne
moisture value is given.
6.4 cm (2-1/2 in.)

filters that have been installed

The limbs noted for almond and walnut did not exceed
in diameter. The particulates are reported for each of the two

in series in the sample system,

Table 15.

Emissions of Particulate, Carbon Monoxide and Hydrocarbons

from Burning Prunings of Four Orchard Crops

Average Emissions, Kq/iT (1bs/ton)

% Fuel .
Crop and Days Hoisture Particulate
Number from Cut et i, Filter Filter
of Fires to Burn  Basis F1 #2 Total Co HC
Alrond 23 twigs-31  2.3(5.5) 1.3(2.5) 4.1(8.1)  38(75) 5.6(11.1)
(3) limbs-35 | '
(4) 45 twigs-26 3.](6.2) ].2(2.3) 4.3(8.5) 32(64) 4.6(9.2)
1imbs-3]
Gr?P? 33 30 2.2(4.4) .7(1.3) 2.9(5.7) 31(62) ‘3.0(5.9)
4
Pe?c? 44 28 1.5(2.9) .5(.9) 1,9(3.8) 16(31) 1.7(3.3)
4
Walnut 49 twigs-30 1.8(3.5) .6(1.1) 2.3(4.6) 20(40) 2.3(4.6)
(1) limbs-35
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" prunings drastically,

7. Up to its original Tevel. If tree

The Prunings burned fair]y well at the drying times indicated although a
large propane torch had to pe used to ignite the firs
at the relativaly high moisture levels (

at 12 to 17 pe

t fires of almond. Even

Many other agricultyra) fuels are burned
rcent moisture on g wet weight basis)

the emissions from these
woody fuels were not particularty high.

The greatest yield of particulate was

did not alter the yield. The c0 yields
for other voody fuels and the hydrocarbon
- Based on work with dry woody fuels, it
fuels were drier, the emissions would be

from almond, and the extra drying period
appear to be lowar than we have obtained
is at or belgy the raﬁge we have obtained
s fairly safe to assuma that if the
lower,

In the fall of 1967, (. B. McNeliyl0
from six species of orchard crops.

figure 34. Figure 34 shows that tha tree fruit and nyt prunings dried at Similar
rates and that the fastest

¢ rate of drying occurred in the first 1p days of drying.
On dn average basis, most prunings had dried to 35¢ moisture (

days. The.dnying rate decreased steadily after 10 days.
showed that even heavy

conducted some drying studies on prunings

A summary of the results are presented in

wet basis) after 1
Mclelly's data also
rainfall win not increase the moisture content of the

In fact, several inchas of rain rarely brought the moisture
prunings necded to be at 10%-12% moisture

content to burnp With minimum emissions, as straw residys rust, months of drying

would be required,

ORCHARD PRUNING DRYING RATES
(6-8em o wood) (267

Caprlcot APrung
QPear 4 wainyt
@ L Cherey
@ TApple
a

20

MOISTURE CONTENT (% WET 8A

.LJ*LJ_LLJ_LJ_LLJ‘LJbLLJ_LA;L4~LJ_LJ_LL_LLJ_LJ_L_
8728 9/ ‘ 9 I 9s21 ] 1071 lusl?lll l 10721 0731 ' unoser ‘
o ) 20 _ 0 40

0ars}

Figure 34, Orchard Pruning Orying Rates -

30 60 rT0 a0




The SApRC Prunings fires showed

that minimun eamissions (1.5 - 3 Kg/MT) are
-2 obtained when the

Prunings have drieg less than 35% (t]

e Riverside data also shaws
‘hat, like Hcilelly's data, the pru

Nings reach this moisture level ip about
-f 10 days), The Pruning firas at the SAPRC T

OWer were conducted with a pre-existing

S that orchard prunings can be burned with
unings are allowed to dry to about

" fire. Fronm the above facts, it appear
. lou emissign levels if the pr

* content, (approximately 10 days of drying after pPruning) and are burncd by adding

the Prunings to ; Pre-existing fipe. Visible g

“startup when there is no Pre-existing fire and coal bed byt variou

may be used tq minimize this problem.
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Appendix A -
PARTICULATE LEVEL CALCULATIO!S

Theory of Calculation -
A high volume aip sampler measures basically the weight of particulates
in a known volume of air, usuaT]y expressed as yg of particulates per m? of air.
This figure can be converted into Ibs. of particulates produced par ton of fuel
burned if tpe CO2 level is measured at the high volyme air sampler. The conversion
s made by calculating the amount of fuel that was burned to produce the particles
in the sample volume, The fuel amount 1S, assumod to. he directly proporticnal
to the CO2 lTevel in the sample volume (eg. 100 1bs. cf residue @36% ¢ willprodu
produce 132 1bs, of C02 if completely burne ).
Sample Calculation - using typical Tield data:
A. Assumptions made ip the calculation:
1. Negligible amount of €0 producad
2. Negligible amount of hydrocarbons produced
3. Insignificant amount of carbon in particulates
B. Carbon balance:
Carbon content of résidue 35%
Carbon.content of ash = 15%
Lbs. of ash produced per 1b. of fuel burned = _p5
Carbon consumeq pef 16, of fuel =
(1 1b fuel) (.36) - (113 fuel) (.25) (.15) =
236 - <038 = 322 {ps C/1b fuel
C. Fuel burned to produce CO2 level in sanple volume:
cfm = average hi-vol flow rate = 80 cfp?
temp = dverage temparature of sampled ajr =,180°Fb
COZ = average CO2 level of sampled air =, 50¢ |

J)

time = duration of sampling = 3 minutes-

Co
- (Std. temp.© . . . 2 . d _ ..
(cfrm) (‘TEEE.L) (time) (165 ) (K17 = Titers co,
;80 ft? 530°R 3min., "~ ,.005 ft3 co 28.32 liters .
( ) (Gper) - (3N, ( T2) . (smSc iters, 28.2 liters of o
min 640°R i FtT e — ft : 2




r— e,

then:

. , . | -
(htGY‘S COZ) . (}\2) . (f\3) . (K4) . (]T)S—Cmmr) = g fuel burned

(82 Titer co,, 1 mol C_O_z*_‘_) (49 Coy ). (zac
R 7 I U E v 0" " moleCo, /- g Co," -

(lg—fggl-) = 46.8 g fuel burned

3229 C

D. Particu]ate Level:

NOTES:

amount of Particulates collected = 1400 g
articulate callected -
e fepealected, (K5) = 1bs/ton

1400 Particulate

_ 2 1b
- 46.8 ¢ fue]*““‘*J ("Q%gﬁ—~) = 5.98 1b/ton

The calibration curve for the hi-vol sampler must be ysed in

‘determining the average flow rate.

The time base for the CO2 average is the sum of the periods where the
CO2 Tevel s above the ambient level. This time base is the duration
of sampling and is also used in the average temperature calculation.

Standard conditions: 7g°f or 530°R aﬁd 29.92" Hg barometric pressyre

-Conversion Factors:

i

K 1 ft3 = 28.32 liters @ S.T.p.

K; 1 gram mole of a.gas = 22.4 liters
K3 = 1 gram mole of C02 = 44 g

K4 = 1 gram mqle of CO2 has 12 g of ¢

K 1 ton = 2000 lbs.

IH

1

5




Appendix 8

COST ANALYSIS (1973) -
Spring and Falj Rice Straw Burns

Rates of burp in feat rer minute.

RICE HEADFIRE

Fall 1972, 1977 Spring 1973
: 37.5 18.0 24.0
- 66.4 12.0 24.0
! 70.0 14.0 11.0
: 50.0 22.0 8.0
29.0 12.0 8.0
50.0 18.0 8.0
| 50.0 26.0 11.0
: 50.0 7.0 8.0
f 40.0 26.0 9.0

49,2 average 22.0

15.7 average

WHEAT HEADFIRE
Surmer, 197}
§ 20
B 86
' 156

—

87 average

BARLEY HEADFIRE
! Summer, 1972
| 152
P 138
’ . 138
R
| 145 o
125 average _ )

RICE BACKFIRE

Spring 1973, 1972

4.75
2.3
3.
10.0%
2.7
2.9
3.3

4.15 average
*3.2 withouyt 10.0

WHEAT BACKFIRE
Summer, 1971
4.3
3.9
3.7

—_—

4.0 average

BARLEY BACKFIRE
=== UALAPIRE

Sumner, 1972
EWAer, 1772

3.9
3.9
3.9
3.0

3.7 average




COST ANALYSIS

Headfire Burning:

The speed of the flare front in headfire byrns varies signficantly
With wind speed, moisture content and fuel loading. Rates have been recorded
as high as 70 fpm on a field with Tittle residue compaction and dry straw
and stubble. (liote: surmer barley may reach rates as high as 150 fpm).
On the other hand, rates as Tow as 8 fpm have been recorded on_fields where
the residue is severely compacted as g result of a long winter with much
flooding and animal travfic. This analysis will use two flame front speeds;
(1) s0 fpm; corresponding to j spring burn op 2 fleld with dry straw and
stubble (10% wb), moderate wind speeds (8 to 12 mph) and little fuel
compaction, (2) 16 fpm: . corresponding to 3 spring burn on a field with
wet stubble (20% wb), dry straw (10% wb), compacted fuel and low wind
speeds (4 to 5 mph).

A square 80-acre field would burn ip-

1. (1,870 ft) . [1/(50 ft/min)] . [1/(60min/hr)] =..6 hrs

2. (1,870 ft) - [1/01s ft/min)] - [1/(60 min/hr)] = 1.9 hrs

Tighted edge ——p
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COST ANALYSIS

A, Headfira (cont'd)

1. Headfireo (speed of flame front = 5 fpm)

Equipmont COst based on 459 acres in rice per year., Fire js lighted along

one edge only and requires no relighting.

_cost use_
field labor (1 man operation) =~ 2.25/hy. .6 hr,
equipment: '

pickup 2.00/hr. .6 hr.
small tools, drip can,

etc. $50/2 years .0375/acre 80 acres
1ightfng fuel -0005/f¢. 1,870 f¢.

overhead and sipervision (10% of subtotal)
TOTAL COsT PER 80 ACRES

cost per acre

Cost per hectare

2. Headfire (speed of Flame front = 16 fpm)
Based on 40y acres in'rice per year

cost use_
field labor (1 man Operation) 2.25/hr, 1.9 hr. -
equipment:
pickup 2.00/hr. 1.9 hr,
small tools, drip can,
etc. $50/2 years .0375/ac. 80 acres
lighting fue) .0005 ft, 1,870 ft.

TOTAL cosT PER 80 Acres
Cost per acre
CO5t per hectare

total
1.35

1.20

5.00
.94
8.49
_.85
$9.34
$ .12

$ .30

total

4.28
3.80

5.00
94
$15.42
$ .19
§ .47




COST ANALYSIS

Backfire Burning:

Data from rice rosidue burning consistently indicates a rate (speed of
flame front) of flame advance (progression) between 2.7 to 4.8 ft/minute.
An average rate of 3.25 fpm will Le used in the cost analysis.

A square, 80-acre field would completely burn in:

(1,870 ft.) (1/3.25 ft/min) (1/60 min/hr) = 9.5 hr

wind
<

1870 ft.

Equipment cost based on 400 acres in rice per year and field tended
throughout entire time of burn. '

80 acres

]iéhted edge

L

cost o use total
field labor (1 man operation) 2.25/hr. 9.6 hr. 21.60
equipment;

pickup ' 2.00/hr. 9.6 hr. 19.20
small tools, drip can, ' . ,

etc. $50/2 years .0375/ac 80 acres 5.00

lighting fuel .0005/ft. 1,870 ft. .54

46.74

overhead and supervision (102 of subtotal) . 4.67

~ TOTAL COST/SO ACRES . $51.41

cost per acre : $ .65

cost per hectare : : $ 1.61




COST AMALYSIS

C. Into-the-Wind Strip}ighting

The rate of flam» front advance with the into-the-wind striplight
technique is comparable to backfire burning. The advantage of this technique
is that mere than just one edge of tihe field can be ignited. Although the
rate of flame front advance is the same as a backfire burn, the fire front
is much longer, and jis moving in two directions at once plus the rate of
lighting is equivalent to a fast headfire (@ 2 mph = 176 fpm), thereby
covering the field faster. _

Using the following Tighting pattern:

Man Hrs,
iqhting 2290 . 1 o
lighting 76 X &5 = .c2 hrs x 4 men .83
1870 . 1 )
standby —— 500 = 1-13 hrs x 1 man 112
2.00 hrs,
1/4 hour at twg miles per hour and fire advances 200 ft/hr.
Equipment cost based on 40n acres in rice per year:
cost  use total
field labor (4 men operation) 2.25/hr, 2 hrs, 4.50
equipment : .
pickup 2.00/hr. 2 hrs, 4.00
small tools, drip can,
etc. $50/2 years .0375/ac 80 acres 5.00
Tighting fue] .Q005/ft. 9,350 ft. 4.70
| $18.20
overhead and supervision (102 of subtotal) - $ 1.82
TOTAL COST/80 ACRES $20.02
cost per acre $ .25

cost per hectare ' $ .62
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Appendix D

Data Sheefs

Fall 1970 (Rice)

Summer 1971 (Wheat)

Fall 1971 (Rice)

Summer 1972 (Barley)

SAPRC Tower 1972 (Rice)

SAPRC Tower 1973 (Rice, Wheat, Barley)
Asparagus.Trials 1972

Particulate Size Distribution Studies 1973
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