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GEORGIA-PACIFIC CORPORATION 

LUMBER K I L N  EMISSIONS DATA 
SUPPLEMENTAL ENVIRONMENTAL PROJECT 

EXECUTIVE SUMMARY 

Georgia-Pacific Corporation (G-P) retained the National Council of the Paper Industry for Air and 
Stream Improvement, Inc. (NCASI) to manage and conduct a Supplemental Environmental Project 
(SEP) designed to evaluate the feasibility of using small-scale lumber kilns as surrogates for full-scale 
kiln testing. Secondary objectives were to develop testing protocols for small-scale and full-scale kilns 
and obtain emission data from full-scale kilns. Production-based mass emission rates of volatile 
organic compounds (VOCs) were the primary criteria by which small-scale kilns were evaluated. A 
limited assessment was also conducted for emissions of formaldehydc and methanol. A screening 
analysis was performed for a select group of ‘hazardous air pollutants’ (HAPS), acetone, alpha-pinene, 
and beta-pinene. 

The typical lumber kiln is a non-steady-state, batch process, air emission source with substantial 
fugitive emissions and multiple emission points. These kilns must be sampled over an extended period 
of time to obtain a representative sample. Southern pine lumber kilns typically operate in a batch 
manner, with each batch or drying cycle lasting 15 to 30 hours. Since the emissions are not steady- 
state, emission samples are best taken continuously throughout the kiln cycle. Obtaining accurate 
exhaust flow rate and pollutant concentration data from lumber kilns bas historically proven to be both 
difficult and expensive. Because of this, only small amounts of data have prcviously been available, 
and some of these data are of questionable value due to lack of a standardized test protocol(s), inability 
to assess fugitive losses, difficulties encountered during testing, etc. For these reasons, an alternative 
approach to measurement of these emissions is desirable. 

The project was divided into two phases. The first phase assessed the variability in kiln operations and 
emission rates from four small-scale kilns. The second phase involved a comparison of air emissions 
testing results obtained while drying carefully matched batches of lumber at two small-scale and two 
full-scale lumber kilns. The full-scale kilns were selected based on idealized testing criteria including 
the existence of no more than two vents, low fugitive;emissions, etc. 

0 

PHASE I: SMALL-SCALE KILN VARIABILITY STUDY 

The first phase of the study, termed the Variability Study, was conducted at four small-scale kilns. The 
kilns were operated by Mississippi State University (MSU), Oregon State University (OSU), North 
Carolina State University (NCSU) and a consulting group. 

Lumber from a 20 year old slash pine plantation was processed at G-P’s Cross City, Florida, Chip-N- 
Saw mill. Statistically equivalent lumber samples were obtained from the mill and distributed to all of 
the Variability Study small-scale kilns. Each small-scale kiln received four sample charges. 

Even though all four small-scale kiln operators wcrc provided with standard protocols for sampling and 
kiln operation, there was considerable variability in the mass emission rate results. The VOC mass 
emission rates ranged from 0.94 pounds of VOC as carbon per thousand board feet (Ib VOC as 
C/MBF) to 3.20 Ib VOC as C/MBF. The formaldehyde mass emission rates ranged from 0.009 to 
0.026 IbMBF and the methanol results ranged from 0.024 to 0.221 Ib/MBF. 
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Two of the four small-scale kiln operators were chosen to participate in the second phase of this 
project, They were chosen based on the consistency of the data collected and their willingness to 
allocate the resources necessary to complete this project. These two kilns were located at MSU and 
osu. 

PHASE 11: FULL-SCALE T O  SMALL-SCALE KILN CORRELATION STUDY 

Two G-P owned and operated full-scale kilns were tested for this project. One was direct-fired and the 
other was steam-heated. The direct-fired kiln, located in Idabel, Oklahoma, was equipped with a Power 
Vent System that collected and vented the kiln exhaust through two roof stacks. The steam-heated kiln, 
located in Bay Springs, Mississippi, was originally equipped with a Vent-X-Changer system. The heat 
exchanger elements had been removed however, so the Vent-X-Changer acted in a similar manner to 
the Power Vent system with only one exhaust stack. Both kilns, as tested, exhibited low rates of 
fugitive emissions. 

There were six charges tested at each full-scale kiln. Lumber samples for testing at the small-scale 
kilns were extracted from the lumber that made up each full-scale kiln test charge by a random method. 
The small-scale kilns received at least one corresponding sample charge for each full-scale kiln charge 
that was tested. Data were collected from 12 full-scale kiln test charges and 24 small-scale kiln sample 
charges. 

Continuous VOC sampling was conducted over each of the 36 drying cycles. Formaldehyde and 
methanol data were collected over 12 drying cycles. The burner for the direct-fired kiln was sampled 
for total VOC, formaldehyde, and methanol. Speciated VOC sampling was conducted at one full-scale 
and two small-scale kilns 

The data obtained from the Phase I1 portion of this project indicate that small-scale kilns can 
successfully emulate the operation of full-scale kilns. By matching specific full-scale kiln temperature 
schedules, the small-scale kilns can also model full-scale kiln VOC mass emission rate curves. The 
small-scale kilns were somewhat, but not completely, successful in matching ~ the ~~~~ production-based ~~ ~ ~ 

emission rates  of thefull-sde kilnsl- 

0 

~~~ ~ ~~~ ~~ ~ ~~~ 

When the entire VOC data set was analyzed, the OSU small-scale kiln emission test results proved to 
be statistically similar to the full-scale kiln results. The MSU results were shown to be significantly 
different. When the direct-fired and steam-heated kiln data sets were separated, however, a separate 
statistical analysis showed that 50% of both the MSU and OSU results were statistically similar to the 
full-scale kiln results. The average VOC mass emission rates from the full-scale kilns (FSK), MSU, 
and OSU are shown in Table ES. 1 .  

Table ES.1. 

VOC Mass Emission Rate 
Temperature (Ib VOC as C/MBF) 

Schedule FSK MSU osu 

Direct-fired 3.8 2.4 3.0 

Steam-heated 3.5 3.1 4.2 0 
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Statistical analysis was not conducted on the formaldehyde and methanol results because of the small 
data set. A gross overview of the data, however, indicates that methanol emissions were reasonably 
similar at the full-scale and small-scale kilns but formaldehyde emissions were more variable. This 
may be due to the low concentrations of formaldehyde detected at the steam-heated full-scale kiln, 
MSU and OSU. An additional observation from these data sets shows that a significantly greater 
amount of formaldehyde was detected from the direct-fired full-scale kiln. One possible explanation 
for this finding is that formaldehyde is formed in the blend box of the direct-fired kiln. The 
formaldehyde mass emission rates are shown in Table ES.2. 

Table ES.2. 

Formaldehyde Mass Emission Rate 
Temperature (IbMBF) 

Schedule FSK MSU osu 

Direct-fired 0.103 0.020 0.009 

Steam-heated 0.016 0.003 0.021 

The small-scale kilns were not able to emulate the formaldehyde mass emission rate profiles from either 
of the full-scale kilns. A reasonably fair match was made, however, for the methanol mass emission 
rate profiles. This is indicated by the methanol results shown in Table ES.3 below. 

Table ES.3. 

Methanol Mass Emission Rate 
Temperature (IbhfBF) 

Schedule FSK MSU osu 

Direct-fired 0.161 0.107 0.116 

S t m - h a t e d  0.205 0.167 0.225 

The direct-fired lumber kiln and burner were tested simultaneously. The data show that VOC, 
formaldehyde and methanol emissions from the burner were relatively insignificant. 

A limited assessment of speciated VOCs was conducted over three kiln charges. The results indicated 
that alpha-pinene, beta-pinene, and methanol were the predominant compounds. Acetaldehyde and 
acetone were the only other compounds present at levels above 0.01 1blMBF. The relationship of these 
compounds is in agreement with the majority of southern pine sources tested in the Wood Products 
MACT Study recently completed by NCASI. 

The results from this project indicate that if operating consistency is achieved, standard procedures are 
followed, and small-scale kiln conditions are fully matched to those of the full-scale kiln, then small- 
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scale kilns can successfully model air emissions from full-scale kilns. This suggests that small-scale 
kiln process conditions should be carefully monitored, and the results of this monitoring should be 
provided along with the mass emission rate results. 

The future use of small-scale kilns as surrogates for testing full-scale kilns should be evaluated with 
due respect to the inherently high variability in normal full-scale kiln test results. The full-scale kilns 
tested in this report are idealized and among a very few in the country that have exhaust stacks, If 
typical difficult-to-test kilns, without stacks, had been tested, the full-scale kiln emission results would 
likely have been more variable and the statistical comparisons more favorable for both MSU and OSU. 
As expertise in operating and sampling small-scale kilns increases, data quality and consistency should 
improve. 
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0 GEORGIA-PACIFIC CORPORATION 

LUMBER KILN EMISSIONS DATA 
SUPPLEMENTAL ENVIRONMENTAL PROJECT 

SUMMARY REPORT 

1.0 INTRODUCTION 

The National Council for Air and Stream Improvement, Inc. (NCASI) entered into a Service 
Agreement with Georgia-Pacific Corporation (G-P) on September 24, 1997 to conduct a Supplemental 
Environmental Project (SEP). The SEP was designed to assess the feasibility of using small-scale-scale 
kilns as emission testing surrogates for full-scale. kilns. A secondary purpose was to identify and 
quantify air emissions that result from the drying of southern pine lumber and to develop test protocols 
for lumber kilns. 

The typical lumber kiln is a non-steady-state, batch process, air emission source with substantial 
fugitive emissions and multiple emission points. As a consequence, obtaining accurate exhaust flow 
rate and pollutant concentration data from lumber kilns has proven to be both difficult and expensive. 
The small amount of data available shows a wide range of volatile organic compound (VOC) emission 
results for similar kilns drying the same wood species under similar conditions. Furthermore, some of 
these data are of questionable value due to the lack of standardizcd test protocol(s), inability to assess 
fugitive losses, difficulties encountered during testing, etc. For thcse reasons, an alternative emission 
test method using laboratory sized dry kilns (small-scale kilns) is desirable. 

A considerable amount of detail was involved in this project and is reflected in the size of this report. 
An overview of the report is provided below to assist the reader in sifting through the details and 
finding the desired information. 

Section 2.0 provides a literature review of previous methodologies developed to estimate emissions 
from lumber kilns. In Section 3.0 the difficulties encountered in full-scale kiln testing are discussed. 
Sections 4.0 and 5.0 provide detailed descriptions of the kilns tested and methodologies used. The 
results are provided in table format in Section 6.0 .  Graphs and discussion of the results follow in 
Section 7.0. Conclusions are drawn in the final section of this report (Section 8.0). 
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2.0 LITERATURE REVIEW OF LUMBER KILN TEST METHODOLOGY 

A relatively small body of published information exists concerning VOC test methodologies for lumber 
kilns. The available information can be segregated into three areas: (1) laboratory methods, (2) small- 
scale kilns, and (3) innovative approaches to full-scale kiln testing. 

2.1 

Rice and Zibilske (1999) estimated VOC losses from northeastern wood species with an extraction 
technique and measurement of the dissolved organic chemical (DOC) content of the extract. 
Differences in DOC levels between green and dry samples were used to estimate the worst case VOC 
loss from lumber during the drying process. Estimates of 1.1, 1.3, 1.2, 0.9 and 0.7 lb of carbon per 
thousand board feet (Ib/MBF) were obtained for balsam fir, white spruce, red spruce, black spruce, 
and red pine, respectively. Within each species the measurements were highly variable. Some of the 
variability appeared to be due to differences between heartwood and sapwood, as well as differences in 
the wood moisture contents of the various wood samples. 

Dallons, Lamb, and Peterson (1994) used EPA Method 25D and modified EPA Method 24 to estimate 
VOC releases from lumber. In these laboratory methods, the concentrations of organic compounds 
extracted from wood were evaluated prior to and following drying. The difference in the extracted 
material from the green and dry wood samples was assumed to equal VOC losses from the kiln. For 
this study, southern pine lumber from four different kiln charges was evaluated with ten pairs of 
samples obtained from each charge. The results from this study showed relatively high variability 
among the samples. The authors attributed much of the variability to natural variation within the 
lumber. The average estimated VOC release, expressed as methane, was approximately 2 lb/MBF. 

2.2 

A small-scale kiln was designed and constructed at Mississippi State University (punsuvon 1994) 
This work, in part, established small-scale kiln operational procedures. In this initial work at 
Mississippi State University (MSU), monoterpenes were measured before and after drying in the 
southem pine lumber and in the kiln condensate. It was determined that alpha- and beta-pinene were 
the major compounds emitted ftom the wood during the drying process. As part of this work, the 
breakdown, or reaction, products of terpenes in both air ;t"d water were studied. The major 
compounds found were alpha-terpineol, alpha-pinene ofide, alpha-campholene aldehyde, vebenol, 
pinocamphone, myrtenol and verbenone. These studies and the following studies conducted at MSU all 
utilized southern pine lumber. 

Ingram, Taylor, and Templeton (1995) discuss the difficulties involved in emissions testmg of large- 
scale kilns and reasons for construction of the small-scale kiln at MSU. In this paper, small-scale kiln 
design objectives are also discussed. Preliminary test results indicate average emission values of 5.84 
and 4.67 Ib V O C M F  for high (245'F) and conventional (180°F) temperature drying schedules, 
respectively. The VOC units were not specified. Typical VOC concentration curves for the high 
temperature schedules were described as highest after 1 to 2 hours, then decreasing to hour 6,  
increasing slightly to hour 9, and then decreasing continually until drying stopped. For conventional 
schedules the concentration peaked during the first two hours, subsided quickly, and decreased 
throughout the remainder of the drying cycle. 

Thompson (1996) quantified VOC and speciated compound emissions at the MSU small-scale kiln. 
Thompson determined that alpha-pinene, camphene, beta-pinene, myrcene, limonene and 4-allylanisole 
were the most abundant compounds emitted. Of these, alpha- and beta-pinene represented over 75% of 
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a the total emissions. Thompson conducted a number of drying experiments and determined that (1) 
relatively high (239°F) and low temperatures (176'F) did not significantly affect VOC emissions, (2) 
knotty wood lumber samples yielded higher levels of VOC emissions compared to lumber samples from 
clear wood, and (3) emissions from heartwood were greater than emissions from sapwood. The VOC 
emission profiles obtained from this study followed the same profile described earlier with the 
maximum valucs rcached approximately 1 to 2 hours into the cycle and then again at approximately 10 
hours into the cycle. Thompson determined an average emission rate of 4.0 lb VOC as C/MBF for 
clear lumber. 

Shmulsky's research (1998) at the MSU small-scale kiln was conducted to assess the effects of certain 
lumber parameters on VOC emissions and to evaluate potential pre-treatments to reduce VOC 
emissions. This study determined that end grain and the wood's surface area to volume ratio were not 
statistically significant factors with respect to VOC emissions. Steaming and radio-frequency pre- 
treatment of lumber were also found to not have statistically significant effects on VOC emissions. 
Shmulsky's study showed that high humidity kiln operation schedules significantly increased VOC 
emissions. This paper also discussed the difficulties involved in testing large-scale kilns and suggested 
that experiments should be conducted to correlate emissions from large- and small-scale kilns. 
Shmulsky obtained an average VOC mission rate of 3.75 Ib VOC as CMBF. 

Su et al. (1998) conducted experiments involving radio-frequency treatment of lumber at the Institute 
of Paper Science and Technology (IPST) with subsequent drying at the small-scale kiln at MSU. They 
determined that the size of the lumber sample did not affect the quantity or rate of VOC release from 
the small-scale kiln. Additionally, experiments were conducted to evaluate the effect of delayed 
venting. In these experiments, kiln venting was initiated after 2, 3, and 5 hours into the kiln cycles. 
The corresponding VOC emission rates were 3.05, 2.47 and 1.89 Ib VOC/dly ton of wood. The VOC 
units were not specified. Seasonal variability was assessed, although at this time only preliminary 
results are available. The authors also made a preliminary determination that the VOC content of 
loblolly pine trees did not vary significantly with season. 

Wu and Milota (1999) presented results from a small-scale kiln drying Douglas-fir lumber. The effects 
of dry biilb temperature, wood moisture content,~andrelative humidity inside thekiln were evaluated 
for their effects on VOC emissions from drying. It was determined that higher initial wood moisture 
contents and higher dry bulb temperatures both resulted in higher VOC emission rates. They also 
determined that there was no significant effect of kiln relative humidity on VOC emissions. They 
determined a typical emission rate of approximately 1.47 lb VOC as propaneh4BF for Douglas-fir. 
The VOC concentration of the dryer emissions was observed to increase steadily during the first 2 to 4 
hours and decrease rapidly when the wet-bulb set point was reached Approximately 70 percent of the 
emissions were released in the first half of the kiln schedule. The authors provided detailed information 
on lumber sample collection, kiln operation, and calculations. 

NCASI (1996), in conjunction with staff from the University of Idaho, conducted measurements of 
VOC emissions from a small-scale kiln. Ten different species of softwood lumber were dried 
according to drying schedules used for these species in full-scale kilns. In this report, detailed 
information was provided on the University of Idaho small-scale kiln, as well as on the VOC sampling 
system. The study determined that there was no significant correlation between VOC emissions and 
corresponding turpentine samples from the dried lumber. VOC emissions varied highly among the 
wood species, ranging from 0.12 to 3.32 Ib VOC as C/MBF. The average emissions from southern 
pine duplicate samples from lumber cut in Arkansas and Texas averaged 2.36 and 3.32 Ib VOC as 
C/MBF, respectively. 

0 

0 
National Council for Air and Stream Improvement 



0 2.3 Innovative Methodologies for Full-Scale Kiln Testing 

Glass and Elam (1995) developed procedures for measuring gas flow rates from large-scale kilns using 
water mass balance and combustion stoichiometry, respectively, for steam-heated and direct-fired 
lumber kilns. The direct-fired kiln for which the combustion stoichiometry approach was used would 
have been very difficult to test by conventional methods because it had 42 exhaust vents and a drying 
cycle of approximately 72 hours. Natural gas consumption, along with oxygen, carbon dioxide, and 
moisture measurements, provided the information needed to calculate exhaust flow rates for the direct- 
fired kiln. The steam-heated kiln was a typical high temperature southem pine kiln with 14 vents and a 
drying cycle of approximately 18 hours. For the tests at both kilns, representative lumber bundles were 
weighed prior to and after kiln drying on the mill truck scale. Emission rates of 1.4 and 1.7 Ib VOC as 
CMBF were obtained for the direct-fired and steam-heated kilns, respectively. 

McLaurine, Ferguson, and Slocum (1999) presented the results from using the water mass balance and 
carbon mass balance approaches to estimate emissions from full-scale kilns. One steam-heated and one 
direct-fired southern pine kiln, located within 100 miles of each other, were tested for VOC emissions. 
The steam-heated kiln was also tested for methanol and formaldehyde emissions. The authors 
determined that the greatest source of variability with the water balance method was measurement of 
lumber moisture loss during the drying cycle. For the steam-heated kiln, the lumber moisture loss was 
approximately 2.1 lbhoard foot. The VOC, formaldehyde, and methanol emission rates were 1.88, 
0.025, and 0.26 IbMBF, respectively. For the direct-fired kiln, the moisture loss was 1.67 Ibhoard 
foot. The measured VOC emissions for the direct-fired kiln were 2.49 IbMBF and 1.37 lb/MBF for 
the water mass balance and carbon mass balance approaches, respectively. 
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3.0 FULL-SCALE KILN TESTING - DIFFICULTIES AND APPROACHES a 
3.1 Difficulties 

Several of the papers reviewed in the prior section mentioned difficulties involved in testing full-scale 
kilns. The difficulties are, in part, the driving force behind their work. This section will review some 
of the problems associated with testing full scale kilns and the approaches that have been taken to solve 
those difficulties. 

Perhaps it is worthwhile to stop and consider a typical VOC stack test. Simplified, a typical test 
involves measurement of gas velocity and associated parameters to enable calculation of an air flow 
rate. Tsically flow measurements are made prior to and following VOC concentration measurements. 
Flow rates and VOC concentrations are used to calculate mass emission rates. 

In a typical test, the velocity is measured from an exhaust stack through two sample ports that are 90 
degrees apart. A relatively simple VOC continuous monitoring system would provide VOC 
concentrations over the sampling run, generally for one hour. Three one-hour sample runs ‘would 
characterize a source. 

This typical test procedure is acceptable for the majority of sources because (1) most sources have 
exhaust stacks and (2) most processes are continuous. For continuous sources, an assumption is made 
that the emission concentration and exhaust flow rate are relatively steady-state. Using this 
assumption, three one-hour “snapshots” are considered representative of typical operations. 

Keeping these ideal stack testing conditions in mind, now consider the typical steam-heated southem 
pine lumber kiln. Most steam kilns have from 8 to 20 vents segregated into two rows on top of the 
kilns. The vents are little more than openings in the roof with covers that arc modulated open and 
closed, The vent covers in one row are connected so that they open, close, or partially open or close in 
unison. Vents are closed or partially closed to conserve energy and/or maintain a specific humidity 
level. Vents are opened or partially opened to allow water vapor to escape the kiln and to maintain a 
specific humidity level. The amount of venting is generally controlled by wet and dry bulb temperature 
measurements or, indirectly, by the humidity inside the kiln. One vent row serves as an inlet for fresh 
(dry) air while the other vent row serves as an exhaust. In order to evenly dry the lumber inside the 
kiln, internal kiln fans are reversed approximately every three hours. At this time, the vent rows 
change duties with the inlet air row becoming the ex$aust &d vice versa. 

The typical southern pine kiln operates in a batch manner. A green lumber “charge” or batch is placed 
in the kiln at ambient temperatures. Doors are closed and hot air is introduced to the kiln. For the next 
two or three hours hot air is simply circulated witbin the kiln allowing the temperatures of the kiln and 
lumber to increase to the point where drymg can begin. After this initial heating period, the vents begin 
to open and modulate to maintain the humidity specified by the kiln operator. Exhaust flow rate, 
moisture levels, and pollutant concentrations vary considerably throughout the remainder of the drymg 
cycle. A typical southern pine drying cycle is complete in 15 to 30 hours. 

A typical stack test simply cannot be conducted because (1) there are no stacks with sample ports and 
(2) an assumption cannot be made that conditions are steady-state. Stack sampling contractors are, 
therefore, forced to deviate from typical procedures by developing alternative approaches to measuring 
or estimating flow from typical dry kilns. They must also be able to sample continuously over the 
entire drying cycle, which generally means they must have two or three test crews to cover the extended 
sampling period. 
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TWO additional difficulties are partici sly troublesome. They are: (1) measurement or estimation of 
fugitive emissions and (2) difficulties involved in sampling very high moisture gas streams, Both of 
these are related, directly or indirectly, to the enormous amounts of water that must be evaporated. 
With the exception of the first two or three hours of operation, when there is a need to conserve heat, 
there is little reason for kilns to be “tight” or leak proof. Water vapor must exit the kiln, and it seems 
to be of little concern if it exits through a poor door seal or through other openings or cracks, rather 
than through a roof vent. Quantifying the fugitive emission rate is extremely difficult. 

Because the green wood charged to the kiln is approximately one-half water by weight, a very large 
amount of water vapor must exit the kiln during the drying cycle. Moisture levels in the exhaust are 
highly variable (over time) and may reach levels of 60 to 70% by volume. By definition, air sampling 
equipment is designed to sample air - not water vapor. Although most air pollution sampling methods 
can in some way handle moisture levels up to 30%, many begin to have problems above this level. At 
moisture levels of 60 to 70%, most VOC analyzers will cease to function due to “flame-out.” This 
condition is caused by large amounts of water vapor entering the flame ionization chamber and 
quenching the flame. Prior to this point high moisture conditions cause low bias in the VOC readings. 
Sampling contractors “solve” this problem in a number of innovative ways, some of which provide 
inaccurate results. 

Although this discussion has focused on southern pine steam-heated kilns, most of these same problems 
exist for southern pine direct-fired kilns. Western softwood kilns also have many of these same 
problems and are very labor intensive to test due to drying cycles that can exceed three days in length. 

It should be noted that during the initial planning stages of this project a decision was made to avoid 
testing typical full-scale kilns. Instead two, relatively rare kilns with exhaust stacks were tested. 
Because of this, many of the major difficulties and u n c e h t i e s  involved in testing full-scale kilns were 
avoided. 

3.2 Approaches 

The wood products industry and sampling contractors arc approaching thc problems inherent m tcstmg 
full-scale kilns in anumber of different wavs As discussed in thc literature rcview section. some 
contractors have used mass balance appro&hes to measure flow rate. For direct-fired k i i  this is 
accomplished by carellly measuring the fuel input over the entire kiln cycle and measuring either 
oxygen or carbon dioxide concentrations at a point in the system that represents combustion plus 
dilution air. An F factor is then used to calculate the to& exhaust flow rate. For steam-heated kilns, 
the mass balance is based on the amount of water entering and leaving the system. Samples of the 
lumber charge are weighed prior to and after drying, and frequent moisture measurements are made at 
representative kiln exhausts. Kiln condensate must also be measured. In this approach, water is 
theoretically converted to water vapor at standard temperature and pressure. The ratio of water vapor 
to dry air in the exhaust can then be used to determine the total flow rate from the kiln. Mass balance 
theoly and calculations are explained in detail by McLaurine et. al. (1999). 

Those attempting to use more conventional means of measuring kiln emissions have also tried several 
approaches. Some contractors have sampled a “representative vent” on each side ofthe kiln. This is 
typically done by building a stack over the vent and cover. The results obtained from the representative 
vent are then multiplied by the total number of vents in a row. Some mills or contractors have built 
temporary ducting systems and stacks that collect the entire kiln’s emissions into one or two emission 
points. Then the emissions are measured in a conventional manner. One, somewhat complicated but 
theoretically sound, approach has been to sample all of the vents simultaneously. In this case, boxes 
with relatively small stacks are constructed surrounding each kiln vent and cover. The boxes are large 
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enough to allow the vent covers to operate in a normal manner. Exhaust gases from the kiln vents are 
forced through the stacks. Propeller anemometers measure the flow rate through each stack. A slip 
steam of kiln exhaust from each vent in a vent row is sent to a common VOC analyzer for 
quantification. 

For all of the full-scale non-mass balance approaches, fugitive emissions must be considered. An 
estimate of fugitive emissions has been obtained by injecting a tracer gas into the kiln and quantifying 
the amount recovered through the kiln’s vents. This technique has, thus far, had limited success. 

Although substantial progress has been made, there is still a lot of uncertainty involved in full-scale 
kiln testing. Innovative approaches push the industry toward better solutions to this problem. 
Meanwhile, full-scale kiln test results are perhaps better viewed as reasonable estimates than as 
accurate characterizations. 
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4.0 

4.1. Kiln Descriptions 

FULL-SCALE KILNS AND SMALL-SCALE KILNS USED IN THE PROJECT 

4.1.1 Direct-Fired Full-Scale Kiln 

The direct-fired full-scale kiln chosen for this project was Kiln #2 at the G-P, Idabel, Oklahoma, saw 
mill facility Dry Kiln #2 is a two-track kiln with a capacity of 120 thousand board feet (MBF) of 
lumber. The mill was chosen for this project because Kiln 82 is outfitted with a Power Vent system 
developed by Irvington-Moore. 

The Power Vent system is designed to control air into and out of the kiln through two roof stacks 
(Figure 4.1). The roof stacks are positioned on each side of the kiln fan assembly that re-circulates the 
air inside the kiln. The kiln fans reverse the direction of air flow through the lumber charge every three 
hours. Depending on the direction of the air flow, one side of the Power Vent system will vent the kiln 
by activating the variable speed fan located at the base of the stack. The stack fan on the other side of 
the Power Vent system will remain dormant and allow air into the kiln. 

A portion of the kiln air is constantly reheated in a blend box connected to the side of the kiln (Figure 
4.2). This gas enters the blend box at approximately 200°F and mixes with the burner air at 
approximately 1600'F. After mixing in the blend box, the return air is drawn out of the blend box by a 
fan and blown back into the kiln. The temperature of the air returning to the kiln is at approximately 
45O0F. During kiln fan reversals, the flow of kiln air entering the blend box is reduced. Therefore 
ambient air is allowed to enter the blend box through a set of louvers to cool the burner air in the blend 
box. 

The heat source for Kiln #2 is a sloped pile burner or gasifier. The fuel for the gasifier is the green 
sawdust produced from sawing operations at the front end of the mill. The sawdust is collected and 
conveyed to a silo. The silo continuously feeds a fuel hopper that provides fuel for multiple burners. A 
feed screw pulls the sawdust from the fuel hopper and supplies fresh fuel to the gasifier. A fuel level 
indicator in the burner activates and stops the feed screw as needed. 

Air is introduced over and under the burner grate at a flow rate below that required for complete 
combustion. The smoldering fuel on the burner grate is designed to create hot gases that rise to the top 
of the burner chamber. Near the point of exit from the b h e r ,  excess oxygen is mixed with the hot gas 
to complete the combustion process. The hot air generated from this process is transported a short 
distance to the blend box where it is mixed with the re-circulated kiln air. Flames from the combustion 
of the hot gas were observed entering the blend box. 

Tests conducted by NCASI determined that the average burner fuel feed rate was approximately 80 lb 
of green sawdust per minute. The sawdust had an average wood moisture content of approximately 
50% (wet basis). 

On the week prior to testing, mill personnel conducted routine cleaning ofthe burner grate 

4.1.2 Indirect-Fired Full-Scale Kiln 

NCASI could not locate a steam-heated southern pine lumber kiln a Power Vent system similar to the 
direct-fired kiln. Almost all of the commercial steam-heated lumber kilns operated with multiple roof 
vents and did not meet the criteria of this project. The best option available for this project was the 
steam-heated kilns at the G-P facility in Bay Springs, Mississippi. The three lumber kilns at this 
facility each utilize the Cartcr-Sprague Vent-X-ChangerTM system. Two of the three kilns at this site 
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were dropped from consideration, however, due to complications in reaching the emission sources. The 
remaining kiln, Kiln #3, was tested. 

The components of the Vent-X-ChangerTH system are shown in Figure 4.3. Normally, this unit 
operates as a heat exchanger that uses the heat from the exhaust air to preheat the inlet air to the kiln 
thereby reducing overall boiler demand. 

Kiln #3, at Bay Springs, is outfitted with a Vent-X-Changer at one end of the kiln (Figure 4.4), but the 
air-to-air heat exchanger elements (shown in Figure 4.3 as item #8) had been removed. In essence, this 
unit now functioned similar to a Power Vent system with one emission stack. As shown in Figure 4.3, 
the Vent-X-Changer has one motor that drives a common shaft for the inlet (item # 19) and outlet (item 
# 11) fans. The outlet fan is situated directly below the exhaust stack. 

Kiln #3 is a two-track kiln with a capacity of 156 MBF of lumber. The lumber is stacked on kiln cars 
and rolled into the kiln. The kiln operates much like a traditional steam-heated kiln except there are no 
roof vents. A series of reversible kiln fans are located above the charge to move air through the 
lumber. Steam is not injected into the kiln during the drying cycle. 

Ductwork extends under the roof along both sides of the  kiln. For each side there are two conduits. 
One conduit conveys air into the kiln and another conduit conveys the exhaust out of the kiln. Louvers 
are located at the point where the ductwork emerges from the end of the kiln. Under noma1 operating 
conditions, one side of the kiln exhausts while the other side provides inlet air. The louvers open and 
close depending on the air flow in each conduit. 

4.1.3 Small-Scale Kilns 

The Phase I Variability Study was initiated by conducting a survey of the universities, Forest Products 
Laboratories, and other facilities that operated small-scale dry kilns to ascertain which facilities had 
VOC sampling capabilities. Table 4.1 shows a list of the facilities that responded to this survey. When 
the surveys were evaluated, it was determined that only three out of the thirteen respondents had small- 
scale kilns in operation that were configured to measure VOC emission rates: MSU, OSU, and 
Horizon Engineering;  the small=scale kiln at NCSU was also included in the Variability Study 
because the kiln was significantly larger than the other three kilns, and it was equipped with 
conventional roof vents. Sampling ofthe NCSU kiln was conducted by DEECO. 

Lumber was also sent to the Forest Products Laboratoly (FPL) in Madison, Wisconsin, to be dried in 
their small-scale kiln (1500 BF) when they had assembled a VOC measurement system. 

National Council for Air and Stream Improvement 
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0 Table 4.1. Survey Recipients 

1. 
2. 
3. 
4. 
5.  
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 

Forest Products Laboratory, Baton Rouge, LA 
Forest Products Laboratory, Madison, WI 
Forest Products Laboratory, Mississippi State, MS 
H. D. Project Management/Horizon Engineering, Portland, OR 
Michigan Technological University, Houghton, MI 
North Carolina State University, Raleigh, NC 
Robert C. Byrd Research Center, Princeton, WV 
University of British Columbia, Vancouver, BC 
University of Georgia, Athens, GA 
University of Idaho, Moscow, ID 
University of Maine, Orono, ME 
Oregon State University, Corvallis, OR 
Virginia Technological Wood Institute, Blacksburg, VA 

4.1.3.1 Mississippi State University 

The small-scale kiln at Mississippi State University (MSU) is constructed from stainless steel and has 
a maximum capacity of 3 1.94 BF. The sample board length for this kiln is restricted to 23 inches. For 
t h i s  project, the 2-by4 inch lumber samples were stacked, with 'A inch stickers, 5 boards wide by 5 
boards high, For the 2-by-6 lumber, the charge consisted of 15 boards (28.75 BF), or 3 boards wide 
by 5 boards high. 

Figure 4.5 shows a schematic of the MSU kiln. The kiln is configured with the lumber charge stacked 
under a baffle used to separate the charge from the heating element and internal kiln fan components. 
The kiln fan is driven by an external motor that moves the air in one direction passing over four 
I-kilowatt (kw) electric fin heaters. The electric heaters are controlled by a temperature controller that 
accepts feedback from a wet bulb and a dry bulb thermocouple located in the upper right side of the 
kiln. 

A compressor supplies inlet air to the kiln. The flow rate into the kiln is controlled by a single mass 
flow controller rated from 0 to 100 standard (32°F and 1 atmosphere) liters per minute (slpm). The air 
supplied to the kiln is assumed to be dry and was used to regulate the relative humidity inside the kiln. 
The mass flow controller also obtains feedback from the wet bulb and dry bulb thermocouples inside 
the kiln. 

The inlet air is introduced into the kiln near the inlet side of the kiln fan housing. The dry inlet air 
immediately mixes with the re-circulated kiln air, passes through the fan, and over the heating elements 
in the upper section of the kiln. Some of the air leaves the kiln out the 1.5 inch diameter vent on the left 
side of the kiln. The rest of the kiln air is diverted under the baffle to pass through the lumber charge 
in a counterclockwise direction. 

4.1.3.2 Oregon State University 

The small-scale kiln at Oregon State University (OSU) is constructed of steel and has a maximum 
capacity of 75 BF. Steam is supplied to heat the kiln through finned pipes located under the lumber 
charge (Figure 4.6). Two internal kiln fans push air across the steam fin pipe assembly in a 
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3 counterclockwise direction. The reheated kiln air is then mixed with incoming dry air that is introduced 
at the lower right side of the kiln. 

The mixture of dry inlet air and reheated kiln air then passes by two wet bulb thermocouples attached 
to the kiln wall and four dry bulb thermocouples attached to the metal grid on the inlet side of the 
lumber charge. The kiln air then passes through the lumber charge and a portion is exhausted through 
a roof vent on the exit side of the charge. 

At the start of this project, OSU used one primary and two secondary mass flow controllers to control 
the inlet air flow rate. Each flow controller had the capacity to deliver 1.77 dscfm (at 32"F, 1 atm.). 
This mass flow controller configuration limited the size of the charge to 49 BF because of the high 
temperature drying schedule and relatively short drying times demanded for this project. OSU and 
NCASI decided to exchange the primary mass flow controller for one with a higher flow capability (7 
dscfm, at 32O F, 1 atm.). The new mass flow controller allowed the size of the lumber charge to be 
increased from 49 BF to 73.3 BF for 2-by-4s (30 boards per charge) and 70.3 BF for 2-by-6s (20 
boards per charge). 

4.1.3.3 Horizon Engineering 

Horizon Engineering, Inc. (HE) modified a 3 1 ft3 industrial oven into a 50 BF small-scale lumber kiln 
(Figure 4.7). The charge was placed on a suspended platform that was connected to four load cells by 
wires at each comer. HE was the only small-scale kiln that used load cells to record the change in 
weight of the charge, due to water loss, during the drying cyclc. 

The kiln air was circulated through the lumber charge in a clockwise direction by two squirrel-cage 
fans. As the kiln air exits thc lumbcr charge it passes by a wet bulb thermocouple, is deflected under a 
baffle and then mixed with inlet air. 

There were two inlet air sources for this kiln, a primary and a secondary source. The primary source is 
introduced on the lower right side of the kiln at a constant rate of 0.2 d s c h .  The inlet for the 
secondary air source is located in the center of the kiln floor. The secondary air is introduced at a 

. 

0 

~~~~ ~ ~~~~ ~  variable rate depending on thc relative humidity of thekiln. ~~~ ~ ~~ ~~~ 

The mixture of kiln air and inlet air is heated by a 4 kW electric element. The air then enters the 
squirrel-cage fan, passes by two dry bulb thermocouples and is forced up to the lumber charge. The 
exhaust vent is located at the top of the kiln. 

4.1.3.4 North Carolina State University 

The 1500 BF kiln operated by North Carolina State University o\lCSU) has four modulating roof 
vents. During a typical drying cycle, two of the vents allow air into the kiln while the other two 
exhaust kiln air. After conducting the trial test charge at NCSU, it was determined that the exhaust 
flow rate from the two vents was too low to obtain reliable measurements. Therefore, the roof vents on 
one side of the kiln were sealed to force the kiln to exhaust through one vent and intake through the 
other. 

An 8-foot charge is loaded lengthwise on a kiln cart and rolled into the kiln as shown in Figurc 4.8. A 
baffle above the charge creates a partition between the two kiln fans and the area where the charge is 
positioned. The kiln fans are capable of moving air in both a clockwise and a counterclockwise 
direction through the charge similar to full-scale lumber kiln operation. The circulated air inside the 
kiln is reheated by four steam fin pipes oriented parallel to the fans above the baffle. Three fin pipes 
arc located on the kiln door side of the fan asscnibly, and thc one fin pipe is located towards the back of a 
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0 the kiln on the other side of the fans. Both the wet bulb and dry bulb thermocouples are located on the 
rear wall of the kiln. 

4.2 Kiln Operations 

The operators of the small-scale kilns participating in this study were required to meet kiln operational 
criteria that were modeled after commercial high temperature southern pine lumber kilns. The original 
intent was to develop a list of standard kiln operational parameters for the Variability Study that were 
based on a typical southem pine kiln schedule and to use those parameters throughout the entire 
project. During the testing of the full-scale kilns in Phase 11, however, some of the kiln operating 
parameters defined for the variability Study were modified to replicate the operating schedules used at 
the direct-fired and steam-heated kilns. In either case, the controlling parameters were determined to be 
the air velocity through the lumber charge, the kiln wet bulbldry bulb temperature schedule, and the 
ending lumber moisture content. The duration of the drying cycle was not considered a controlling 
parameter because the dimension of the charge in each kiln participating in this study was different and 
the effect of charge size on drying time was not clearly understood. 

4.2.1 

The air velocitythrougb the charge was established specifically for the small-scale kiln operators and 
was based on an approximation of the air velocity typical of full-scale kilns. After consulting with 
commercial southern pine lumber kiln operators, an air velocity of 1000 feet per minute (fpm) through 
the kiln charge was established. The 1000 fpm value was the maximum reasonable value attainable by 
the small-scale kilns that participated in this project. Therefore, this parameter was not modified for 

Air Velocity Through the Lumber Charge 

Phase 11. 

4.2.2 Kiln Wet BulbLDry Bulb Temperature Scliedules 

Three. different temperature profiles were used at the small-scale kilns, one for the Variability Study 
test charges, one for the test charges associated with the direct-fired kiln and one for the test charges 
associated'withthe steam-heated kiln. 

The Variability Study test charges were dried by following a typical southern pine weddry bulb 
temperature set point profile of 175"F/235"F, respectively. The kilns were required to ramp up to 
these set point temperatures within the first three hours of dqing. The scope of work for the Variability 
Study required that data acquisition sta.rt after the kiln had achieved the set point temperatures. 
Figures 4.9 through 4.12 show an example of the temperature profiles for the first charge at each of 
these four participatug small-scale kilns. A complete set of temperature profiles for the Variability 
Study test charges has been included in Appendix A of this report. 

MSU was able to consistently control the dry bulb temperature during all four kiln charges. After the 
first three hours of operation, where no forced venting occurred, the dry bulb temperature reached 
235"F, but the wet bulb temperature appeared to be higher than the set point (Figure 4.9). However, 
after the fan began to vent, the wet bulb temperature stabilized at 175'F for the next six hours. At that 
point the wet bulb temperature decreased as the lumber dried. 

OSU had calibration problems with their wet/dry bulb thermocouples necessitating two adjustments to 
their temperature data. The first correction involved lowering both the measured wet bulb and dry bulb 
temperatures by 33°F.  The second correction subtracted 2.83'F, 4.81"F and 4.7'F from wet bulb 
measurements in test charges 3 through 5, respectively. These two corrections caused the wet/dry bulb 
temperature profiles to be slightly below the required set point temperatures (Figure 4.10) Despite 0 
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a these minor problems, OSU was able to maintain consistent control of the kiln temperatures over all 
three charges. 

The wet bulb temperature profile for each of the three Horizon Engineering (HE) kiln charges 
stabilized at the correct set point within the first three hours of the cycle, but the dry bulb temperature 
profile was somewhat variable (Figure 4.11). After the first three hours of drying, the dry bulb 
temperature for each kiln charge averaged approximately 220°F. The dry bulb temperature did not 
stabilize at the set point until seven hours into the cycle for the first charge, five hours for the second 
charge and ten hours for the third charge. 

The temperature profiles for the NCSU kiln were recorded on a circular chart. The sketches of the 
charts show the characteristic shifts in temperature associated with kiln fan reversals. The slight 
decrease in the dry bulb temperature for one fan direction (Figure 4.12) is discussed in the Kiln 
Description section of this report. NCSU attached a dry bulb thermocouple to the door side of the 
charge to verify that the kiln air was reaching the dry bulb temperature of 235°F before passing 
through the lumber charge in that particular direction. The wet bulb set point was reached within the 
three-hour criteria during the first and third kiln charges. The wet bulb temperature for the second kiln 
charge was reported to be at 168°F at the end of the three-hour warm-up period. Steam was introduced 
to raise the temperature to 175°F. After the initial three-hour warm-up period, all charges were 
consistently maintained at the designated wet bulb set point temperature without the addition of steam. 

The wetldry bulb temperature profile for the direct-fired kiln followed a different trend than the 
17S°F/235'F profile used for the Variability Study. Printouts for each of the direct-fired kiln schedules 
have been included in Appendix B. Although the actual wet bulb/dry bulb temperature profile during 
the majority of the drying cycle was 170°F/235'F, Figure 4.13 shows how the kiln's wet bulb sct point 
was programmed differently in order to vent the kiln at 100% operating capacity. Note that the wet 
bulb set point was programmed at 75°F for the first six hours of the cycle, but the actual wet bulb 
temperature of the kiln air increased to 170°F. Then at the sixth hour, the wet bulb set point was 
changed to 165°F while the actual wet bulb temperature remained around 170°F. 

= ThetEEperatGiprofileuid at tk~small-scale kilns to model the direct-fired kiln isdescribed below:= 

For drying cycle hours 1 through 3, raise the wet bulb/* bulb temperatures from ambient to 
1 70°F/1 80"F, respectively. 

(1) 

(2 )  For hours 3 through 15 maintain the wet bulb at 170°F and increase the dry bulb 4.5"F pex 
hour. 

For the remainder of the drying cycle, maintain the dry bulb temperature at 235°F until the end 
of the cycle. 

(3) 

The wet bulb temperature within the small-scale kilns was allowed to drift between 165°F and 170°F 
during the drying cycle. Furthermore, the operators were given the option of permitting the wet bulb 
temperature to decrease after 15 hours of drying. As a result, MSU and OSU were successful in 
controlling the temperatures within their kilns to replicate the direct-fired temperature profile. The 
complete set of temperature profiles for all of the small-scale kiln direct-fired sample charges is 
included in Appendix C. 

The temperature profile developed for the steam-heated kiln was also different from the profile used for 
the Variability Study. The printouts of the actual temperature schedule for each steam drying cycle 
could not be obtained because the printer in the kiln's control room was not functioning. To determine 0 - 
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a an average temperature profile for the steam schedule, temperatures were manually recorded at hourly 
increments. A representative temperature schedule for the steam kiln is shown in Figure 4.14. The 
small-scale kiln temperature profile developed to model the steam kiln is described below: 

(1) For drying cycle hours 1 through 3, raise the wet bulb/dry bulb temperatures from ambient to 
170"F/2 15"F, respectively. 

(2) For hours 3 through 5 increase the wet bulb temperature to 19YF and the dry bulb 
temperature to 230°F. 

For hours 5 to 6 maintain the wet bulb temperature at 195'F and increase the dry bulb 
temperature to 235OF. 

For the remainder of the drying cycle maintain the temperatures at 195"F/235OF 

(3) 

(4) 

This schedule was considerably more demanding than the proposed schedule for the Variability Study 
and was difficult for the small-scale kiln operators to implement. The steam kiln temperature profiles 
for the full-scale and small-scale kilns have been included as Appendix D. 

MSU was able to approximate, but not match, the steam kiln temperature profile describcd above. 
Figure 4.15 shows the MSU temperature profile during the first test charge.attempted, which happened 
to be MSU INDF5. It was decided after this charge that the set point profilc should be simplified to the 
temperature schedule shown for MSU INDFl (Figure 4.15). Since the wet bulb profile for MSU 
INDF5 was not significantly different than the rest of the profiles obtained with the modified 
temperature schedule, MSU INDF5 was not re-run. 

4.2.3 

One of the objectives of this project was to develop a standard procedure for determining the 
termination point of the data collected from the drying cycles at both the full-scale and small-scale 
kilns. The two parameters that were considered to affect the end point of the data were the lumber 
moisture content and duration of the drying cycle. After consulting with the kiln operators involved 
wth this StUaEit was~e-ifblished t&t lumber moisture content was the better choice because it is one 
of the parameters used in the grading of softwood lumber at all of the commercial full-scale kilns. 
Most southern pine lumber manufacturers are required to produce finished lumber that has a moisture 
content of less than 19% dry basis (dry) (U. S. Dept, of Agriculture 1991). To ensure that any given 
full-scale kiln lumber charge will be at or below the 19%+ criteria, the commercial kiln operators 
normally dry lumber charges to an average moisture content of 15%+. 

Following standard industry practice, all moisture contents expressed for lumber will be on a percent 
dry basis. This parameter was computed by the expression below: 

Determination of Lumber Moisture Content 

Weightof water in wood 
Weightof totally dry wood 

YaMoisture Content (dty) = x 100 

The termination point for the Variability Study drying cycles at the small-scale kilns was established to 
be when the moisture content of the sample charge reached 15%-dry. The method for determining this 
stopping point was not specified and, as a consequence, all four kilns used different methods to 
determine this termination point. 

As a rcsult of the Variability Study, a standard method, referred to as "Calculated %Wood-MC," was 
developed to truncate the emissions data when the lumber charge reached 15%-dry moisture content. - 
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The Calculated %Wood-MC method was based on the concept used by OSU. The modifications to the 
OSU method were required to insure that the Calculated %Wood-MC method met the following three 
criteria: 

(1) 

(2) 

(3) 

The results yielded from the Calculated %Wood-MC method were compared to the load cell data 
collected for the three kiln cycles reported by Horizontal Engineering, Inc. (HE). Figure 4.16 shows 
that for cycles 1 and 2 the results from the Calculated %Wood-MC method compare favorably with 
measured load cell data. Figure 4.16, however, also shows that the trends for two methods diverge at 
the end of the Kiln Charge HE 3 drying cycle. The reason may be explained by comparing the kiln 
venting trends shown in Figure 4.17. The kiln exhaust flow rates shown for the first two kiln cycles 
follow the same general pattern of high flow rates halfway through the drying cycle. The flow rates 
recorded for HE 3 (Figure 4.17), however, are much lower throughout the entire cycle. 

The accuracy of the Calculated %Wood-MC method appears to depend on the exhaust flow rate and 
the dry bulb and wet bulb temperature schedule. Given a typical drying cycle, the procedure generally 
compared favorably to load cell data. Therefore, the decision was made to use the Calculated %Wood- 
MC for all remaining small-scale kiln charges. The percent moisture content profiles determined by the 
Calculated %Wood-MC method for all of the Phase I1 kiln charges have been included in Appendix E. 

The direct-fired and steam kiln operators combined two methods, the temperature drop across the load 
(TDAL.) and electric moisture meter readings, to assist in determining the ending moisture content of 
each full-scale kiln lumber charge. At the end of each drying cycle the operators would first make a 
preliminary assessment of the temperature difference between the air entering the lumber charge and 
the air exiting the lumber charge, or TDAL. If the TDAL was low enough, the operator would open 
the kiln doors and randomly test boards along the length of the charge with an electric moisture meter. 

Electric moisture meters are generally calibrated to operate in the high heat conditions .found within 
kilns and have an operating range between 6% and 30%- wood moisture content. The meters 
measure the conductivity of the wood. The meters appro-te the moisture content of board in the 
immediate area where the meter is measuring. ' Therefore,! multiple readings up and down the kiln 
charge are required to obtain an idea of the moisture content for the entire charge. The meter readings 
were observed to range from 10% to 30%- wood moisture content. Due to the variance in readings, 
the moisture meter readings were not recorded and were not used to determine the kilndry moisture 
content of the full-scale kiln charges. 

The mill personnel at the direct-fired kiln did provide an opportunity, however, to weigh about 25% of 
the first three kiln charges before and after drying. This was done by w e i g h  the packs and a (tared) 
forkliA on a mill scale. The ovendry weights of the corresponding samples sent to small-scale kilns 
provided the average dry wood density. The sample density and pack weights that were used to 
estimate the kiln-dry moisture contents for FSK DFl, DF2 and DF3 are shown in Table F.l ,  Appendix 
F. The calculated results indicated that these charges were dried to between 12% and 15%-dry wood- 
MC. 

One ofthe shortcomings of this study may have been a failure to obtain an accurate final moisture 
content of the full-scale kiln charges. This is a difficult task, however, due to the variability of the 
lumbcr moisture contents within the different drying sections inside the kiln, the layers of the lumber in 

the methodology is based on standard dry kiln operating procedures, 

the parameters are defined in the protocols of this project, and 

the method is applicable to all small-scale kiln data sets 
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the pack itself, and along a single board. Moisture meter readings are helpful, but highly variable, as 
moistures of IO to 25% can be determined from the same lumber pack or same board. As a result, the 

0 
I 

determination of when to stop a drying cycle at a full-scale kiln is as much art as it is science. The kiln 
operators involved with this study used subjective criteria, such as the burning sensation in their nose 
after inhaling the vapor coming off a hot packet of lumber, to gauge the end point of a charge. Other 
subjective methods included their knowledge of recent kiln cycle times and feedback from the lumber 
graders and personnel operating the planer mill. TDALs and moisture meters provide support for these 
less scientific “measurements.” 

4.3 Kiln Testing Configurations 

4.3.1 Direct-Fired Full-Scale Kiln 

Two 90 degree sampling ports existed on each stack of the direct-fired lumber kiln (Figure 4.18) prior 
to testing. A third sample port (not shown on figure) was installed 45’ in between, and slightly below, 
the two existing ports so that the sampling probes would not have to be moved to obtain velocity 
measurements. 

The distance between the stack fan and the sampling ports in each stack (Figure 4.19) did not meet the 
minimum criteria for optimum flow rate measurements. NCASI ruled out stack extcnsions bccausc of 
safety concerns. Therefore, flow straightening vanes were used to minimize the cyclonic flow pattern 
within the stack. An “egg-cratc” straightening vane design was used. 

In order to obtain samples from the burner, NCASI installed one sample port prior to the junction of 
the burner conduit and the blend box (Figure 4.20). A water jacket and probe were inserted into the 
sample port to maintain the sample probe at a tcmpcrature below 300’F. Provisions were made to seal 
the burner port, water jacket and sample port to avoid drawing ambient air into the conduit. Velocity 
measurements were not conducted at this location. The flow rate from the burner was calculated using 
the F-factor instead of velocity measurements. 

The stack fans for this kiln were sufficiently powerful to create a slight negative pressure inside the 

unnecessary. 

4.3,2 Indirect-Fired FullsCale Kiln 

Two sample locations were u t i l i i  at this ldln to avoid the possibility that pollutant emission rates 
would be affected by the heat exchanger. Parameters necessary for calculating a drv mass flow rate 
were measured at the outlet side of the heat exchanger. Parameters necessary for calculating  ma^^ 
emission rates of the uollutants were measured at the inlet side of the heat exchanger. 

For the first kiln test (INDFI) NCASI installed a vertical stack extension over the original heat 
exchanger stack (Figure 4.21). Since the exhaust fan was positioned directly below the stack, a baffle 
was placed in the stack extension to decrease the cross sectional area of flow. Four sample ports were 
placed two duct diameters downstream from the baffle. A 16 point flow measurement grid was used to 
measure velocity from these four ports. 

During the first kiln test it became obvious that the motor and fan blade assembly were not adequate to 
draw sufficient exhaust gas from the kiln for the testing purposes of this project. Even with the fan 
motor operating at 100% capacity, figitive emissions were observed escaping the kiln. 

After the first test charge was completed an additional exhaust fan was added to increase the kiln 
exhaust rate. In order to accommodate the additional exhaust fan, ductwork was installed to connect 

a 

-kiln. Due *;this, fugitive emissions from the kiln were insignificant and measures to seal the kiln were 
~~ 
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the original stack to the additional fan (Figure 4.22). All of the joints in the ductwork were insulated 
and sealed to minimize in-leakage into the system. 

The flow rate measurements for the remaining test charges were conducted at the three sample ports 
installed in the horizontal section of ductwork shown in Figure 4.21. The flow measurement grid was 
changed from a 4x4 pattern to a 3x6 pattern. 

Two 90 degree sample ports were installed in the vertical section of exhaust ductwork prior to the 
entrance of the heat exchanger (Figure 4.22). These ports were used for pollutant moisture 
measurements. Since flow ratc measurements were not taken at this location, flow straightening 
devices were not required. 

During the initial site visit to the steam kiln, substantial fugitive emissions were observed during 
drying. To minimize fugitive emissions, the seals around the main kiln doors were replaced prior to the 
first kiln test. NCASI also placed plastic sheeting and sand bags at the bottom of the kiln doors to 
create a better seal when the doors were closed. An attempt was also made to seal holes in the kiln 
walls and side access doors. 

4.3.3 Small-Scale Kilns 

No provisions were made to measure the exhaust flow rate from the small-scale kilns at MSU, OSU 
and Horizon Engineering (HE) because the inlet flow rate was monitored instead. The exhaust flow 
rate was, however, measured from the small-scale kiln at NCSU. 

As mentioned in the kiln description of the NCSU kiln, hvo of the four roof vents were closed so that 
the kiln vented from only one roof vent at a time. Under this condition, the flow rate was increased to a 
reliable and measurable quantity. The flow rate from the kiln was measured using a technique which 
involved covering the roof vents with hoods (Figure 4.23). The hoods allowed enough room for the 
vent covers to open and close in a normal manner. The kiln exhaust captured by the hoods was 
directed through a stack wntairung a propeller anemometer to measure the actual wet flow rate leaving 
the kiln. The hoods were insulated and the distance from the kiln exit point to the anemometer was 
rrrrmrmzed to avoid problems with condensation of the kiln exhaust. A raked probe was located in the 
stack for sampling the kiln gas. 

MSU used a 1.5 inch outlet vent on the left side of their kiln (Figure 4.24) as the sample port for 
wncentration measurements. OSU and HE measured the concentration of the “exhaust’<gas directly in 
the kiln. The sample port for both OSU (Figure 4.25) and HE (Figure 4.26) was a small hole in the 
side of the kiln wall big enough to accommodate the sample probe. 

. .  . 
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5.0 MATERIALS AND METHODS 

5.1 Lumber Sampling Method 

This project required lumber sampling methods capable of obtaining statistically equivalent lumber 
samples from the saw mills for the participating small-scale kilns. Because the Variability Study and 
Phase I1 portions of this project had different objectives, two separate lumber sampling methods were 
developed to achieve these separate objectives. 

5.1.1 Typical Saw Mill Operations 

The typical southern sothood saw mill receives a mix of plantation grown pine and “gate wood.’’ The 
gate wood comes from a wide variety of habitats and is variable in size and age. Additionally, 
roundwood referred to as “southern pine” may be comprised of up to six different species. 

Roundwood that is delivered to a saw mill is unloaded in a log yard to await processing. Generally 
there is no attempt to segregate the plantation pine from the gate wood. The roundwood pulled from the 
log yard is continuously mixed as it is processed into lumber. Once sawn, the lumber is sorted by 
dimension. In modern saw mills, an automated sorter keeps track of the number of boards sawn for 
any particular dimension until enough lumber has accumulated to construct a “packet” that will be 
used to build a kiln charge. A packet is a stack of lumber built in layers with spacers, or “stickers,” 
placed between each layer. The layers are separated to allow the hot kiln air to pass through the charge 
during dlying. 

A southern pine lumber kiln typically takes from 18 to 28 hours to complete a drying cycle, depending 
on the type of dry kiln. Because the roundwood is proccsscd continuously, the green lumber packets 
waiting to be kiln dried are either used to construct the next kiln charge or stacked in a green lumber 
storage yard. 

5.1.2 

The objective of the Variability Study was to compare the difference in the performance of five small- 
scale kilns dqing matched batches of lumber. The lumber samples obtained for the Variability Study, 
therefore, had to be as similar as possible. This was achieved with significant help from the staffat 
G-P’s Cross City, Florida, Chip-N-Saw mill and Forest Resources Area Procurement Division. 

The roundwood acquired for the Variability Study was cut from a Dixie County, Florida, slash pine 
flatwood plantation. The age of the slash pine was 29 years. The average diameter of the tops was 
four inches. Five truckloads of this roundwood were delivered to the Cross City Chip-N-Saw mill. 
The test roundwood was marked with orange paint at the entrance gate and stored in a designated area 
of the log yard. 

The saw mill emptied the production line of all existing lumber to accommodate the sawing of the test 
roundwood. This allowed the test roundwood to be processed in a batch, thereby ensuring the integrity 
of the origin of the test lumber. The test lumber was then stacked, without stickers, by the automated 
stacker and moved to a designated staging area where the lumber could be sorted into five differently 
sized sample piles. The small-scale kilns that participated in the Variability Study were MSU (30 BF), 
OSU (70 BF), Horizon Engineering (50 BF), and NCSU (1500 BE). The fifth kiln was FPL, Madison 
(1250 BF). 

Variability Study Lumber Sampling Method 

The lumber sampling method for the Variability Study is described below in three steps: 
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Step 1: Determine the Minimum Number of Test Boards 

The table below summarizes the computations used to determine the minimum number of sample 
boards required by each small-sale kiln. An extra charge was sent to each small-scale kiln so that a 
trial run could be conducted to ensure that the kilns could match the operating parameters designated 
by this study. The trial run also provided a test of the kiln measurement equipment. 

Kiln Capacity No. of Kiln Total NO. No. of Boards 
Small-Scale Kiln (BF) Charges Required of BF Required* 

MSU 30 4 120 22.5 

Horizon Engineering 60 5 300 56.25 

osu 75 4 300 56.25 

FPL Madison 1250 4 5000 937.5 

NCSU 1500 4 6000 1125 
*Volume of wood per 2”x4”x96” is 768 inches’ 

Step 2 :  Determine the Actual Number of Test Boards Required 

The actual number of boards dclivered to each of the small-scale kilns was adjusted to the number that 
would fit appropriately onto 3-by-8 foot pallets. The table below shows the results ofthe calculation 
based on each pallet having a layer nine boards wide. 

~~ ~ ~~ No:~of~ ~~~~~~ ~ 

~ ~~~ 
~~ 

No.of-~- ~ No.-of ~~~~ 

Boards Layers No. of Layers Boards No. of Pallets 
Small-scale Kilns Required Required Rounded Delivered Required 

MSU 22.5 2.5 ’ 4 36 1 

Horizon Engineering 56.25 6.25 8 12 1 

osu 56.25 6.25 8 12 1 

FPL Madison 937.5 104.17 106 954 I 

NCSU 1125 125 128 1152 8 

Step 3: Sort the Test Lumber into Five Equivalent Sample Batches 

The method developed to sort 2,286 boards into five equivalent sample batches required that the 
lumber be arranged in columns. The columns, consisting of a specified number of boards, were 
randomly color coded for each small-scale kiln. The coded boards were then sorted into separate pilcs 
according to the color scheme for each small-scale kiln. 
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Ordinarily the mechanical lumber stacker placcs stickers between each layer of lumber that is stacked. 
For this method, however, the stickers were not used and the lumber was “dead stacked ” The height 
of the dead stack was determined by the small-scale kiln with the least number of boards. In this case, 
MSU required 36 boards, so the height of the dead stack was restricted to 18 boards. This insured that 
MSU would get at least two random columns of lumber. 

With each column of lumber restricted to 18 boards high and the total number of boards determined to 
be 2,286, the total number of lumber columns required for this method was calculated to be 127. The 
table below shows the number of columns and color code assigned to each small-scale kiln. 

No. of No. of 
Kiln Capacity Boards Lumber Columns 

Small-Scale Kiln (BF) Delivered Required Color ID 
MSU 30 36 2 Yellow 

Horizon Engineering 60 72 4 Gray 

osu 75 72 4 Green 

FPL Madison 1250 954 53 Orange 

NCSU 1500 1152 64 Blue 

In a spreadsheet, each of the 127 columns of lumber was assigned a color code in proportion to the 
amount of lumber needed by each small-scale kiln. Each column/color code combination was then 
assigned a random number as shown in Table G .  1, Appendix G. Next, the random number/column 
number/color code combinations were sorted by arranging the random numbers in numerical order. 
This step randomized the column/color code combinations. 

At the saw mill, the 127 columns of lumber, each 18 boards high, were color coded according to the 
spreadsheet results as shown in Figure 5.1. This was done by starting at column 1 and painting each of 
the 127 columns in the order shown. For example, the first column was colored blue and assigned to 
NCSU and the fifty-fourth column was colored green to be delivered to OSU. After the columns were 
colored appropriately, the lumber was segregated into the five separate sample batches by color and 
stacked on pallets for transport to the small-scale kilns. 

5.1.3 Phase IILumber Sampling Method 

The Phase I1 lumber sampling method had a different objective than the method used for the Variability 
Study, The method developed for Phase 11 was designed to obtain representative small-scale lumber 
charges from each full-scale charge tested. The method also had to extract lumber from two different 
saw mill process lines. 

The Idabel, Oklahoma, saw mill facility had three simultaneously operating direct-fired kilns. The 
lumber packets for these kilns came from a single stacking operation, and no attempt was made by the 
facility to designate individual packets for any particular kiln. The lumber packets were usually 
constructed of different dimensions and were stored in a green lumber yard until needed. When enough 
packets of a certain dimension were available in the green lumber yard, the packets would be 0 
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transferred to kiln cars to become part of a kiln charge. Kiln charges were generally stacked and ready 
24 to 48 hours prior to charging the kiln. 

The saw mill facility in Bay Springs, Mississippi, also had one stacking operation for three 
simultaneously operating steam-heated kilns, but the stacking process was conducted differently. 
Because of the limited operating space at this facility, the kiln charges for each kiln were constructed 
approximately 12 hours prior to charging the kiln. 

The kiln operators at both facilities accommodated this project by drying either 2-by-4 or 2-by-6 
dimensioned lumber in the kilns tested. The lengths of the packets, however, varied from 8 feet to 20 
feet. 

A certain number of boards were randomly removed from each packet prior to the automated stacker. 
The sample hoard(s) and packet constructed were marked with the same unique identification number. 
The length of the board was also indicated on the sample board(s). 

The sample hoards selected from each packet were stacked with stickers and stored outside in a similar 
way the packets were treated for each full-scale kiln charge. Once the full-scale kiln test charge was 
assembled, the packet numbers were recorded and the sample boards with the corresponding numbers 
were selected for processing. The configurations of the full- and small-scale kiln lumber charges are 
shown in Appendix G, Tables G.2 through G. 13. 

The theory behind this representative lumber sampling method was to assemble the small-scale kiln 
charges from the same kind of lumber that comprised the full-scale kiln charges. By incorporating 
pieces from the different lengths of lumber into the small-scale kiln charges, it was thought that there 
would be a greater potential for including any age or structural differences in the wood. For example, 
Table 5.1 shows the configuration of the first direct-fired full-scale kiln charge 

Table 5.1. FSK DFl Lumber Charge Configuration 

0 
Packet Dimensions No. of Packets % Makeup of the 

(in x i n x  A) in Charge Charge 
2 x 6 ~ 1 0  3 8 

2 x 6 ~ 1 2  6 18 

2 x 6 ~ 1 4  6 21 

2 x 6 ~ 1 6  6 24 

2 x 6 ~ 1 8  3 14 

2 x 6 ~ 2 0  3 15 

Table 5.2 shows the number of pieces required from each of the lumber samples pulled from the first 
direct-fired test charge. Note that pieces from each type of sample board went into the small-scale kiln 
charge so that the make-up of the charge approximates the make-up of the full-scale kiln. 
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Table 5.2. OSU and MSU Charge Configurations for DFl 

MSU DFl MSU DFl OSU DF 1 OSU DF1 
Lengths of the (No. of (“XI Makeup (No. of (“XI Makeup 

Lumber Samples 24-inch Pieces) in Charge) 48-inch Pieces in Charge) 
10 1 7 1 5 

12 3 20 4 20 

14 3 20 4 20 

16 4 27 5 25 

18 2 13 3 15 

20 2 13 3 15 

Total 15 20 

As mentioned in the Kiln Description section, the length of the MSU charge was 23 inches, and the 
length of the OSU charge was 44 inches. For convenience, the sample board sizes were cut in either 
24-inch or 48 inch-lengths to fit on standard 4-by4 foot pallets. After the 48-inch long lumber 
samples were divided into the small-scale kiln sample charges, the charges were stacked on 4x4 
shipping pallets, shrink-wrapped and stored for transport in a refrigerated trailer. 

5.2 

The emissions of total hydrocarbons or VOCs were measured using a total hydrocarbon analyzer 
(THA) equipped with a flame ionization detector (FID). The VOC measurement system withdraws 
samples~continuously and convcys a diluted samplc~gas stream to the THA. -1-Ieated~components 
maintain the gas stream at 250”F, or above, to avoid condensation of water vapor within the 
measurement system. 

The standard VOC sampling protocol (Appendix H),provides details on the various components of the 
VOC measurement system. The actual measurement systems configured for use at the small-scale and 
full-scale kilns were inspected and approved prior to conducting the sampling efforts. A brief 
description of each configuration is provided below. 

The measurement system constructed at MSU is shown in Figure 5.2. MSU modified their VOC 
measurement system to conduct leak checks and flow rate measurements through a test port connected 
to the sample probe. The standard sampling protocol recommends that leak checks be conducted at the 
three-way leak check valve at the rear of the VOC analyzer. MSU, however, pulled a vacuum on the 
measurement system at the test port with a hand-held pump to check for leaks. The flow rate 
measurements were also obtained through the test port instead of at thc sample probe as the sampling 
protocol recommends. Another modification to the MSU measurement system was that the delivery 
lines for the dilution air and the calibration gases joined together to a conunon line before entering the 
heated filter box. The dilution air delivered to the heated filter box came from the same air source as 
the kiln’s inlet air. 

Volatile Organic Compound Measurement Systems 
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The heated sample probe and filter box assembled by OSU and Horizon Engineering, Inc. (HE) are 
shown in Figures 5.3 and 5.4. The sample probes were inserted directly through the kiln wall into the 
kiln, and the filter boxes were attached to the side of the kilns. The calibration gases and dilution air 
were delivered through separate lines to the heated filter box. HE and OSU measured flow rates in the 
same manner as MSU, but the leak checks were conducted near the VOC analyzer as shown in Figures 
5.4 and 5 . 5 .  

DEECO configurcd a different VOC collection system that enabled them to sample from both ofthe 
modulating kiln vcnts at the NCSU small-scale kiln. The collection system consisted of two sampling 
stacks and two VOC measurement systems. Customized sample stacks were placed over each vent 
(Figure 5.6). Each stack housed a rake-type sample probe and a propeller anemometer. The propeller 
anemometer measured the exhaust gas velocity from the kiln and was periodically dried with nitrogen 
gas. For each stack, a short section of heated sample line conveyed the sample gas from the sample 
probe to a heated head pump located close to the stack (Figure 5.7). The pump then delivered the 
sample gas through a heated sample line to a stainless steel dilution chamber under positive pressure. 
Nitrogen gas was used to dilute the stack gas before being introduced into the VOC analyzer. The 
calibration gas line for each VOC measurement system was connected to the junction of the heated 
sample line and sample probe. DEECO performed leak checks by drawing nitrogen through the 
measurement system and analyzing for oxygen. 

WESTON’s VOC measurement systems were very similar to the system described in the VOC 
sampling protocol for sample lines greater than 50 feet in length (Figure 5.8). For the first three direct- 
fired kiln charges (FSK DFl through FSK DF3), one VOC measurement system was set up to sample 
the burner output prior to entering the kiln, and a separate VOC measurement system measured the 
exhaust from the kiln stacks. 

The sample probe measuring the kiln exhaust was always placed in the primary venting stack. When 
the kiln fans reversed directions, the sample probe was removed from one stack, the measurement 
system was calibrated, and the sample probe was placed in the second stack, which had commenced to 
vent. 

This sampling plan was modified for the kiln charges FSK DF4 through FSK DF6 so that one 
measurement system was dedicated to each stack. With this new arrangement, evely time the kiln fans 
reversed directions, one system could be brought off-line for calibration and the other system would 
commence sampling. 

The sampling system at the steam kiln also had two complete VOC measurement systems for the kiln 
exhaust, but concentration was only measured at the inlet to the heat exchanger. For this case every 3 
hours one system was removed from the sample port for calibration while the second system, having 
been previously calibrated, was replaced in the same sample port. 

5.2.1 Total Hydrocarbon Analyzers 

Shown below are the THAs used in the various measurement systems during the Variability Study and 
Phase I1 sampling efforts: 

~~~~~~~~~~ ~~~~~~~~ 
~ ~~~~~~~~~~~~ ~~~~~ 
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Type of 
VOC Analyzer Type of Datalogger Type of Fuel 

MSU TECO Model 5 1 PC with Keithley Metrabyte DAS Hydrogen 
1601 Carmes t  Point Software 

osu JUM 3-200 PC with software developed by OSU Hydrogen 

HDHE TECO Model 5 1 PC with Keithley Metrabyte DAS Hydrogen/ 
801 Carmes t  Point Software Helium 

NCSU/DEECO JUM Model VE-7 Molytek Model 2702 Analog/ Hydrogen/ 
Digital Datalogger Helium 

WESTON JUM Model YE-7 PC with software developed by Hydrogen 
WESTON 

5.3 

This project used a modified version of the NCASI Chilled Impinger Method as the standard sampling 
protocol for formaldehyde and methanol. This protocol has been included in Appendix 1. 

As with the VOC measurement system, there were slight differences between the chilled impinger trains 
configured for this project and the system recommended by the standard protocol. The variations in 
measurement systems have been summarized below: 

Formaldehyde and Methanol Sampling Systems 

MSU and DEECO substituted a dry gas meter for the rotameter at the end of the sampling 
trainpigures 5.9 and5.10). 

OSU measured the flow rate of the sample system with a rotameter located at the front end 
of the system (Figure 5.1 1). 

HE replaced the Teflon@ sample probe with a 3/8& inch stainless steel probe (Figure 
5.12). 

The sampling train configured by WESTON included the additional in l ie  pump shown in 
Figure 5.13. 

5.4 

In addition to determining the mass emission rates for VOCs, formaldehyde, and methanol, the scope of 
work developed for this project required that one full-scale and two small-scale kiln charges be 
assessed for the following selected compounds: 

Acetaldehyde Methyl isobutyl ketone Toluene 

Acrolein Phenol m & o-Xylenes 

NCASI ImpingerlCanister Sample Collection Train 

Benzene Propionaldehyde 

Mcthyl ethyl ketone Styrene 

National Council for Air and Stream Improvement 



0 - 

c 
0 
E e 

59 

4 i 

ii x fn a 

e! 
rn 
ii 

National Council for Air and Stream Improvement 

- _ _ _ ~ ~  



60 

a 
m 
E 
3 
E a a 
0 

National Council for Air and Stream Improvement 



61 

National Council for Air and Stream Improvement 

~ ~ 



62 

e 

0 c 
'C m 
W c 
0 c 
W 
c 
0 
N 
'C 
0 

h 

._ 

I 
n 

W 

z 
W 

B 
T1 m 
E 
& 
0 
LL 

National Council for Air and Stream Improvement 



National Council for Air and Stream Improvement 



64 

The measurement method used to collect samples of compounds was based on the NCASI 
Impinger/Canister Method. The sample collection system consisted of a series of aqueous impingers 
followed by a 6.0 L polished stainless steel SUMMATM canister. This sampling train and configuration 
is designed to separate compounds according to each compound's solubility in water. The water 
soluble compounds are captured in the aqueous impingers, the moderately water soluble compounds 
are split between the impinger and canister, and the non-water soluble compounds are captured in the 
canister. 

One small-scale kiln charge was sampled at NCSU by DEECO for the speciated VOC compounds 
during the Variability Study. DEECO developed an extensive kiln gas collection system (Figure 5.14) 
that pulled enough sample gas from the kiln exhaust to supply two THAs, a formaldehyde/methanol 
sampling train, a PVOC sampling train, an EPA Method 4 moisture train, a GC/FID analysis system, 
and the impinger/canister sampling train. The heated valve shown in Figure 5.14 regulated which stack 
supplied sample gas to a common heated glass manifold. The front end of DEECO's impinger/canister 
sampling train was connected to one of the outlets from the common manifold by a Teflon@ sample 
line with three chilled midget impingers arranged in series. The first impinger served as a moisture 
knockout, and deionized @I) water was added to the second and third impingers. A fritted stem was 
placed in the second impinger to improve gasfliquid contact. A portion of the dry sample gas leaving 
the third impinger went to the evacuated SUMMATM canister. The flow rate to the canister was 
maintained at 33 d m i n  by a metering valve that required manual adjustment as the canister pressure 
increased over the three-hour sampling period. The remaining sample gas went to a dry gas meter 
where the sample volume of the system was measured. Figure 5.15 shows a diagram of this 
measurement system. 

One steam kiln and one OSU kiln charge were sampled for speciated VOCs during Phase 11. The front 
end of the NCASl sampling train (Figure 5.16) consisted of a heated probe, filter box (maintained at 
250°F), and a Teflon@ sample l i e  that was followed by a set of three chilled midget impingers in 
series. DI water was placed in the first two impingers and a fritted stem was used in the first impinger. 
The impingers were followed by a flow meter, a critical orifice, and a Teflon@ head pump to draw the 
stack gas through the system. The purpose of the critical orifice was to maintain a consistent flow rate 
through the aqueous impingers. A portion of the exit gas from the pump was routed to the evacuated 
SUMMAW canister. The flow rate to the canister was maintained at 33 mL/min by a manually 
controlled needle valve and rotameter. The canister pressure was monitored by an inline digital 
pressure gauge. 

5.5 

The primary objective of this project was to determine the feasibility of using small-scale kilns to 
predict mass emission rates from full-scale southern pine lumber kilns. In order to achieve this 
objective, standard sampling protocols were developed to measure mass emission rates of VOCs and 
the other selected compounds specified. Measured mass emission rates are reported in terms of 
IbNBF of lumber. 

The standard sampling protocols issued to the small-scale kilns for the Variability Study did not 
specify a procedure for calculating mass emission rates. Consequently, results reported by the small- 
scale kilns were not directly comparable due to different calculation methods. Variability in reported 
mass emission rates was due, in part, to the following differences: 

Standard Procedure for Calculating Mass Emission Rates 

. Data for the initial 3-hour warm-up period were not collected by all facilities, 

Different methods were used to fill in data gaps created during calibration periods. . 
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L a 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

0 
I- 

National Council for Air and Stream Improvement 

~~ ~~ 



66 

National Council for Air and Stream Improvement 



II 

67 

I 

U c m 
W 
m c 0 L 

._ 
- E" 

National Council for Air and Stream Improvement 



68 

. Different standard temperatures were used 

Different approaches were used to determine the moisture content of the lumber which 

Different equations were used for determining the moisture content by volume of the 

. 
affected the termination point of the data. . 
kiln exhaust which in turn yielded different results for the same wet/dry bulb 
temperatures. . Different methods were used to evaluate the overall final mass emission rate values (Ib 
target compound/MBF). 

In reviewing the various approaches used during the Variability Study, it became apparent that two 
standard calculation procedures were needed to evaluate the VOC and impinger/canister data in a 
consistent manner to yield comparable mass emission rates. Thus procedures were developed to 
standardize the results obtained from the Variability Study and Phase II portions of this project. Those 
procedures were based on the following four parameters: 

1. the concentration of target compound in the kiln exhaust gas; 

2. a dilution ratio which was based on two calibration values, the undiluted span 
concentration and the diluted span concentration (VOC data only); 

3. the lumber kiln exhaust flow rate standardized to 1 atmosphere and 6VF; and 

4. the percent moisture content by volume (v/v) of the kiln exhaust gas. 

These four parameters were either measured or calculated and used in Equation 1 (for VOCs) and 
Equation 2 (for the impinger/canister compounds) to determine the mass emitted from the kiln over 
each sample interval. The sample interval for most of the VOC data was one minute. The sample 
interval for the impinger/canister data ranged from 40 minutes to 3 hours. 

Ih VOf ._ 
exhaust flow raw Ib mole I2 lbcarbon - - xdilution ratio x X X 

as carbon THA concentrat ion 
sample interval IO6 sample interval 385 5 scf Ibmolc 

[Equation I] 

Ib of tareet concentration of - 
compound target compounds average exhaust flow rate lbmole 

sample interval lo6 sample interval 385.5 scf X X Mwlqd compound 
- - 

[Equation 21 

The mass calculated from either of the above equations was divided by size of the lumber charge to 
yield an incremental mass emission rate per MBF. The incremental values were then summed over the 
duration of the drying cycle to calculate the total mass emission rate per MBF. 

All of the data, calculations, and results have been compiled on the compact disk that accompanies this 
report. There are two directories in the compact disk, one for the Phase I Variability Study data and 0 
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one for the Phase 11 data. Within each directoly, there are multiple subdirectories that organize the 
data by the different kiln facilities and drying cycles. The spreadsheets that present the data for each 
drying cycle begin with the raw data that were collected and end with the resulting mass emission rate 
for that cycle. The majority of the effort put into each spreadsheet went to manipulating the measured 
data into the four standard parameters used in Equations 1 and 2 above. A detailed description of the 
various procedures used to manipulate the data will not be covered in this report because of the 
complexities involved. Those procedures can be examined by accessing the information on the 
compact disk. 

The information presented below, however, will provide an overview of the methodology that went into 
transforming the reported data from the six kilns into mass emission rates of VOCs and impinger/ 
canister compounds. 

5.5.1 Standard Procedure for Calculating the VOC Conceniration 

The four parameters required for the standard VOC calculation procedure were the THA 
concentration, the dilution ratio, the kiln exhaust flow rate, and the exhaust gas moisture content by 
volume. These parameters were either measured or calculated on a per minute basis except for the data 
from OSU. The data from OSU was measured at intervals less than one minute and reported as three 
minute averages. 

5.5.1.1 The THA Concentration Parameter 

The concentration of VOCs was measured by a total hydrocarbon analyzer (THA) in parts per million 
(ppm) of propane on a wet basis for all cases, except the data collected by Horizon Engineering, which 
was in terms of carbon. Additionally, the THA rcsponse represented the diluted VOC concentration of 
the sampled gas in all cases except the data collected by DEECO. DEECO adjusted their THA output 
to yield an undiluted propane response. 

During a site visit conducted prior to the first three test charges at the direct-fired kiln, it was 
determined that the kiln exhaust concentration would be measured from one of the two stacks that was 

~ ~ a c t i v e l y v e n ~ t h e ~ l . ~ ~ D ~  the testbgof the first kiln cllarge (FSEDF1);however;significant- 
kiln exhaust was observed from the "non-venting" stack (fugitive stack). A limited assessment of the 
difference in concentration between the exhaust gas from the ventmg and fugitive stacks was conducted 
6.5 hours (Table J.l, Appendix J) and 10 hours (Table J.2, Appendix J) into the drying cycle of FSK 
DFl. The assessment indicated that there was no si&ificant difference in the measured concentration 
at the two stacks. This conclusion was confirmed by data collected during test charges FSK DF4 
through DF6. For these test charges, dakwas collected from both stacks simultaneously over short 
periods of time throughout all three sampling events. This was possible because there was one 
dedicated VOC measurement system for each stack. The percent difference between the concentration 
data measured in the venting stack and the concentration measured in the fugitive stack is presented in 
Table J.3, Appendix J. 

As mentioned in the Kiln Description section of this report, the steam-heated full-scale kiln was 
equipped with a Vent-X-Changer'" system. Although the heat exchanger elements were removed, 
condensation of the kiln exhaust gas was still occurring in the heat exchanger. Measuring the VOC 
concentration at the exhaust stack of the heat exchanger was ruled out because of the negative bias that 
might occur from condensation of the exhaust gas. Instead, the VOC concentration was measured at a 
location prior to the inlet side of the heat exchanger. 
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5.5.1.2 The Dilution Ratio Parameter 

The standard VOC sampling protocol provides a detailed explanation of the steps required to establish 
the correct dilution ratio for the VOC measurement system. This parameter is used to correct the 
diluted concentration of the measured sample gas to the undiluted value needed for calculations. 

The dilution ratio used in the Variability Study was based on the total flow rate and sample flow rate of 
the VOC measurement system. These flow rates wcre measured at the sample probe tip and recorded 
during the quality assurance (QA) procedures before and after each sample run. The equation is shown 
below: 

PreTFR + PostTFR 
PreSFR + Post SFR 

Dilution Ratio = 

[Equation 31 

Where: Pre- = measurement taken before the sample run 
Post- = measurement taken after the sample run 
TFR = flow rate of the VOC measurement system at the probe tip with the 

SFR = flow rate of the VOC measurement system at the probe tip with the 
dilution air turned OFF 

dilution air turned ON 

The dilution ratio used for Phase I1 was based on the diluted and undiluted span gas concentrations 
measured during the QA procedures. The equation is shown below: 

Pre[span]+ Post[span] 
Pre [diluted span] + Post [diluted span] 

Dilution Ratio = 

[Equation 41 

Where: [span] = span gas concentration, ppm 
= diluted span gas concentration, ppm [diluted span] 

Unlike the other three parameters in Equation 1, the dilution ratio will he calculated once for each 3- 
hour sample run. 

5.5.1.3 The Kiln Exhaust Flow Rate Parameter 

Small-Scale Kilns 

The small-scale kilns at MSU, OSU and Horizon Engineering were not equipped with conventional kiln 
roof vents. Instead, the exhaust gas was forced out of the kiln by the inlet air pumped in. The 
assumption was made for these kilns that the flow rate of the dry inlet air was equal to the flow rate of 
the dry exhaust gas since, under normal operating conditions, a slight positive pressure was maintained 0 within each kiln. 
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The inlet air for the kilns at MSU and OSU was supplied by a compressor and controlled by a 
calibrated mass flow controller. The mass flow controller at both facilities yielded flow rate 
measurements at 32°F and 1 am. Therefore, the only adjustment required was to standardize. the flow 
rate to 68OF. For the purposes of this project, the relative humidity of the inlet air was considered 
negligible and was not used in calculations. 

The inlet air for the small-scale kiln at Horizon Engineering was supplied by a primary and secondary 
source. The primary air source was maintained at a constant flow rate of 0.2 actual cfin and was 
measured by a dry gas meter. The primary air flow rate measurements were adjusted to standard 
conditions. The secondary inlet air source provided a variable flow rate to control the wet bulb 
temperature inside the kiln. The secondary flow rate was measured indirectly by pressure drop across 
a calibrated orifice. The pressure drop measurements were converted to standard flow rate values by 
the calibrated orifice equation shown below: 

Where: 2.8 and 0.53 = cocfficicnts determined by calibration of orifice meter 
AP 
TCa~lbm~d 

TMlbrs"l 

Pcallbratcd 

PMlbiCJU 

= Pressure drop measured across the orifice, in Hg 
= The temperature of the ambient air when the orifice meter 

=The temperature of the ambient air during kiln testing, "F 
= The ambient pressure when the orifice meter was calibrated, 

= The ambient pressure during kiln testing, "F 

was calibrated, OF 

OF 

-~-Thi-total inlet flowEte~for the small-SdekiK at Horizon~Eii@iiEring was then Computed by 
combining the standardized measurements for the primary and secondary sources. 

DEECO measured the actual wet exhaust.flow rate from the small-scale kiln at NCSU. Although the 
kiln at NCSU had four conventional roof vents, two of the vents were sealed to obtain reliable flow rate 
measurements. DEECO measured the flow rate exiting each NCSU kiln vent with a propeller 
anemometer. The anemometer voltage measurements were converted to actual wet cubic feet per 
minute by the equation shown below: 

[Equation 61 

Where: V. = Anemometer output, volts 
P, = Propeller coefficient, 3,543.31 ft/min/volt 
A = Area of the stack 
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0 Direct-Fired Full-Scale Kiln 

The original sampling plan devised for the direct-tired kiln was to collect sample data from the venting 
stack only. This plan was modified to include the mass emission contribution from the fugitive stack. 
The computation of the actual wet exhaust flow rate from the direct-fired kiln was therefore based on 
the combined flow rates of the venting and fugitive stacks: 

- Q wacfm , Combined - Q wacfm, Venting Stack i- Q wacfm, Fugitive Stack 

[Equation 71 

The flow rate for each stack, Qwacrm, was calculated from the stack area, A,, and the stack velocity, V,: 

60 sec 
Q,,,, =As (ft’) x Vs (ft /sec) x - - -  min 

[Equation 81 

The area of each stack at the direct-fired kiln was detemiined to be 9.73 A’. The air velocity, however, 
was different for each stack. The stack fans switched between operating (venting) and dormant 
(fugitive) modes approximately every three hours during kiln operation. 

The venting stack fan operated at 100% capacity while the fugitive stack fan was dormant with fugitive 
exhaust escaping the stack. The velocity for each stack was, therefore, computed separately by the 
following equation: 

459.6+Td, % 
V, = K, xC, x rnean-sqrt(hP)x [Equation 91 

Where: Kp 
CP 
AP 
Tdry 
P, 
MW, 

= 85.48 ft/sec (Ibflb mole.R)o.5 
= pitot tube correction factor, 0.84 
= pitot velocity head, inches of water 
= dly bulb temperature of stack gas 
= stack pressure, in Hg 
= molecular weight of the stack gas, lbAb mole 
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The molecular weight of the stack gas was determined by: 

[Equation IO] 
(100 - %MC) (%MC) Mw, =Mw + Mw,, x - 100 100 dryrtlckgar 

Where: 

(100%-0, %-CO,) O2%+O.44x (CO, %) Mw,,,,,, =0.28x +0.32x- 
100 100 100 

[Equation 111 

Mwwlm = I 8  lbflb mole 
%MC = The percent moisture content, by volume, of the stack gas. This parameter 

will be discussed in a separate section below. 

As mentioned previously, short periods of concentration data were collected from the fugitive stack to 
compare with the data collected from the venting stack. Along with the concentration parameter, flow 
rate data were also collected from the fugitive stack for comparison purposes. The air velocity 
components measured from the fugitive stack were 02%, C02%, static pressure, and wet/dry bulb 
temperatures. The values presented in Table J.3, Appendix J, for the fugitive stack were deemed 
sufficiently equivalent to the values measured from the venting stack. Therefore, all of the air velocity 
components shown in Equation 9, except for the pitot velocity head, were based on the data collected 
from the venting stack. The pitot velocity head, AF', was measured separately for the venting and 
fugitive stacks. 

The AP component was measured two ways: by the standard manual traverse method and on a 
confinuous bGis utili%& a pressure transducer-The d u a l  m&id obtZEed pit6t~tGbe meaSurements 
along two perpendicular traverses across the inside diameter of each stack. The continuous 
measurement methcd involved placing a second pitot tube at one traverse point for the entire sample 
run; A pressure trahsducer measured the relative change in velocity of the flow during the sample run. 
The relative transducer readings were collected to verify that the velocity from the venting stack did not 
fluctuate sigruficantly during each sample run. 

The manual traverse measurements obtained from the venting and fugitive stacks were used in 
Equation 9 to compute the velocity for each stack. For kiln charges FSK DF1 through FSK DF3, the 
traverse data were collected once per sample run on both the venting and fugitive stacks. This scheme 
was modified to twice per sample run for the remaining three test charges at the direct-fired kiln and for 
all of the test charges at the steam kiln. The average square root of the pitot velocity head 
(me-sqrt(AF')) obtained from the traverse measurements for each sample run are presented in Tables 
K. 1 and K.2, Appendix K. 

An analysis of variance (ANOVA) was conducted on the ave-sqrt(AP) values from the venting stack to 
determine the variability of the measurements. The result computed for FSK DFI through DF3 (Table 
K.3, Appendix K) indicated that there was no statistical difference in the individual ave - sqrt(AP) 
measurements collected during each sample run. Therefore, the mean-sqrt(AP) value for these three 0 
test charges, 0.4782, was used in Equation 9. The ANOVA test for FSK DF4 through DF6 (Table - 
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0 K.4, Appendix K) also resulted in the same conclusion, but the mean-sqrt(AP) was computed to be 
0.5330. The measurements for the FSK DFI through DF3 were analyzed separately from the values 
obtained for FSK DF4 through DF6 because the testing of these six charges was split into two different 
sampling efforts. 

Statistical analysis was not conducted on the ave-sqrt(AP) values for the fugitive stack data because of 
the observed variability in the measurements. A fugitive mean-sqrt(AP) value was, instead, computed 
for each stack from the ave-sqrt(AP) values measured during each test charge. For example, the 
mean sqrt(AP) value computed for the East fugitive stack during test charge FSK DF2 (shown in 
TableK. 1, Appendix K) was 0.2095, while the value for the West fugitive stack was computed tobe 
0.1850. Depending on which stack was venting during FSK DF2, these two values were used in 
Equation 9 to determine the fugitive flow rate component of Equation 5 

Steam-Heated Kiln 

The flow rate from the steam kiln was measured the same way as the flow rate from the venting stack 
of the direct-fired kiln; data for both the manual traverse and continuous method were collected at the 
exhaust stack. The manual traverse results from all six steam kiln sampling efforts (FSK MDFl  
through MDF7) are shown in Table K.5, Appendix K. These data did not pass the ANOVA test 
(Table K.6, Appendix K), indicating that the traverse measurements for each test charge were not as 
consistent as those measured from the direct-fired kiln. Therefore, a mean-sqrt(AP) was computed for 
each test charge. 

Although Equation 9 was used to compute the stack gas velocity at both the direct-fired and steam 
kilns, the molecular weight of the stack gas was derived differently. Equation 11 was used to 
determine the dry molecular weight of a combustion air source. In this case, however, the inlet air for 
the steam kiln was ambient air and the value of M W h S - k g a r  was determined to 28.84 lbflb mole for all 
of the steam kiln mass emission rate calculations. 

5.5.1.4 The Exhaust %MC Parameter 

The moisture content of the kiln exhaust gas, % M C h  is defined as the volume of water vapor divided 
by the combined volumes of the water vapor and dry gas. The '?'OM&, was computed from exhaust 
gas measurements of the wddry  bulb temperatures and moisture train measurements. This parameter 
was used to compute the amount of dilution required by the VOC sampling protocol and to adjust the 
exhaust flow rate measurements for moisture content. 

Wet/Dry Bulb Temperature Measurements 

A standard equation was chosen to convert the weddry bulb temperature measurements to percent 
moisture content in order to treat each data set equivalently. The Variability Study reports 
demonstrated that there are several possible approaches to calculating moisture from wet bulb/dry bulb 
data. The method used for this study is not meant to establish a standard, it was developed simply to 
treat all data sets on a equivalent basis. 

The standard weddry bulb conversion equation is shown below: 

0 

PP w 

Pnmb 
YoMCKi,, = - [Equation 121 
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Where: Pp, = Partial pressure of water vapor below saturation point, in Hg 
Pmb =Ambient pressure, in Hg 

The partial pressure of water vapor below saturation point was determined by Equation 13: 

[Equation 131 

Where: P, = Critical pressure of water = 166,818 mm Hg 
K, = Wet bulb temperature dependent parameter, dimensionless 
T, = Critical temperature of water = 1,165.67"R 
T, =Wet bulb temperature, "R 
t, =Wet bulb temperature, "F 
t, = Dry bulb temperature, "F 
P,b = Ambient pressure, mm Hg 

The temperature dependent parameter in Equation 13 was derived from the wet bulb temperature 
equation presented bclow: 

K, =(- 8 . 8 3 3 ~ 1 0 - ~ ~  xT,')+(3.072x10"xT,2)-(3.4969x10J xT,)+4.39553 

[Equation 141 

Moisture Train Measurements 

The moisture train measurements collected for this project were based on EPA Method 4. The volume 
of water and dry gas collected for each moisture train sample run was converted to an average percent 
moisture content by the standard Method 4 equations. 

Determination of the Exhaust Gas Moisture Content from the Small-Scale Kilns 

The moisture content of the exhaust gas from the small-scale kilns at MSU, OSU, and Horizon 
Engineering was computed using the wet/dry bulb temperatures measured inside each kiln. An 
assumption was made that moisture levels inside the kiln were equivalent to moisture levels in the 
exhaust gas. Conventional EPA Method 4 moisture train measurements were conducted by DEECO at 
the NCSU small-scale kiln. 

An example of the %MC profile achieved by the each small-scale kiln during the Variability Study has 
been included in Appendix L. 
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0 Determination of Moisture Content Levels at the Full-Scale Kilns 

WESTON collected both continuous weddry bulb temperature data and moisture train data from both 
full-scale kilns. WESTON modified the standard EPA Method 4 moisture train by substituting a 
calibrated flow meter for the dry gas meter. 

The moisture content of the exhaust gas from the direct-fired kiln was based on the measurements 
obtained from the venting stack only. Figure 5.17 shows a comparison of the uncorrected moisture 
content profiles obtained from the wet/dry bulb temperature and moisture train data for thc direct-fired 
kiln data. 

Since the steam kiln was equipped with a Vent-X-ChangerTM, the sampling plan called for the 
collection of moisture data from both the inlet and outlet of the Vent-X-ChangerTM unit. Figure 5.18 
shows an example of the raw data collected from the inlet and outlet sides of the heat exchanger. 

Using the data collected by both the wet/dry bulb temperature and moisture train measurements, a 
standard method was derived to manipulate the raw data to yield a continuous percent moisture content 
profile (corrected %MC) for use in the mass emission rate calculation. This standard method was 
applied to the data sets collected at both full-scale kilns. An example of the corrected %MC profiles 
for both kilns are shown in Figures 5.19 through 5.21 

The process for calculating the corrected %MC profiles essentially involved comparing the results from 
the wet/dry bulb temperature and moisture train %MC methods. Each sample interval was analyzed to 
determine which method yielded a realistic value. If the %MC values from the weddry bulb 
temperature data were chosen for a particular time period, thcn the values were used directly because 
these data were collected on a per minute basis. 

The results from the moisture train, however, yielded averaged values for each moisture train sample 
period. If the result from the moisture train was chosen for the corrected %MC value, then the 
averaged value was placed at the mid-point of the moisture train sample period. The corrected %MC 
d u e s  prior to and after the mid-point value were interpolated. Tables M. 1 and M.2, Appendix M, 
show examples of how the %MC data were adjusted. 

An example of the corrected %MC profiles for the direct-fired and steam schedules followed by both 
the full- and small-scale kilns is shown in Figures 5.22 and 5.23. 

As part of the standard %MC method, the wetldry bulb temperature data collected at both full-scale 
kilns were also corrected to calculate the flow rates and %MCs. An example of the corrected wetldry 
temperature profiles for both kilns is shown in Figure 5.24. Note that these profiles are different from 
the temperature profiles that were presented in the kiln operating parameters section of this report. 

5.5.1.5 Mass Emission Rate Equations For The Six Kilns 

The preceding information provided an overview of the various methods used to transform the reported 
data from the six kilns into the standard VOC mass emission rate equation, Equation 1. The equations 
presented below summarize the modifications made to Equation 1 to fit each individual data set: 

0 
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Kiln Charge FSK INDF3 Inlet 
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Figure 5.18. Comparison Between Moisture Train and Raw WB/DB Data 
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Kiln Charge FSK-DF2 
Corrected %MC Data to WblDb Data 
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Figure 5.19. Comparison Between Corrected %MC, WBIDB. and Moisture Train Data 
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Kiln Charge FKS INDF3 Inlet 

_. Inlet WblDB data -Corrected Outlet %MC data 
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Figure 5.20. Comparison Between Corrected %MC, WBDB Temp., and Moisture Train Data 
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Kiln Charge FSK INDF3 Outlet 

-Outlet WblDB data -Corrected Outlet %MC data 
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- Figure 5.21. Comparison Between Corrected %MC. WBlDB Temp., and Moisture Train Data 
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Kiln Charge FSK-DF2 Corrected %MC Data 
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Figure 5.22. %MC by Volume of Kiln Exhaust for the Direct-fired Temperature Schedule 
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Kiln Charge FSK INDF3 Corrected %MC Data 
for the Inlet and Outlet of the Heat Exchanger 
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Figure 5.23. %MC by Volume of Kiln Exhaust for the Steam-Heated Temperature Schedule 
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Figure 5.24. Corrected WWDB Temperatures of the Kiln Exhaust 
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. The mass emission rate equation used for the MSU data: 

lbof VOC diluted 
ascarbon propane, ppmw 3 carbons dscfdi lx  100 1 lbmole 12lbcarbon 

[I] = [i] x dilution ratiox 
1 Propane 100- %MC [I] 385.6scf lbmole 

oxh 
min 1 oG 

. The m a s  emission rate equation used for the OSU data: 

lbof VOC diluted 
ascarbon 3 carbons dscfm[i]x100 nins 1 Ibmi 12lbcarbon 

1 propane 1 oo - %MCeh [i] sample interval 385.G scf ’ Ib mole 
[i] = propanSppmw[i] x dilution ratiox x- 

sample interval 1 o6 

. The mass emission rate equation used for the Horizon Engineeriug data: 

lbmole 12 Ib 
X 

385.6 scf Ib mole 

Ib of VOC 
as Carbon carbon , ppmw 

d i I u t e d 

[i] = 
min IO6 

[i] x dilution ratio x 

1 -  
100 

lbofVOC diluted ) ( diluted 

Where: F = data from the front vent 
B = data from the back vent 
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0 .  The mass emission rate equation used for the direct-fired kiln data: 

1 lbmole 12lbcarbon 
x- X 

% M C , ~ [ ~ ]  385.6scf lbmole 

lbof VOC diluted 
ascarbon propane, ppmw 

[I] = [i] x dilution ratio x ~ x 
1 propane 

1 -  
min 1 06 

100 

Where: The THA concentration, dilution ratio, and %MCd parametcrs are based on the values 
determined from the venting stack. 
Vent = parameter calculated from the venting stack data 
Fug = parameter calculated from the fugitive stack data 

. The mass emission rate equation used for the steam kiln data: 

lbof VOC dilutedinlet 
ascarbon 

x 
3RS.6scf lbmole 

prop e,ppm\*(i] x 1 00 

min [i] = F) 10 x loo- 
x dilratiox 1 propane 

% M C i d i l  

5.5.2 Standard HAPs Calculation Procedure for the ImpingerlCanister Compounds 
0 

The ‘hazardous air pollutants’ (HAPS) sampled for in this project were: 

Acetaldehyde 

Acrolein 

Benzene 

Formaldehyde 

Methanol Propionaldehyde 

Methyl ethyl ketone Toluene 

Methyl isobutyl ketone Styrene 

Phenol m & 0-Xylenes 

In addition to these compounds, acetone, alpha-pinene and beta-pinene were quantified. 

As mentioned in the Sampling Methodology section of this report, the NCASI Chilled Impinger Method 
was issued to provide a standard protocol for collecting and analyzing formaldehyde and methanol 
samples. Although the sampling procedure for the remaining compounds listed above was not 
specified, the NCASI Chilled ImpingedCanister Method was used to sample for these compounds at 
the steam kiln and the OSU small-scale kiln. 

In reviewing the different formaldehyde and methanol calculation procedures used by each small-scale 
kiln that participated in Variability Study, it became apparent that a standard calculation procedure 
was needed to manipulate the HAPs data in a consistent manner that would yield comparable mass 
emission rates. The standard calculation procedure that was developed for both the Variability Study 
and Phase I1 was based on the following two parameters: 
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1. 

2. 

The concentration of target compound in the kiln exhaust gas, ppmd, and; 

The average dry exhaust flow rate over each impinger/canister sample run 
standardized to 1 atmosphere and 68°F. 

These two parameters were calculated and used in Equation 15 to determine the average mass emitted 
per MBF from the kiln over each impinger/canister sample run: 

lh of target average concentration 

sample run 1 o6 sample run 385.5 scf MBF 
compound of compound in kiln gas,ppmvd averagedscfmdlil Ibmole I 

X X XMW,,,,,, x- - - 

sample run 

[Equation 151 

The maximum duration for each impingerhanister sample run was specified to he no longer than three 
hours. 

The Average Concentration Parameter 

The total concentration of a target compound in the kiln exhaust gas was determined by Equation 16: 

1 24.04 L 1 
MW gmole dsLlil 

compound concentration in kiln gas, ppmvd = total mass,gLjl x ~ x-x- 

[Equation 161 

The total mass parameter shown in Equation 16 depended on the mass captured in the impinger water 
and air canister for a particular sample run: 

Total mass[jl =mass captured in impinger sample[il+ mass captured in canister sample[il 

[Equation 171 

The mass captured in the impinger sample for a particular sample run was calculated by the 
concentration, p g h L  (ppmw), determined by the laboratory analysis and the volumc of water in the 
impingers, including any rinse. 

The water in the impingers at the end of a sample run was the initial water in the impingers plus water 
condensed from the total sample volume that passed through the impingers. The entire volume of 
sample leaving the impinger train, however, was not collected by the 6.0 liter SUMMA canister, 
Instead, a slip stream of sample gas, at 33 mVmin, was diverted to the canister during the sample run 
(approximately three hours). Therefore, the mass of any compound captured in the canister would only 0 
represent a fraction of the mass that entered the sample system. In order to correct for the volume - 
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difference, a mass correction factor was computed for each canister sample and applied to the canister 
concentration determined by laboratory analysis for that sample run. The mass of target compound in 
the dry gas volume that passed through the sampling train during each sample run was determined by 
Equation 18: 

0 

x mass correction factorlil x - x - x6Lx- x w x -  
Analyie concentration in can, ppbw[i] mole 106ug [?] 24.04 L !2 

mass in can, ug,,] = 

[Equation 181 

Where: %MC,, = The amount of moisture in sample gas after leaving the last impinger 
If the average temperature of the sample gas leaving the last 
impinger is assumed to be at 38' F, then %MC of saturated air is 
0.78%. 

The total standard sample volume collected (dsL) during each sample run was determined by Equation 
19: 

Tstd Paveamb[i] P,td -psat [;I 
dsL - run lime x ave. sample train flow rate x " 

Iil - Iil Ii] TavembIi1 'std 'std 

0 [Equation 191 

The last expression in Equation 19 uses the saturation vapor pressure, Pmt, to convert the wet standard 
flow rate of the sampling train to a dry standard flow rate and is included only when a bubble flow 
meter is used. The assumption made in Equation 19 is that the ambient air entering the bubble flow 
meter becomes saturated as it passes the over the fluid reservoir. Using this assumption, the saturation 
vapor pressure for the average ambient temperature was +dated by the following expression: 

Psat = Pc x10 Kamb ( '-TC/Tamb ) in Hg 
25.4 mm Hg 

[Equation 20 (Pallady and Healey 1984)] 

Where: P, = Critical pressure of water = 166,818 mm Hg 
Kamb = Temperature dependent parameter, dimensionless 
T, = Critical temperature of water = 1,165.67 OR 
Tmb = Ambient temperature, "R 
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The temperature dependent parameter in Equation 2 1 was derived from the ambient temperature 
equation presented below: 

K,, = (- 8 . 8 3 3 ~  IO-'' xTmb3)+ (3.072 x 1 0-6 x TmbZ)- (3.4969~ 1 0-3 xTmb )+ 4.39553 

[Equation 2 11 

The preceding equations are used in Appendix N to calculate the formaldehyde and methanol 
concentrations for the first sample run FSK INDF3. 

The Average Dry Standard Exhaust Flow Rate (average dscfm..hril) Parameter 

Since individual compound concentrations were calculated on a dry basis, the dry standard exhaust 
flow rate from the kiln was required for Equation 15. Furthermore, the kiln gas concentration values 
represented the average concentrations obtained over each sample run. As a consequence, an averagc 
dry exhaust flow rate was determined for each sample run. Table N.3, Appendix N, shows the dry 
flow rates computed for each of the sample runs for FSK INDF3. 

The average dry standard flow rate and the kiln gas concentrations for each sample run were combined 
in Equation 15 to calculate the mass emission rate per sample run. This computation is shown in Table 
N.4, Appendix N for the mass emission rate/sample run of formaldehyde and methanol. Note that kiln 
charge FSK INDF3 had a production rate of 156.1 MBF. 

This same procedure was followed for all of the other target compounds listed in this section except 
alpha- and beta-pinene. The concentrations of these two compounds were reported in the canister as 
ppmw instead of ppbw. 

All of the calculations that went into determining the parameters mentioned in.this section are on the 
compact disk for review. 

5.5.3 

~ e r e s u l t i n g  mass emission rate for each kiln drying cycle was determined by: 

0 

The Standard Procedure for Calculating the Mass Emission Rate 
<,.. 

- the interpolation of the calibration periods and measurement system anomalies; 

the termination point of the measured data set for each drying cycle; and 

the integration of the incremental mass emission rate data. 

Interpolation of Measured Data 

One of the objectives of this project was to continuously collect air sample data from lumber kilns 
drying southern pine. In this project, dqing cycle times ranged from 18 to 28 hours. The sampling 
protocols, however, specified that all continuous periods of sample collection (sample runs) should be 
no longer than three hours. Typically there were gaps in the data while measurement systems were 
either recalibrated or replaced with new systems at the end of each 3-hour sample run. Furthermore, 
due to the gradual nature of the drying process, sudden changes in the recorded data are usually 
associated with anomalies in the measurement system instead of sudden changes in the operation to the 
kiln. 

0 
Regardless of the cause, missing data or anomalies were interpolated using the valid data points -. 
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on both sides of the segment of data in question. The result of the interpolation was a smoother 
continuous curve. An example of the comparison between the raw VOC mass emission rate data and 
the corrected VOC data is shown in Figure 5.25 for FSK DF2. 

Interpolation of the averaged methanol mass emission rate data is also shown in Figure 5.25 for the 
same test charge. In this case, the mid-points for each methanol sample run were joined by 
interpolation to form the continuous mass emission rate curve shown. 

Termination Point of Measured Data Set 

The termination point for each small-scale kin drying cycle was determined by the percent moisture 
content (dry basis) of the lumber charge (‘hWood-MCW). For example, the termination point for the 
Variability Study was determined to be lS%Wood-MC. Since load cells were used by only one small- 
scale kiln in this study, a standard method was devised to calculate the time during the drying cycle 
when the lumber charge reached the moisture content of 15%. 

The final kiln-dry moisture content of the lumber was used as a reference point to calculate the point in 
time that the lumber charge had an average moisture content of 15% (termination point). The final 
kilndry moisture content was determined by Equation 22. 

Charge weight[,, -oven dry weight 
oven dry weight 

%Wood -MCWil = XI00 

[Equation 221 

Where: 

Oven dry weight = the totally dry weight of the whole lumber charge. The totally dry 
weight is determined by oven drying the wood until there is no 
discernible change in weight of the lumber charge. 

Starting with the iinal lumber moisture content, the termination point was calculated through the 

Calculate the Absolute Humidity of the exhaust gas at time [i]: 

following procedure: 

1. 

moles water vapor 
moles whole 

volume of water vapx 
volume of whole gas 

- - = %MC, 

molesdry air - volume wholcgas 
moles whole volunie whole gas volume whole gas 

volunieof watervapor 
- - = I-%MC, 

Ib water - - lbmole 
X 

%MC,(il 18lbwater 
Absolute Humiditylil = 

I-%MC.,lil lbmole 28.971bdryair Ibdryairlil 
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VOC Mass Emission Rate 
(Kiln Charge FSK-DF2 ) 

-raw data -corrected data 
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12:25 14:25 16:25 18:25 20:25 22:25 0:25 2:25 4125 
Drying Cycle Time 

Methanol Mass Emission Rate 
(Kiln Charge FSK-DF2 ) 

II sample run data - interpolated data 
0,0004~ ~ ~ ~ ~~ ~ ~~~~ 

T 

0.0004 

LL 0.0003 
m 

,I 2 - 0.0003 

m .- 0.0002 
. o = l  
c c  

a ) L  

uj 

S E  
E ~ 0 . 0 0 0 2  

f 0.0001 

0.0001 

0.0000 
12:25 1525 18:25 21:25 0:25 3:25 6:2! 

Drying Cycle Time 

.- Figure 5.25. Comparison of Mass Emission Rates Between Raw and Corrected Data 
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e 

0 

2. Calculate the weight of water exhausted from kiln for each data interval [i]: 

Ib water lbmole 28.97 Ib 
Ibdry airIii 385.6scf Ib mole air 

Weight of water exhausted, Ib = xdsfcm[,l x X 

For each sample interval [i], tlic wcight of water vapor exhausted from the kiln was 
assumed to be equivalent to the weight of water extracted from the lumber charge due 
to drying. 

Sum the weight of water extracted from the lumber starting from the last data point 
recorded and working toward the start of thc drying cycle. 

3. 

(Cumulative water weightlil ,Ih) =(weight of water exhuasted lil,lb) + (cumulative water weight li+ll,lb) 

4. Estimate the weight of the lumber charge at time [i]: 

(Charge weight [il ,  Ib) = (cumulative water weightli,, lb) +(kiln dry weight, Ih) 

The kiln dry weight of the lumber charge is the weight of the charge at the end of thc 
drying cycle when the lumber is taken out of the kiln. 

5 .  Calculate the %Wood-MCd, of the lumber charge at any time [i]: 

Charge weightiil -ovendty weight 
oven dry weight 

%Wood -MC-il= XlOO [Equation 221 

6. Adjust the calculated weights in the cumulative water data column if the weight of the 
charge calculated at the start of the data set does not match the measured charge 
weight reported by the small-scale kiln. 

Choose the appropriate %Wood-MCd, where emissions data are to be truncated 
(termination point), then note the corresponding time associated with the chosen 

I. 

%Wood-MC, 

The termination point for the Variability Study was 15%Wood-MCw. The termination points 
in Phase I1 ranged between 12% and 15%. Data were included below the IS%Wood-MC mark 
because the packet weight measurements recorded for the first three direct-fired kiln charges 
(Table F . l ,  Appendix F) indicated that the kiln dry %Wood-MC values were 12%, 15%, and 
13%. 

Thc termination points for the MSU and OSU Phase 11 data sets were set at the end of the hour 
period in which the lumber was dried to a moisture content of 15%. Although this introduced 
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some variability, it simplified the procedurc for integrating the incremental mass emission rates 
by keeping the integrated data in hourly blocks of time. 

In order to provide a better understanding of how this standard %Wood-MC method was implemented, 
an example calculation has been provided in Appendix 0. 

Integration of the Incremental Mass Emission Rates 

The overall mass emission rate was calculated for each drying cycle once the incremental mass 
emission rate data points were calculated, adjusted for calibration periods and anomalies, and the 
termination point for each drying cycle was determined. The data set for VOCs (and HAPS if 
applicable) for each drying cycle was integrated by summing hourly blocks of incremental mass 
emission rate values from the start of the sampling event to the designated termination point. 
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6.0 RESULTS 

6.1 

The Variability Study had two primary objectives. The first was to evaluate variability among small- 
scale kilns and among sampling events at individual small-scale kilns. The second objective was to 
assess the emission measurement and lumber drying capabilities of the participating facilities - MSU, 
OSU, H. D. Project Management/Horizon Engineering (HDHE), and North Carolina State University 
(NCSU). DEECO conducted the air sampling at NCSU. The results of this assessment were intended 
to facilitate selection of the two sites for participation in the Phase I1 portion of the study. 

The four participants in the Variability Study each dried three kiln charges of southern pine lumber to a 
wood moisture content of 15%dry. At each facility, VOC, formaldehyde and methanol emissions data 
were collected. The data in Tables 6.1 and 6.2 provide a comparison of the drying cycles and the 
corresponding mass emission rates for VOC, formaldehyde, and methanol. 

The small-scale kiln at MSU dried their four kiln charges to an average kilndry wood moisture content 
of 12%-dry in 14.72 hours’. OSU and HDHE extended their drying cycles to approximately 24 hours 
to reach kiln-dry moisture contents of 6.4%dry and 4.3%-dry, respectively. NCSU, however, had 
difficulty judging the length of time required to reach 15%dry moisture content. Of their three lumber 
charges, the lowest moisture content reached was 18%dry in 23 hours. 

The drying cycle hours previously mentioned were total hours from the start of the cycle until the 
lumber was kilndry. Variability Study participants were instructed to begin data collection after the 
kilns had reached the weddry bulb set point temperatures or within the first three hours. Consequently, 
data collection began at different times for each small-scale kiln. In order to treat the emissions data in 
a consistent manner, all calculated data sets began at three hours into the drying cycle and were 
terminated when the wood reached a moisture content of 15%d1y. The NCSU data, however, could 
not be adjusted to the moisture content of 15%dry. 

Using this criteria and the standard calculation procedure for determining the 15% termination point 
described in Section 5 of this report, the mass emission rate values for MSU and HDHE were based on 
11 hours of sampling time. The emission rate values for OSU and NCSUDEECO were based on 15.3 
and 21.2 hours, respectively. 

The last column of Table 6.1 presents the mass emission rates of VOC over the data collection periods 
previously mentioned. The mass emission rate values represent the Ib VOC as CMBF emitted from 
each lumber charge. The VOC mass emission rate values ranged from 0.94 lb VOC as C/MBF to 3.20 
Ib VOC as C/MBF. OSU had the highest average VOC mass emission rate of 3.0 Ib VOC as C/MBF. 
The lowest average, 1.81 Ib VOC as C/MBF, was calculated for the small-scale kiln operated by 
HDHE. MSU and NCSU/DEECO had approximately the same VOC emission rates, 2.10 and 2.25 Ib 
VOC as C/MBF, respectively. The stickers used by these small-scale kilns were sufficiently kiln dried 
so as to not bias the results. 

Although the facilities were required to test three kiln charges for VOC mass emission rates, they were 
required to test only one kiln charge for formaldehyde and methanol emission rates. As can be seen in 
Table 6.2, MSU and OSU collected and reported formaldehyde and methanol data from an additional 

Small-Scale Kiln Variability Study Results 

0 

1 Kilndry  is dcfined as thc condition of the lumber when the charge was removed from the kiln at the end of 
the drying cycle. 

0 
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Table 6.2. Small-Scale Kiln Variability Study Results for Formaldehyde and Methanol 

Kiln Charge Formaldehyde Methanol 
Code Mass Mass 

Designation Emission Rate Emission Rate 
(IbMBF)* (Ib/MBF)* 

Mississppi State University MSU 3 0.0201 0.0232 
MSU 4 0.0170 0.0254 
Average 0.0186 0.0243 

Oregon State University osu 3 0.0252 0.2209 
osu 4 0.0263 0.1824 

Average 0.0257 0.2017 

H.Dettinger Project Manag. HDHE 3 0.0092 0.1293 

& Horizon Engineering 

North Carolina State NCSU 3/DEECO 2 0.0126 0.1822 
University & DEECO 

Notations: 
* Values do not include data from the 3-hour kiln warm up period and are adjusted 

to the 15% wood moisture content termination point. 
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lumber charge. Formaldehyde and methanol sampling were conducted concurrently with VOC 
sampling, thus information in Table 6.2 can be matched by charge number to cycle times provided in 
Table 6.1. 

The values determined for the mass emission rate of formaldehyde ranged from 0.0092 lb/MBF to 
0.0263 Ib/MBF. Since MSU and OSU collected formaldehyde data from two kiln charges, the valucs 
reported in Table 6.2 for these small-scale kilns were averaged at 0.0186 Ib/MBF and 0.0257 IbMBF, 
respectively. The lowest emission rate, 0.0092 Ib/MBF was calculated from the data collected by 
HDHE during their third kiln charge. This same drying cycle also corresponded to the lowest VOC 
emission rate reported in Table 6.1. The data collected by DEECO at the NCSU small-scale kiln 
yielded a formaldehyde mass emission rate of 0.0126 Ib/MBF. 

The methanol emission rates presented in Table 6.2 range from 0.0232 Ib/MBF to 0.221 Ib/MBF for 
all of the sampled data. The lowest value was obtained by MSU and the highest value by OSU. The 
methanol emission rates calculated for HDHE and NCSU/DEECO were 0.129 lb/MBF and 0.182. 
lb/MBF, respectively. 

6.2 Lumber Sampling Method 

This project developed a lumber sampling mcthod for the Variability Study and another lumber 
sampling method for the Phase I1 effort. The lumber samples for both sampling efforts were stacked 
on pallets and shrink-wrapped. The Variability Study lumber samples were transported by refrigerated 
truck the same day the round wood was processed at the saw mill. The delivery time for the Variability 
Study lumber samples ranged from 10 hours for MSU to five days for OSU. The Phase I1 lumber 
samples were stored at 35'F in a refrigerated trailer which was kept on-site during the sampling efforts. 
The storage time prior to shipping for the direct-fired lumber samples was five days and for the steam 
kiln lumber samples it was nine days. The amount of time required to deliver steam kiln charges was 
the same as for the direct-fired samples. 

A limited investigation was conducted during the Variability Study to determine what effect the 
 refrigerated environment had~Eonhe lumbersamples. Table 6.3 below shows the results of the lumber 
samples that were weighed prior shipping and then-again when deliv&ed~b each s&l-scalekiln. 
The lumber samples for the Variability Study were all 2 by 4 inches by 8 feet long. 

Theraverage moisture loss for these samples was calculated to be 0.35 Ib of water or 0.07 lbBF of 
sample. 

The objective of the lumber sampling method used for the Variability Study was to randomly divide 
12,192 board feet of 20-year old slash pine lumber into five differently sized samples. Each sample 
represented four kiln charges worth of lumber for the small-scale kilns at MSU, OSU, Horizon 
Engineering, NCSU, and the Forest Products Laboratory in Madison, Wisconsin. 

The weights reported by MSU, OSU and Horizon Engineering for each of the sample charges shown in 
Table 6.4 have been normalized to pounds pcr board foot (Ib/BF) to aid in assessing the ability of the 
lumber sampling method to configure equivalent charges. NCSU did not weigh each of their charges to 
calculate the green, kilndried, and oven dried moisture contents. Instcad, thosc paramctcrs were 
assessed using moisture sections from each of the kiln charges. 
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Table 6.3. Moisture Loss During Shipment 

Original Weight Loss 
Board Weight Delivered Weight Weight loss per BF 

Sample Number Ob) (Ib) (Ib) (Ib/BF) 

MSU 01 23.00 22.50 0.50 0.09 
MSU 02 24.00 24.00 0.00 0.00 

osu 01 25.00 24. I6 0.84 0.16 
osu 02 24.75 24.67 0.08 0.01 

HE 01 24.25 23.80 0.45 0.08 

HE 02 21.75 2 1.20 0.55 0.10 

NCSU 03 
NCSU 04 
NCSU 05 
NCSU 06 
NCSU 07 
NCSU OX 
NCSU 09 
NCSU 10 
NCSU 11 

24.50 
24.50 
24.50 
23.25 
23.25 
24.75 
24.25 
26.25 
24.75 

24.50 
24.24 
23.91 
22.73 
22.64 
24.40 
23.86 
26.25 
24.57 

0.00 
0.26 
0.59 
0.52 
0.61 
0.35 
0.39 
0.00 
0.18 

0.00 
0.05 
0.11 
0.10 
0.1 1 
0.07 
0.07 
0.00 
0.03 

The data indicate that MSU received green lumber charges that ranged from 4.35 Ib/BF to 4.48 IbiBF. 
The three sample charges sent to OSU had very similar green weight densities that averaged 4.50 
Ib/BF. Horizon Engineering, however, reported green wood densities of 4.19,4.35, and 4.72 Ib/BF for 
their three Variability Study sample charges. 

The results from the NCSU moisture sections indicated that the green moisture content of the three 
lumber charges dried at NCSU averaged lOO%dry MC. Using the ovendry weights determined for 
each sample charge, the green percent moisture content of the MSU sample charges averaged 91%dry 
and for OSU 98%-dry. The lumber charges sent to Horizon Engineering, on the other hand, averaged 
87%dry moisture content. 

MSU reported that their sample charges had ovendry densities that ranged from 2.25 to 2.35 Ib/BF. 
The ovendried densities for the OSU sample charges ranged from 2.24 to 2.32 IbiBF. Horizon 
Engineering reported an average ovendry density of 2.37 Ib/BF for all of the three of the sample 
charges they received. 

The lumber sampling method developed for Phase I1 extracted representative samples from each of the 
full-scale kiln test charges. The mill personnel at the direct-fired kiln provided the opportunity to collect 
green and kiln-dly weights for a portion of the lumber packets that made up the first three test charges. 
The process involved using a tared forklift to transport the lumber packets to and from the mill’s truck 
scale. The packet weights shown in Table F. I ,  Appendix F include the weight of the stickers which 
may have added a slight positive bias. The average weight densities for test charges FSK DFI, FSK 
DF2, and FSK DF3 were 4.31 Ib/BF, 4.33 IbiBF, and 4.45 IbBF, respectively. The kiln dried weight 
densities for these three charges were 2.52, 2.69, and 2.51 IblBF, respectively. 
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The weight densities for the sample charges sent to MSU and OSU from the direct-fired kiln are shown 
in Table 6.5. The green weight densities for the MSU sample charges ranged from 3.29 to 4.17 Ib/BF, 
while for OSU the range was 3.30 to 3.87 IblSF. The ovendried densities for the MSU sample 
charges ranged from 1.91 to 2.37 IbBF. The OSU sample charges ranged in ovendried densities from 
2.03 to 2.23 Ib/BF. 

Table 6.6 shows the weight densities determined for the steam kiln sample charges sent to MSU and 
OSU. The green weight densities for the MSU sample charges ranged from 3.85 to 4.73 IblBF. The 
ovendried densities for those same charges ranged from 1.78 to 2.44 IblBF. The OSU sample charges 
had green densities that ranged from 3.94 to 4.18 IblSF. The ovendried densities determined for the 
OSU sample charges ranged from 2.00 to 2.19 Ib/BF. The ovendry and green densities of lumber in 
this project are within the range of densities for southern pine provided in the Dry Kiln Operafor S 
Manual (U. S .  Dept. ofAgriculture 1991). 

6.3 

In Phase 11 of this project 12 full-scale kiln and 24 small-scale kiln charges were continuously sampled 
for total VOCs. The full-scale kiln sampling effort was divided into six direct-fired kiln charges and 
six steam-heated kiln charges. For each full-scale kiln charge there was one corresponding small-scale 
kiln charge dried at MSU and OSU. 

The direct-fired full-scale kiln was tested first. This kiln was tcsted on two separate occasions that 
were three months apart. Sampling of the steam kiln followed with all six kiln charges tested in a nine 
day period. 

The termination point for each sampling event was based on the moisture content of the wood. An 
attempt was made to terminate each small-scale kiln sample charge at thc same kiln-dry wood moisture 
content as the corresponding full-scale kiln charge. This project encountered problems, however, in 
establishing the exact kilndry moisture content of each full-scale kiln charge because the kiln operators 
used indirect methods for determining this parameter, such as the temperature drop across the load 
(TDAL) and moisture meters,' The kiln operators did, however, report that their target percent 
moisture content was 15%dry. The lumber packet data provided earlier in Section 6.2, however, 
showed that the estimated kiln-dried moisture contents for the first three direct-fired kiln charges 
ranged from 12% to 15%+ (Table F. 1, Appendix F). These values indicated that there was a 
possibility that the full-scale kiln charges were dried below the targeted 15%dry wood moisture 
content. To account for this possibility, the VOC mass emission rate data from the small-scale kilns 
were terminated at the wood moisture content values shown in Table 6.7. 

The emission rate data for MSU was terminated at an average wood moisture content of 12% and 
13%+ for the direct-fired and steam kiln sample charges, respectively. The termination points for 
the OSU direct-fired and steam sample data were 13% and 14%dry, respectively. 

The determination of the ending wood moisture content for each kiln charge thus established the 
duration of each sampling event. The duration of the sampling events at the full- and small-scale kilns 
is provided in Table 6.8. The duration of the sampling events at the direct-fired kiln averaged 17.2 
hours. The average duration of the sampling events for the corresponding sample charges dried at MSU 
and OSU was 15.8 hours and 17.4 hours, respectively. 

The duration ofthe sampling events at the steam-heated kiln averaged approximately 25.7 hours (Table 
6.8). The corresponding corrected sampling events at MSU and OSU were 13.2 hours and 17.7 hours. 

Tlie dates and times of each sampling event are provided below for the Phasc I I  portion of this project. 

a 

Phase I1 Testing Schedule and Duration of Sampling Events 

0 
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Table 6.7. Lumber Moisture Content Results 

Sample 
Event Lumber FSK MSU osu 
Code Dimension Wood-Moisture Content (dry) 

DIRECT-FIRED KILN LUMBER SAMPLES 
2 x 6  12% 12% 12% 12% 
2 x 4  15% 13% 13% 
2 x 6  13% 11% 12% 12% 
2 x 4  12%-15%' 12% 12% 
2 x 4  12%-15%' 13% 15% 
2 x 6  12%-15%* 12% 13% 

Average 13% 12% 13% 

STEAM KILN LUMBER SAMPLES 
2 x 4  14% 14% 
2 x 4  14% 14% 
2 x 4  12% 14% 
2 x 6  13% 14% 
2 x 4  15% 13% 
2 x 4  13% 14% 

Average 12%-15%* 13% 14% 

103 

0 

'Estimated moisture content 
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Table 6.8. Duration of Sampling Events 
Sample 
Event Lumber FSK MSU osu 
Code Dimension Duration of Sample Events (lours) 

0 

DIRECT-FIRED KILN LUMBER SAMPLES 
1 2 x6 19.4 15.3 17.3 20.2 
2 2 x 4  17.7 16.0 17.0 
3 2 x 6  18.0 16.0 16.0 18.7 
4 2 x 4  16.2 16.1 16.0 
5 2 x 4  15.8 14.0 15.6 
6 2 x 6  16.3 15.4 17.0 

Average 17.2 15.8 17.4 

a 

STEAM KILN LUMBER SAMPLES 
1 2 x 4  25.1 12.0 17.0 
2 2 x 4  24.9 12.0 16.0 
3 2 x 4  28.9 12.0 19.0 
5 2x6 25.0 18.0 17.0 
6 2 x 4  25.1 12.0 18.0 
7 2 x 4  25.1 13.0 19.0 

Average 25.7 13.2 17.7 
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Stage I: Dates and Times for the Direct-fired Kiln Sampling Events 

FSK Test MSU Test OSU Test 
Kiln Charge Dates (1999) & Times Dates (1999) &Times Dates (1999) &Times 

DF1 

DF2 

DF3 

5/19 - 5/20 (DFIA) 5/31 613 - 614 
1213 - 07:36 07:32 - 22:50 05:21 - 01:30 

(DFIB) 618 - 619 
0659 - 00:15 

5120- 5/21 71 1 611 7 - 611 8 
04:34- 21:20 14:32 - 0729 12:25 - 06:lO 

5/21 - 5/22 (DF3A) 613 - 614 6/10 
07:22 - 00:14 
(DF3B) 6/23 

05:15 - 2215 

05:08 - 23:47 1201 - 06:02 

0 

Stage 11: Dates and Times for the Direct-fired Kiln Sampling Events 

FSK Test MSU Test OSU Test 
Kiln Charge. Dates (1999) &Times Dates (1999) & Times Dates (1999) & Times 

DF4 813 - 814 811 1 8/20 
14:42 - 0655 04:21 - 20:27 0527 - 21:30 

DF5 814 - 815 8/24 8/23 
05:23 - 20:59 

~~ ~~ ~~ 
~~ 

03:14 - 18:OO 
~~~~ ~~ ~ ~~ 

15:14 - 06:59 
~~ ~~~ 

~ ~~~~ ~ ~~ ~~ 

DF6 815 - 816 8/18 8/24 
14:11 - 06:28 03% - 18:48 05:02 - 2202 

I - 

National Council for Air and Stream Improvement 



106 

Stage 111: Dates and Times for the Steam-Heated Kiln Sampling Events 

FSK Test MSU Test OSU Test 
Kiln Charge Dates (1999) &Times Dates (1999) &Times Dates (1999) &Times 

INDFI 10/5 - 10/6 11/03 11/9 - 11/10 
16:40 - 17:47 03:21 - 20:07 13:06 - 10:06 

INDF2 10/6 - 10/7 11/09 11/3 - 1114 
21:43 - 22:38 03:08 - 19:09 0952 - 06:25 

INDF3 10/7 - 10/9 11/11 - 11/12 11/1 I - 11/12 
2324 - 04:18 07:05 - 00:07 09:22 - 05:34 

Ih’DF5 10/11 - 10/12 10/26 - 10/27 10/28 - 10/29 
15118 - 16:16 03:07- 0027 03:14 - 04:38 

INDF6 10/12 - 10/13 11/18 11118- 11/19 
17:43 - 18:42 0551 - 21:18 0456 - 00:59 

INDF7 10/13 - 10114 11/16 12/2 - 12/3 
19130 - 20136 04112 - 2 O : l O  0458 - 00:28 

Appendices P and Q provide further information on lumber moisture contents and sampling times on a 
per sample run basis for the direct-fired and steam kiln drying cycles, respectively, at the full- and 
small-scale kilns. 

6.4 

The direct-fired, full-scale kiln VOC mass emission rates presented in Table 6.9 ranged from 2.9 Ib of 
VOC as CA4BF to 4.7 Ib VOC as CMBF. The average value was 3.8 Ib VOC as CIMBF. 

The steam-heated, full-scale kiln VOC mass emission rates (Table 6.9) ranged from 3.0 Ib VOC as 
CIMBF to 4.7 Ib VOC as CMBF. The average value was 3.5 Ib VOC as CIMBF. 

The corresponding direct-fired sample charges at MSU yielded an average VOC mass emission rate of 
2.4 Ib VOC as CIMBF. This average was based on six charges and two duplicates shown in Table 
6.9. VOC mass emission rates ranged from 1.9 Ib VOC as CIMBF to 3.2 Ib VOC as CIMBF. 

The corresponding direct-fired sample charges at OSU yielded an average VOC mass emission rate of 
3.0 Ib VOC as CMBF. The emission rates ranged from 2.0 Ib VOC as CMBF to 3.9 Ib VOC as 
CIMBF. The results for each charge are shown in Table 6.9. 

Appendices P and Q also provide further information on the measurement system “up-time,” 
calibration times, and emission rates per sample run for the direct-fired and steam kiln drying cycles, 
respectively, at the full- and small-scale kilns. 

Phase I1 VOC Mass Emission Rate Results 
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Table 6.9. VOC Mass Emission Rate Results 

Sample 
Event Lumber FSK MSU osu 
Code Dimension (Ib VOC as CarbodMBF) 

DIRECT-FIRED KILN LUMBER SAMPLES 

1 2 x 6  

2 2 x 4  

3 2 x 6  

4 2 x 4  

5 2 x 4  

6 2 x 6  

Average 

1 2 x 4  

2 2 x 4  

3 2 x 4  

5 2 x 6  

6 2 x 4  

7 2 x 4  
~ 

Average 

4.2 3.2 2.1 3.1 

4.1 2.5 3.9 

4.2 2.6 2.2 3.8 

2.9 1.9 3.0 

3.4 1.9 2.0 

3.6 2.6  2.4 

3.8 2.4 

STEAM KILN LUMBER SAMPLES 

- 

3.0 

3.0 

3.9 

4.1 

3.1 

3.0 

4.8 4.4 

2.6 3.9 

2.6 4.6 

3.3 3.8 

2.6 4.4 

3.5 3.1 4.2 

Overall Average 3.1 2.1 3.6 
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0 6.5 Phase I1 Formaldehyde and Methanol Mass Emission Rate Results 

Four of the twelve lumber charges were sampled for formaldehyde and methanol at the full-scale kiln 
and small-scale kilns. Table 6.10 provides the results. 

The formaldehyde results for the two direct-fired charges averaged 0. IO, 0.02, and 0.009 Ib 
formaldchyde/MBF for the full-scale kiln, MSU and OSU, respectively. Formaldehyde results for the 
two steam-heated charges averaged 0.02, 0.003, and 0.02 Ib formaldehyde/MBF for the full-scale, 
MSU, and OSU kilns, respectively. 

The methanol results for the two steam-heated sampled charges averaged 0.16, 0.11, and 0.12 Ib 
methanol/MBF‘for the full-scale kiln, MSU and OSU, respectively. Methanol results for the two 
steam-heated sampled charges averaged 0.21, 0.17, and 0.23 Ib methanol/MBF for the full-scale kiln, 
MSU and OSU, respectively. 

MSU did not sample steam charge number three for formaldehyde and methanol as was done at the 
full-scale kiln and at OSU. MSU results provided in this section were for the second steam sample 
charge instead. 

Further details about the individual 3-hour formaldehyde and methanol sample runs are provided in 
Appendix R. The information presented is for the sampling efforts conducted with the NCASI Chilled 
Impinger Train sampling mcthod. 

6.6 

One drying cycle at the full-scale steam-heated kiln, the NCSU kiln, and the OSU kiln was sampled for 
I6 different compounds. These compounds collectively may be referred to as “VOC species” and this 
type of sampling may be referred to as “VOC speciation.” In this case, the VOC species were various 
compounds listed by EPA as “hazardous air pollutants’’ (HAPS) plus terpenes and acetone. The 
NCASI ImpingedCanister Method was used to collect and analyze the compounds. The list of 
compounds targeted by this study are provided in Table 6.1 1. 

Of the sixteen compounds analyzed, six were present at levels above 0.01 IbhlBF. They were 
acetaldehyde, acetone, formaldehyde, methanol, alpha-pinene, and beta-pinene. Mass emission rates 
for the 16 compounds are summanzed . in Table 6.1 1 .  Detailed information about each sampling effort 
and sample run has been provided in Appendix S.  

Speciated VOC Mass Emission Rate Results 
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Table 6.11. Speciated VOC Mass Emission Rate Results 

NCSUDEECO Steam FSK osu 
e 

Phase I Phase I1 Phase I1 
Charge 3 INDF3 INDF3 

Assumed to be 
Ending Wood %Moisture Content: 22% 12%- 15% 14% 

Duration of Drying Cycle (hr) 24.5 28.9 19.0 

Charge Dimension (MBF) 1.54 156.10 0.07 

VOC Compounds 
Ib/MBF 

e 

ACETALDEHYDE 

ACETONE 

ACROLEIN 

BENZENE 

FORMALDEHYDE 

M,P-XYLENE 

METHANOL 

METHYL ETHYL KETONE (MEK) 

METHYL ISOBUTYL KETONE 

0-XYLENE 

PHENOL 

PROPIONALDEHYDE 

STYRENE 

TOLUENE 

ALPHA-PINENE 

BETA-PINENE 

0.030 

0.054 

0.003 

BDL 

0.013 

BDL 

0.182 

BDL 

BDL 

BDL 

BDL 

0.001 

BDL 

BDL 

1.320 

0.323 

0.039 

0.037 

0.006 

BDL 

0.019 

BDL 

0.265 

BDL 

0.001 

0.0002 

BDL 

0.001 

BDL 

0.0001 

0.291 

0.130 

0.065 

0.083 

0.009 

BDL 

0.023 

BDL 

0.274 

BDL 

0.001 

BDL 

BDL 

0.003 

BDL 

0.0001 

0.361 

0.184 
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7.0 DISCUSSION a 
7.1 Small-Scale Variability Study 

One of the primary objectives of the Variability Study was to assess variability among the small-scalc 
kilns and among sampling events at individual small-scale kilns. The statistical parameters variance, 
standard deviation, and relative standard deviation provide measures of variability. For the small 
sample sizes available in this study, these parameters are perhaps best viewed as indicators of 
variability. Table 7.1 provides a statistical summary of the VOC results from the Variability Study. 
Figure 7.1 providcs a graphical representation of VOC emission rate ranges overall and at each small- 
scale kiln. 

Table 7.1. Statistical Analysis of the Variability Study VOC Data 

Average VOC No. of Variance Stand. Dev. Relative Stand. 
(1blMBF) Samples (wlin) (1blMBF) Dev. (“A) 

MSU 2. I 4 0.09 0.29 14.0 

osu 3.0 3 0.07 0.26 8.6 

HDHE 1.5 3 0.25 0.50 33.6 

NCSU and DEECO 2.0 3 0.22 0.47 23.3 

All Small-Scale Kilns 2.2 13 0.40 0.63 28.6 

MSU and OSU 2.5 7 0.30 0.55 22.0 

These data indicate that MSU’s and OSU’s sample results were less variable than the other two 
facilities and, when combined, were less variable than the data set representing the results from all 
small-scale kilns, Difficulties in drying the lumber to a 15% endpoint appear to be responsible for 
much of the variability at NCSU. Difficulties in kiln operation a d o r  VOC measurement at the 
HDHE small-scale kiln are discussed later in this section. 

The variability in the VOC results may have been affected by the kiln dry moisture contents reached by 
each small-scale kiln. MSU was the only small-scale kiln that ended its dry cycles close to the target 
15%dry wood moisture content value during the Variability Study. OSU and HDHE had kiln dry 
moisture contents that were considerably less than 15%dry moisture content. NCSU, on the other 
hand, was considerably above the target wood moisture content value. The use of load cells could aid 
in estimating when small-scale kiln lumber charges have reached the target kiln dry wood moisture 
content. 

The second objectivc of the Variability Study was to select two small-scale kilns to conduct the work 
efforts required in Phase 11. The selection of the two small-scale kilns was based on a satisfactory 
assessment of the statistical data and the ability to meet the operating and sampling criteria specified by 
the project. 

Thc VOC mass eniission rate data were used to determine how well the measurement system aid small- 
scalc kiln pcrfomicd at cach facility. By plotting the Ib VOC as ClMBF emitted for cvery sample 
interval over the duration of thc sampling event, a VOC mass emission rate curve was produced for 

National Council for Air and Stream Improvement 



H 
H 

National Council for Air and Stream Improvement 

~ 



113 

each drying cycle. The curves for the drying cycles at each facility were plotted on the same graph to 
evaluate the measured data and the performance of each small-scale kiln. These VOC mass emission 
rate curves are shown in Figures 7.2 through 7.5. 

The mass emission rate curves for the MSU data (Figure 7.2) appear to have a different overall trend 
than the other three curves because MSU did not record emission rate data during the first three hours 
of the drying cycle. The beginning of the MSU VOC emission rate curves, at the 3-hour mark, appears 
to correspond to the backside of the peaks that are observed in the curves from the other three small- 
scale kilns. Although the initial peak is unavailable, the remainder of the four VOC mass emission rate 
curves tend to follow the same pattern. This indicates that MSU was able to operate their sample 
measurement system and kiln in a consistent manner. 

Figure 7.3 shows that OSU was also able to operate their measurement system and kiln in a consistent 
manner. As can be seen, the VOC mass emission rate sharply increases to a peak at about hour three 
as the kiln is warming up to the set point temperatures. The emission rate then gradually decreases 
over the remainder of the drying cycle. This curve description matches the generic profile of the VOC 
mass emission rate curves reported at southern pine full-scale kilns. 

The NCSU VOC mass emission rate curve shown in Figure 7.4 is different from the other small-scale 
kilns because the data were measured from two vents located on the roof of the NCSU kiln. The VOC 
emission rate during the first three hours is low because the roof vents were closed for the kiln’s initial 
3-hour warm-up period. At the 3-hour mark, the VOC curves show a significant jump in emission rate 
that corresponds to the opening of the exhaust roof vent. M e r  the initial period of venting, the VOC 
curve follows the same gradual pattern of decreasing emission rate over the course of the remaining 
drying cycle. The profile of the three kiln charges at NCSU indicates that the measurement system and 
kiln were operated in a consistent manner. The spikes in the NCSUDEECO data were caused by kiln 
fan reversals every three hours. 

Results from the HDHE kiln (Figure 7.5) indicated inconsistency in kiln operation and/or VOC 
measurement. During the initial 3-hour warm-up period, the curve for two of the three drying cycles 
reached two emission peaks while the third charge followed a lower but steadily increasing trend. After 
the third hour of drying, the emission rate of one of the two fluctuating curves then decreased to a much 
lower emission rate and remained low for the remainder of the drying cycle. The other two curves 
followed a typical gadually decreasing emission rate trend after the 3-hour mark. 

One reason for the inconsistent VOC emission rate &ta reported by HDHE may be explained by 
analyzing the exhaust flow rate pattern from the small-scale kilns. If the exhaust flow rate patterns 
shown in Figure 7.6 for HDHE are compared with patterns from the other kilns (Figures 7.7 through 
7.9), it is evident that the HDHE kiln did not appear to operate as consistently as the other three small- 
scale kilns. 

Another observation made from the exhaust flow rate data was that the data collected by MSU (Figure 
7.7) had a vastly different pattern than the rest of the kilns. Although this venting rate pattern was 
different, the VOC mass emission rate results still indicate that MSU controlled their drying cycles in a 
consistent manner. 

Figures 7.8 and 7.9 show very good duplication of exhaust flow rates at OSU and NCSU, respectively. 
When considered in conjunction with the VOC mass emission rate curves, the conclusion can be made 
that small-scale kilns have the capability of operating in a consistent manner. 

The decision for choosing the small-scale kilns at MSU and OSU for the Phase I1 portion of this 
project was based on the VOC mass emission rate results, relatively low variability among sample 
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mns, the ability to control drying cycles in a consistent manner, and the w i l l i i e s s  to allocate the 
required resources for the Phase 11 sampling effort. As previously mentioned, MSU, OSU, and NCSU 
were all able to control their drying cycles in a consistent manner as indicated by the VOC mass 
emission rate and exhaust flow rate curves. NCSU, however, did not express an interest in continuing 
into Phase 11. 

7.2 Lumber Sampling Methods 

One of the objectives of this project was to develop a method to sample, store and ship the lumber 
obtained from the saw mills for the Variability Study and Phase I1 portions of this project, The lumber 
sampling methods developed for this project did not attempt to segregate individual boards by 
differences such as the number of knots or grah structure; instead, the methods focused on the 
importance of obtaining random lumber samples from each source sampled. Once the lumber samples 
were collected, the lumber was stored'and shipped in refrigerated environments that were maintained 
below 35°F. 

A limited assessment of the effect that refrigerated storage and transport had on the Variability Study 
lumber samples was made by determining the difference in weight loss between the sample's weight 
prior to shipment and upon delivery. The average weight loss from each sample board in the test was 
determined to be 0.35 Ib, approximately 1%. The difference in weight, however, could be attributed to 
the fact the there were two different scales used to weigh the original and delivered sample boards. The 
accuracy of the scale used to weigh the original sample boards was considered to be within +o. 125 Ib. 
Thus, the weights in Table 6.3 were reported to the nearest quarter pound. 

The ability of the variability lumber sampling method to generate equivalent lumber samples for the 
Phase I participants was assessed by comparing the green densities, ovendry densities, and wood 
moisture contents of the lumber samples sent to each small-scale kiln. The green lumber density at 
MSU and OSU compared favorably with the results being 4.41 and 4.50 Ib/BF, respectively. The 
percent moisture content of the green lumber sent to MSU and OSU averaged 9l%dry and 98%dry, 
respectively, while the moisture sections analyzed by NCSU averaged 1OO%iry wood moisture 
content:- 

Although the average green wood density of the Horizon Engineering (HE) sample charges was 
equivalent to the value determined for MSU, the green densities for the individual charges varied 
significantly. The standard deviation for the green densities of the HE charges was 0.27 Ib/BF 
compared to 0.05 IbBF for the MSU samples. The average oven dried densities, however, were 
similar at 2.37 and 2.31 Ib/BF, respectively. The were no ovendried densities reported for the 
individual HE sample charges, so the differences in the standard deviations of oven dried densities 
could not be assessed. 

Based on green lumber moisture contents, and green and ovendry lumber densities, it appears that the 
Variability Study participants received equivalent lumber samples and that the lumber sampling 
method was successful. 

The sample charges sent to MSU and OSU from both the direct-fired and steam kilns compared 
favorably in terms of green and ovendry wood densities. The variability within the two groups of 
sample charges was somewhat different, however. The standard deviation of the green sample densities 
sent to MSU from both full-scale kilns was 0.34 Ib/BF, while for OSU they were 0.18 and 0.08 Ib/BF 
for the direct-tired and steam kilns, respectively. Since the relative standard deviations for the lumber 
charges sent to MSU and OSU were below 9%, the Phase I1 lumber sampling method appeared to 
cxtract cquivalcnt samplcs for the small-scale kilns. 

~ ~~ ~~~~~ ~~~~~~ ~~ ~ ~~~~~~ ~ ~~~~~ ~~ ~ 
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The wood density data collected from the first three direct-fired kiln charges did not compare favorably 
with the data determined from the sample charges sent to MSU and OSU. The green wood density 
range of 4.3 1 to 4.45 IbBF at the full-scale kiln differed significantly from the 3.29 to 4.17 IbBF that 
was determined for the corresponding small-scale kiln sample charges. 

The discrepancy in the full- and small-scale kiln green weight densities may be attributed to the 
inaccuracy of the measured weights at the saw mill or moisture loss due to storage and shipment. The 
scale at the saw mill was normally used to weigh full and empty log trucks. Since the forklift and 
lumber pack would weigh much less than the log trucks, an error could have been introduced due to the 
scale’s inability to discriminate between smaller weight values. Another possibility for the discrepancy 
in the green weight densities could be from the moisture loss due to refrigerated storage. However, 
with the amount of the discrepancy being as much as 1.16 IbBF, the OSU sample charges (at 73 BF), 
for example, would have lost 10 gallons of water. Since shrink-wrap was used to reduce the air flow 
through the sample charges, this amount of water loss due to evaporation seems unlikely. Additionally, 
significantly moisture loss did not occur under similar shipping conditions in the Variability Study. 

Overall the green and dry wood density information indicates that the lumber sent to MSU and OSU 
was similar in dry weight and moisture content. These parameters are not a direct measure of the VOC 
emissions potential or content but they do indicate that the samples were reasonably equivalent. 

7.3 

7.3.1 

The temperature schedules for the direct-fired and steam-heated full-scale kilns differed significantly 
from the generic drying schedule defined for thc Variability Study. In order to match the temperature 
schedules of the full-scale kilns in Phase 11, the small-scale kilns had to reach multiple set point 
temperatures during the course of each drylng cycle. After some kiln modifications, both MSU and 
OSU were able to reasonably match the demanding temperature schedules of the full-scale kilns. 

The effect of the two different temperature schedules is reflected in the VOC mass emission rate curves 
generated for the direct-fired (Figure 7.10) and steam-heated (Figure 7.1 1) full-scale kilns. The direct- 
fired VOC curve has two peaks that are approximately the same magnitude. The first peak occurred 
within the first three hours as the kiln was warming up, and the second peak occurred at the end of the 
drying cycle. In contrast, the temperature schedule for the steam kiln produced only one VOC emission 
peak (Figure 7.1 1). Although each graph shows periods of variability, the graphs clearly show the 
direct-fired kiln VOC mass emission rate curve to be different from the steam-heated kiln VOC curve. 

As mentioned earlier, MSU and OSU were able to match the temperature schedules of the full-scale 
kilns. The resulting direct-fired VOC profiles for MSU and OSU are shown in Figures 7.12 and 
Figure 7.13, respectively. These two figures show the two VOC emission peaks associated with the 
direct-fired temperature profile were also demonstrated at each of the small-scale kilns. Similarly, 
Figures 7.14 and 7.15 show profiles with only the one VOC emission peak for the small-scale kilns 
when they dried lumber according to the steam-heated kiln temperature schedule. 

The fact that small-scale kilns can emulate temperature schedules and VOC emission rate curves for 
the full-scale kilns is encouraging. Additional evidence of this is provided by the figures in Appendix T 
where the VOC mass emission curves for each kiln are compared on a charge-by-charge basis. 
Matched curves are indicators of similar lumber drying conditions. 

The straight lines that appear in the voc mass emission rate curves are a result of data that have been 
interpolated. As mentioned in Section 6 ofthis report, the VOC data were collected over extcnded 

Phase I1 Mass Emission Rates 
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0 3 periods of time. To maintain the integrity of the measured data, each of the kiln sampling events was 
divided into sample runs so that no continuous period of data collection extended beyond three hours in 
duration. This allowed the measurement systems to be calibrated or serviced at least once every three 
hours, The drawback for instituting these quality assurance measures was the occasional gap in the 
measured data. All data gaps and other measured anomalies were interpolated to create the continuous 
VOC emission rate curves presented. 

7.3.2 

Graphical representations of VOC mass emission rate results from the kilns tested in Phase I1 of this 
study are shown in Figures 7.16 through 7.19. The vertical bars represent the calculated VOC mass 
emission rate results for each sampling event. Figure 7.16, for example, shows that there were six 
sampling events at the direct-fired kiln and OSU. For the MSU data in Figure 7.16, there are eight 
sampling events shown. The first two bars represent the results for the first sampling event MSU 
DFlA and for the duplicate charge, MSU DFlB. Likewise, the fourth and fifth bars show the results 
for MSU DF3A and DF3B. 

Figure 7.16 shows that thc VOC mass emission rates for the first three direct-fired full-scale kiln 
charges (FSK DFI, DF2, DF3) were higher than the last three kiln charges tested (FSK DF4, DF5, 
DF6). The difference in emissions between these hvo groups of measurements may be due to seasonal 
effects and/or air drying times. The first three test charges were conducted in May, while the last three 
tests were conducted in August. Furthermore, the lumber packets that madc up the last thrcc kiln 
charges (DF4, DF5, DF6) had been stored in the green lumber yard and air dried for approximately 
two days longer than the first three kiln charges (DFI, DF2, DF3). Out of all six direct-fired test 
charges, the fourth charge was stored for the longest period of time in the green lumber yard. The 
lumber charges for the steam kiln tests, however, were exposed to open storage conditions for 
approximately the same amount of time because of the limited green wood storage capacity at that saw 
mill. 

While fugitive emissions were minimal at the direct-fired kiln, the exhaust fan at the steam kiln did not 

the steam kiln, an extra fan was installed after the first drying cycle (FSK MDFI) to draw more 
exhaust out of the kiln through the heat exchanger stack. This may explain the relatively low VOC 
emission result calculated for FSK INDFl as shown in Figure 7.17. The two small-scale kilns did not 
have lower VOC emissions for the first charge. 

The variability in the VOC mass emission rates could also be attributed to the differences in the volume 
of gas exhausted from the 111- and small-scale kilns during the drying cycles. The values shown in 
Table 7.2 for the total volume of kiln gas exhausted have been normalized to a wet and dry standard 
cubic feet per thousand boot feet (scf/MBF) basis. For the direct-fired drying schedule, the full-scale 
kiln exhausted a significantly higher volume of gas exhaust (178,000 wscfYMBF) than the small-scale 
kilns (89,800 wscf/MBF). The steam drying schedule, on the other hand, showed the opposite 
phenomenon whereby the full-scale kiln exhausted 34,900 wscf/MBF of kiln gas, while 89,000 
wsci7MBF and 80,200 wscf/MBF were measured for MSU and OSU, respectively. 

Another factor that may have contributed to the variability in the full-scale kiln data was the effect that 
high moisture conditions had on the sampling equipment. The sampling equipment perfonned well at 
the direct-fired kiln where the exhaust gas had an average moisture content of 40%. At thc steam kiln, 
however, the exhaust gas unexpectedly had a much higher moisture content. Moisture contents of 70% 
were encountered because measures taken to seal the kiln (to prevent fugitive losses) caused an increasc 
in the wet bulb temperature inside the kiln. Because ofthe high moisture levcl in the sanlplcd gas 

Phase II VOC Mass Emission Rate Bar Graphs 
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stream the heated probe and filter boxes for the VOC measurement systems were replaced after the 
third sampling event with units that had larger heaters. The higher moisture levels also required 
considerably more dilution gas to maintain the sampled gas stream at or below the 20% moisture 
content criteria specified by this project. 

a 

Table 7.2. Total Volume of Kiln Gas per MBF Exhausted for Phase I1 Drying Cycles 

FSK MSU osu FSK MSU osu 

DF 1 18.80 8.36 9.49 13.90 5.67 6.16 
wscf x lO"4 per MBF dscf x lO"4 per MBF 

DFlB  
DF2 
DF3 

DF4 
DF5 
DF6 
Average 

DF3B 

11.3 7.40 
18.10 8.72 9.04 12.90 5.85 6.13 
17.30 8.74 9.11 11.90 6.00 6.23 

10.40 6.89 
18.10 7.67 6.61 12.60 5.56 4.53 
17.50 7.73 9.75 11.90 5.61 6.84 
17.00 8.90 9.85 12.20 6.67 7.07 
17.80 8.98 8.98 12.57 6.21 6.16 

a 
INDFI 2.69 8.62 8.99 0.93 4.85 4.02 
INDF2 3.98 9.96 7.32 1.33 5.04 3.63 
INDF3 3.75 9.95 8.50 1.25 4.75 4.00 
lNDF5 3.44 10.90 7.25 1.09 6.38 3.62 
INDF6 3.38 6.68 7.56 1.09 3.52 3.67 
INDF7 3.71 7.29 8.48 1.16 4.18 3.99 
Average 3.49 8.90 8.02 1.14 4.79 3.82 

Figures 7.18 and 7.19 provide charge-by-charge comparisons for all ofthe sampled charges. From a 
gross overview of these graphs, it appears that the two small-scale kilns are no more likely to match the 
results from each other than they are to match the results from the two full-scale kilns. This may be 
due to relatively high variability in the measurements made at all four kilns. 

7.3.3 Numerical Statistical Analysis of the Phase 11 VOCMass Emission Rate Results 

Numerical statistical analyses were conducted on the VOC mass emission rate results from all four 
kilns. As with the Variability Study data, results from the analyses of variability conducted on the 
Phase I1 data might be better viewed as indicators rather than definitive results because of the small 
data set analyzed. The statistical comparisons that follow are also made on at least two invalid 
assumptions. These comparisons assume that emission rates obtained at the full-scale kilns are the 
"true" emission rates when, in fact, they include error. Secondly, the comparisons assume that the 
sample charges dried at the small-scale kilns were identical to the charges dried at the full-scale kilns. 
Although care was taken to obtain representative samples, exact matches were impossible. 

Two different statistical methods were used to compare the small-scale kiln emission data to the full- 
scale kiln emission data. For each statistical test or method, the full-scale kiln VOC mass emission 
rates were compared to the emission rates obtained at each small-scale kiln. The Student-t test 
compared averages of data sets as they are shown in Figures 7.16 and 7.17. The paired difference test 
cvaluatcd differences on a charge-by-charge basis, as they are shown in Figures 7.18 and 7.19. 
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The data were grouped in a number of ways for these analyses. First, all twelve drying cycles were 
evaluated as a group. Then the data were segregated into three sub-groups consisting of (I)  the first 
three direct-fired drying cycles, (2) the second three direct-fired drying cycles, and (3) the six steam- 
heated drying cycles. The six direct-fired drying cycles were segregated due to reasons discussed 
previously in this section. 

Analysis of MSU Emission Rate Data 

Results from the Student-t test of all twelve drying cycles, shown in Table 7.3, indicate that the mean 
VOC mass emission rate from the entire MSU data set differs significantly from the mean emission 
rate from the entire full-scale kiln data set (95% confidence interval). Analysis by the paired difference 
method (Table 7.3) also shows that emission rates from the MSU kiln were. statistically different than 
emission rates from the full-scale kiln. 

A statistical evaluation of the three sub-groups is provided in Appendix U. The conclusion of these 
analyses was that the emission rates from the MSU direct-fired sample charges were significantly 
different from the corresponding full-scale emission rates (Table U. 1 and Table U.2, Appendix v). 
The emission rates from the steam-heated kiln charges at MSU, however, were not found to be 
significantly different from the full-scale steam kiln emission rates (Table U.3, Appendix v). 
Therefore, emission rates from six of the 12 charges at MSU “pass” this statistical comparison. 

Analysis of OSU Emission Rate Data 

The OSU VOC mass emission rate data were compared to the full-scale kiln data as discussed 
previously for the MSU statistical analyses. The data comparison of the full twelve drying cycles 
indicates that the OSU emission rate data did not differ significantly from the full-scale kiln emission 
rate data (Table 7.2). For the sub-group evaluations, the OSU mass emission rate data were shown not 
to differ significantly from either of the two direct-fired sub-groups but did differ significantly for the 
steam-heated 1 1 1  scale emission rate data. 

7.4 

The formaldehyde and methanol sampling method provides results over discrete time intervals rather 
than continuously. Samples were collected over time intervals of approximately one hour and three 
hours at the full-and small-scale kilns, respectively. The resulting average mass emission rate from the 
formaldehyde and methanol sampling events are shown in Figures 7.20 and 7.21, respectively. These 
data were not evaluated by statistical methods due to the small sample size. 

Figure 7.20 shows a significant difference in the formaldehyde emission rate at the full-scale direct- 
fired and steam kilns. This difference in emission rate results was not replicated in the emission rate 
results from the direct-fired and steam sample charges measured at MSU and OSU. The most likely 
explanation for this discrepancy is that the small-scale kilns used in this project were either electrically 
or steam heated. At the direct-fired full-scale kiln, however, the kiln air is re-heated by 1600°F air 
from the burner in a blend box that is connected to the side of the kiln. Kiln air containing volatile 
organic compounds enters the blend box at around 250’F a d  is mixed with the hot burner gases. The 
organic compounds in the blend box are therefore subjected to a wide range of temperatures and 
oxygen conditions, some of which appear to be favorable for the formation of formaldehyde. 

Figure 7.20 also shows that the formaldehyde mass emission rates from the small-scale kilns were 
variable. These results may be due to the difficulty in measuring and analyzing formaldehyde at low 
concentrations. 

~~ ~ ~ ~ ~ ~~~ 

Phase I1 Formaldehyde and Methanol Mass Emission Rates 
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I Cars 1: Sludm-I Test of Meam 

Table 7.3. Statistical Analysis of the Phase I1 VOC Mass Emission Rate Results 

Cane 1: Studcnl-1 Test afMsmm 

FSK LO MSU Camparison 
All Dab Combined (dirscl-firsd & alsrm) 

srmfdmcs htcrvtl: 95% 

I-Td: Two-Sample Auuming Unequal V~rirnccr 

Vorloblc I Vorlnble 2 
M u "  3.683 2.713 
V.ri*"S 0.423 0.579 
ObWrv'tiaU 12 12 
P u M n  Cornlalion 0 

FSK MSU Difference 
DFI 4.2 2.95 1.3 

eoafidciicc intmd: 9556 

t:rCst: 'r\vo-slnlpic burning unsqUi v.rianca 

Varioblc I Variable 2 
Mcm 3.683 3.642 
vzrinncs 0.423 0.706 
Ohscwrtionr 12 I2 
I'callon Conrla1ion 0,000 

D R  4.7 2.5 2.2 
D D  4.2 2.4 1.8 
DF4 2.9 1.9 1.0 
DFS 3.4 1.9 1.5 
DF6 3.6 2.6 1.0 
INDFl 3.0 4.8 -1.8 
INDn 3.9 2.6 1.3 
rNDD 4.7 2.6 2.1 
INDFS 3.1 3.3 4.2 
INDF6 3.0 2.6 0.4 
INDn 3.5 2.4 1.1 

mCln 3.683 2.713 0.971 
dd dcv 0.651 0.761 
v*r 0.423 0.579 

FSK LO OSU Comparison 
NI Oils  Combined (diml-fmd & stearn) 

FSK OSU D i f f m s c  
DI'I 4.2 3.1 1.1 
UI'Z 4.7 3.9 0.8 
DF3 4.2 3.8 0.4 
DF4 2.9 3.0 4. I 
UFS 3.4 2.0 1.4 
DF6 3.6 2.4 1.2 

INuF1 3.0 4.4 -1.4 
MDF2 3.9 3.9 0 
h'UF3 4.7 4.6 0.1 
h l W 5  3.1 3.8 4 . 7  
M I X 6  3.0 4.4 -1.4 
rmI7 3.5 4.4 4.9 

"wan 3.683 3.642 0.042 
std duv 0.651 0.840 
"U 0.423 0.706 

H y p .  Msin Dif-ncs 21.000 

P(T<-I) lwD-lail 0.893 
1 slat V I < =  
1 Crilicd two-(ail I 2.0801- 

CONCLUSION Mearu dimer rignificsnlly I I CONCLUSION Means do not diKeerdgnlfic.nlly I 

CASE 2: Paind Diffnmsc of Msrru 

muid- hml: 95% 

I-Tsd: PaLed Tvvo Sample f a  M C ~ N  

Vorioble I Variable 2 
Me'" 3.683 2.713 
V.ri."CC 0.423 0.579 
ObrSMtiar. 12 12 
P u m  Cnmlatim 4.212 
Hypo. M a n  Dimes 0 

CONCLUSION: The VOC m r u  emission rille from (lie 

MSU kiln wny significantly l s r  than thc DF & 11cim Lilris. 

CASE 2 Paired DilTemX of Mum 

confidsnes inl-I: 95% 

1-Tssl: Paired Two Ssmpls far M s r ~  

Variable I Vwioble 2 
Mea" 3.683 3.642 
Vnrirncc 0.423 0.706 
Obrswrlialu 12 12 
Pennon Cornlalion 0.149 
H p .  Mean D i f f m e s  0.000 
df 11 

Pn'<=l) tuo-bil 0.886 
1 Slrl [ 0 . 1 4 i l < = -  

1 Crilicrl t w o 6 1  I 2.20 I I<=== 
CONCLUSION: The VOC mass emission mic rrom the 

OSU kiln was not significantly diKcerenl than 
llie DF & Slcam kilns 
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Figure 7.2 1 shows a graph of the methanol mass emission rates that resulted from the full- and small- 
scale kiln tests. The small-scale kiln data appear to indicate that the high humidity steam kiln 
temperature schedule creates more methanol than the relatively low humidity direct-fired temperature 
schedule. 

The mass emission rate curves for the formaldehyde and methanol data for each of the drying cycles at 
the full- and small-scale kilns have been included in Appendix V. As mentioned earlier, the sampling 
method provides results for discrete time intervals. The data presented by gray shading in each of the 
figures represent the average formaldehyde or methanol emission rates for each discrete interval. The 
continuous solid line connecting the discrete results represents the interpolated mass emission rate 
curve used to calculate the overall mass emission rate for the sampling event. 

The formaldehyde mass emission rate curves for the two direct-fired, full-scale kiln test charges are 
shown in Figure V. 1, Appendix V. These curves are somewhat similar in shapc to the VOC mass 
emission rate curves presented earlier for these test charges. The similarity in mass emission rate 
curves may support the theory that formaldehyde is formed in the blend box of the direct-fired kiln. In 
contrast, the formaldehyde emission curves for the corresponding MSU and OSU sample charges do 
not have the two emission peaks that characterize the VOC emission curve. Figures V.2 and V.3 show 
a relatively steady increase in formaldehyde emissions throughout the MSU and OSU sampling events. 

Figures V.4 through V.6 show the formaldehyde emission rate curves for the steam-heated kiln test 
charges and the corresponding sampling events at MSU and OSU. There appears to be no significant 
relationship between these curves. The full-scale kiln curves show increases in methanol emissions 
over the drying cycle. This pattern is not reflected in the curves from MSU and OSU since the 
resulting mass emission rate curves tended to be relatively flat during the second half of both sampling 
events. 

Figures V.7 through V. 12 show the methanol emission rate graphs for the 111- and small-scale kilns. 
In general, these graphs show an increase in methanol throughout the drying cycle. Since the kiln 
wddry  bulb temperatures were relatively steady-state over most of the kiln cycle, the increasing 
methanol emissions may be due to increases in the-lumber  temperature.^ Note that these curvcs~arc not 
similar to the shape of the VOC curves. It is reasonable to assume that different mechanisms are 
responsible for VOC and methanoVformaldehyde formation in lumber kilns. 

7.5 

A limited assessment for sixteen selected VOC compounds was conducted for this project. The intent 
of the VOC speciation was to identify compounds emitted from southern pine lumber during drying and 
to characterize the behavior of those compounds over the course of the high temperature dtying cycle. 

Alpha-pinene, beta-pinene, and methanol were emitted in the largest quantities. Figures W. 1 through 
W.3, Appendix W, show that the emission rates of alpha-pinene and beta-pinene increased rapidly at 
the start of the drying cycle and then gradually decreased over the remainder of the drying cycle. 
Methanol steadily increased throughout the drying cycle and reaching a maximum at the end of the 
cycle. 

The relationship between the compounds presented in Appendix W is similar to the findings of the 
Wood Products MACT Study. For southern pine dryers in that study, alpha-pinene and beta-pinene 
were typically the major compounds emitted. Methanol, formaldehyde, and acetaldehyde, in that order, 
were typically the predominant HAPS. 

~~~~~ ~ 

.Speciated VOC Mass Emission Rates 
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For all three kilns tested in this study, methanol, acetaldehyde, and formaldehyde, in that order, were 
predominant HAPs. Acetone, which is not a HAP, was emitted in higher quantities than acetaldehyde 
at two of the three kilns. 

The relationship of alpha-pinene and beta-pinene to the HAPs for the NCSU/DEECO data is similar to 
the relationship seen at southern pine wood products dryers, where alpha-pinene and beta-pinene 
typically are 70% to 95% of the mass emissions. This was not the case for the data obtained from the 
OSU and full-scale steam kilns. 

Since DEECO conducted the sampling and analysis for the samples collected at the NCSU kiln and 
NCASI conducted the sampling and analysis at the OSU and steam kilns, it appears that the values 
obtained by NCASI for these two compounds are low. Caution is advised in their use. 

7.6 

The heat source for the direct-fired lumber kiln at Idabel, Oklahoma, is a sloped pile burner or gasifier. 
The fuel source is green sawdust produced from sawing operations at the front end of the mill. An 
assessment of the gas moisture content and the VOC, formaldehyde, and methanol mass emission rates 
from the burner was conducted at the same time as the VOC sampling events. The objective was to 
deduct those emission rate contributions from the kiln exhaust emission rate measurements to determine 
the mass emission rate contributions from the lumber drying process only. Thus, the direct-fired 
results could be compared to the results from the small-scale kilns without the data being biased from 
the gasifier. 

The concentration measurements of the burner exhaust were obtained from the sample port that was 
installed prior to the blend box (Figure 4.20, Section 4.3.1). F-factor calculations were used to 
determine the flow rate from the burner. 

One green sawdust sample was collected from the burner fuel hopper every hour during emissions 
testing for moisture and heat content analyses. The average moisture content of the green sawdust for 
the first three bumer tests was 53%-wet basis. .The average moisture content of the sawdust for the 
last three bumer tests was 5 1%-wet basis. The heat content value of the sawdust was found to range 
from 8577 Bhdlb to 9224 BtuAb @ased on dry material). 

The bumer fuel feed rate was recorded in 15 minute increments during each direct-fired sampling 
event. The dry fuel feed rates for each sampling event are shown in Figures X. 1 through X.3 in 
Appendix X. 

The moisture content by volume of the burner exhaust was measured below 20% for all bumer 
sampling events except for one sample run during the second direct-fired test charge. The moisture 
content measurements for each burner sampling event are shown in Figures X.4 through X.6. Since the 
moisture content was below 20%, the VOC sample gas stream did not require dilution. 

The burner exhaust flow rate and VOC mass emission rate profiles for each sampling event are shown 
in Figures X.7 through X.9. The profiles show that the VOC emissions for the burner for every case 
were very low to none. The only burner test that measured enough VOCs to create an emission rate 
curve was the fourth sampling event. 

Due to the low VOC concentration measurements, no adjustment was made to the kiln VOC emission 
data. Using the F-factors of 9280 dscfMMBtu for 0 2  and 1920 dscf/MMBtu for COz,the VOC mass 
emission rate results for each burner test are shown in Tables X. I through X.6 in Appendix X (Code of 
Federal Regulations 1993). The data collected from the fourth and fifth burner tests yielded the only 
reportable mass emission rate values of 0.05 and 0.01 Ih of VOC as C/MBF, respectively. 

Emissions from the Direct-Fired Burner 
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The burner exhaust was also sampled for formaldehyde and methanol over the second and fifth direct- 
fired kiln test charges. Formaldehyde was only detected in samples collected for the fifth burner test, 
and the resulting mass emission rate was calculated to be 0.003 lb formaldehydeiMBF (Table X.7, 
Appendix X). Since the mass emission rate of formaldehyde at the kiln exhaust stack was determined to 
be 0.103 Ib/MBF for the fifth direct-fired test charge, the amount of formaldehyde measured in the 
burner exhaust was considered to be negligible. Tables X.8 and X.9 show that the formaldehyde and 
methanol concentrations collected during the second burner test were below the detection limit. Table 
X. 10 shows that the methanol concentration for the fifth burner test was also measured below the 
detection limit. 

National Council for Air and Stream Improvement 
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a 8.0 CONCLUSIONS 

Emissions from typical lumber kilns have historically been difficult to quantify because the kilns 
operate in a non-steady state batch process over extended periods of time. The sampling of a typical 
lumber kiln, therefore, is a costly and labor intensive undertaking. This project was designed to assess 
the feasibility of an alternative lumber kiln sampling method whereby small laboratory sized dry kilns 
are tested in place of the full-scale kilns. The objectives of this project were to (1) develop protocols or 
criteria for using small-scale kilns as surrogates for testing full-scale kilns, (2) obtain measurements of 
speciated and total VOC emissions at both large- and small-scale kilns, (3) compare the production- 
based emission rate measurements to determine the correlation of the small-scale to full-scale kiln 
emissions, and (4) compile the results into a database and issue a report on the findings. 

The experimental approach to these objectives was to divide the project into two phases. The first 
phase of the project was to assess the variability of up to five small-scale kilns and to select two small- 
scale kilns for the Phase I1 work efforts. In Phase 11, the feasibility of using the small-scale kilns as 
testing surrogates for full-scale kilns was assessed. 

8.1 Small-Scale Variability Study 

Although this project provided standard sampling procedures for VOCs, formaldehyde, and methanol 
and established the required standard kiln operating parameters, the results from the Variability Study 
indicated that all four kilns had different operational characteristics. This was evident from the VOC 
mass emission rate curves and the kiln venting rate curves presented in this report. NCASI decided 
that MSU and OSU were the best candidates for Phase I1 based on the consistency of their kiln 
operations and their willingness to modify their kilns to meet the criteria required by this project. The 
results from the Variability Study indicate, therefore, that there is significant variability in the 
operations of small-scale kilns and that caution is warranted in their use. Emissions testing should not 
be conducted without establishment of proper parameters and careful oversight. 

8.2 Lumber Sampling Methods 

The lumber sampling methods developed for this project were specific to the conditions required for the 
Variability Study and Phase I1 efforts. These stringent and labor-intensive methods should not be 
necessary for ordinary emissions testing. An “equidmt” batch of lumber was divided up amongst the 
Variability Study small-scale kilns so that each kiln received representative sample charges. The Phase 
I1 lumber sampling method required the sample charges to be representative of each full-scale kiln 
charge tested. Both methods appeared to configure equivalent sample charges amongst the small-scale 
kilns. 

For samples sent by the industry to small-scale kilns, it is recommended that the original green weight 
of each small-scale kiln sample charge, or portion thereof, be recorded prior to shipment and then upon 
delivery to assess any moisture loss from the lumber. Furthermore, measures should be taken to 
prevent the loss of moisture and VOCs during shipment and storage, such as shrink-wrapping and 
refrigerating (35’F) sample charges. 

8.3 

Although measures were taken after the Variability Study to further standardize the sampling and dry 
kiln operational procedures, the visual and numerical analyses of the VOC mass emission rate data still 
indicated a relatively wide variability at full-scale and small-scale kilns in this study. Industry VOC 
test data from full-scale southern pine kilns also exhibit high variability, however, with data ranging 

Phase I1 VOC Mass Emission Rates 
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from 1.4 to 5.4 lb VOC as CMBF (NCASI 2000). The variability in the industry data is due, in p a ,  
to the wide variety of measurement methods used and the difficulty involved in testing typical full-scale 
kilns. Other factors such as seasonal variability may also be significant, 

The data obtained in this project indicate that small-scale kilns can emulate full-scale kiln operating 
conditions. By matching specific full-scale kiln temperature schedules, the small-scale kilns can model 
the VOC mass emission rate curves fairly well. Matching emission rate curves is not, however, a sure 
indicator of a successful correlation as indicated by the statistical analyses that were performed on the 
VOC mass emission rate results. Whcn the whole data set was compared using the Student-t and the 
paired different tests, the OSU small-scale kiln results proved to be within the acceptable range of 
variability while the MSU data were not. When the direct-fired data and steam data were separated, 
the statistical analysis concluded that only 50% of the OSU and MSU data were found to be within the 
acceptable range of variability. 

A statistical analysis of the MSU and OSU data also showed a significant difference between the two 
small-scale kilns. There was only one readily apparent difference between the two kilns that could 
have caused this discrepancy, the dimension of the kiln charges. The 32 board foot charge at MSU 
requires that the sample boards be 23 inches in length. The 73 board foot OSU kiln can accommodate 
44 inch long lumber samples. Since neither kiln end-seals its lumber samples, the ratio of the area of 
the board ends to the length of the samples is greater for the MSU charge than for the OSU charge. 
MSU has, however, investigated the influence of “end effect” and concluded that sealing the board ends 
did not significantly alter the outcome of the VOC mass emission rate or drying time. 

Thus, the results from this project indicate that under certain conditions small-scale kilns can emulate 
full-scalc kilns. Thosc conditions include quality assurance measures (QA), use of a dilution system 

emission rate calculation procedure. Quality assurance checks while the sampling effort is being 
conducted ensure that the measurement systems continue to function appropriately. 

8.4 

0 for sample gas streams with moisture contents greater than 20% by volume, and a standard mass . .. 

Formaldehyde and Methanol Mass Emission Rates 
~ F o i i i i s l d e ~ y d e - ~ d ~ m ~ ~ ~ o l  ~~~~~ ~~~~~~~ r.kiE C ~ g e s ~   at^^^ mllsde-nd ~~~~~~ 

l-scale 
kilns. Because of the small number of samples, a statistical comparison of the data was not conducted. 
The data show high variability in the formaldehyde mass emission rates but reasonably consistent 
methanol mass emission rates. Similarly, the mass emission rate profiles or curves did not &mpare 
well between the full-scale and small-scale kilns for formaldehyde but compared reasonably well for 
methanol. 

Clearly, formaldehyde emission rates were different at the full-scale direct-fired and steam-heated kilns. 
At the direct-fired kiln there is potential for formaldehyde formation in the blend box. One would not 
expect the small-scale kilns, which are steam or electrically heated, to match the direct-fired kiln 
formaldehyde mass emission rates. 

8.5 Mass Emission Rate Calculations 

All of the mass emission rate calculations for this project were standardized in order to make a valid 
comparison of the results amongst the different dry kilns. Although future sampling efforts may not be 
concerned with matching the results from multiple sources, the results reported from the Variability 
Study participants clearly indicated that there is more than one method for determining the mass 
emission rate results. Even though a consensus on a standard mass emission rate calculation procedure 
is not likely to occur, an effort should be made to present all the raw data with an accompanying 0 
explanation of all calculation methods. The explanation should indicate how the data were adjusted for - 
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calibration periods and measurement system anomalies. The method for determining the mass emission 
rate termination point should also be described. 

8.6 Overview 

Although future sampling efforts will most likely be conducted for emission factor development, 
experience obtained from this project indicates that the continuous mass emission ratc and kiln exhaust 
venting rate curves arc useful quality assurance tools. A relative comparison of the curves may help in 
evaluation of sample results that arc outside of the expected range. 

The future use of small-scale kilns as surrogates for testing full-scale kilns should be evaluated with 
due respect to the inherently high variability in normal full-scale kiln test results. The full-scale kilns 
tested in this report arc idealized and among a very few in the country that have exhaust stacks. If 
typical difficult-to-test kilns, without stacks, had been tested, the full-scale kiln emission results would 
likely have been more variable and the statistical comparisons more favorable for both MSU and OSU. 
As expertise in operating and sampling small-scale kilns increases, data quality i d  consistency should 
improve. 
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APPENDIX A 

SMALL-SCALE KILN VARIABILITY STUDY WET/DRY BULB 
TEMPERATURE PROFILES 
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APPENDIX B 

DIRECT-FIRED FULL-SCALE KILN WETlDRY BULB 
TEMPERATURE PROFILES 
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APPENDIX C 

SMALL-SCALE KILN WETDRY BULB TEMPERATURE 
PROFILES FOR DIRECT-FIRED SAMPLE CHARGES 
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APPENDIX D 

FULL-SCALE KILN AND SMALL-SCALE KILN WETDRY BULB 
TEMPERATURE PROFILES FOR STEAM KILN TESTING CHARGES 
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APPENDIX E 

PERCENT WOOD MOISTURE CONTENT PROFILES FOR PHASE I1 
DIRECT-FIRED AND STEAM DATA 
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LUMBER SAMPLING METHOD 
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STANDARD PROTOCOL FOR THE VOC CONCENTRATION 
MEASUREMENT METHOD FOR THE LUMBER KILN 

SUPPLEMENTAL ENVIRONMENTAL PROJECT 

1. Introduction 

This sampling method is written specifically for lumber kilns participating in the Lumber Kiln Emission 
Study being conducted by Georgia-Pacific Corporation (G-P) and the National Council for Air and Stream 
Improvement, Inc. (NCASI). The intent of this method is to establish a standard volatile organic 
compound (VOC) sampling protocol to reduce the variability in sampling methodologies used by the 
participants of this study. 

This sampling protocol will address the equipment requirements, sampling methodology, and calculation 
procedures to yield a VOC mass emission rate from a lumber kiln drying southern pine. This protocol also 
includes methodology for determining the moisture content of the exhaust gas from the kiln 
protocol only). Measurement methods for ambient temperature and barometric pressure will be traced to 
NIST standards. A measurement method for determining the exhaust flow rate has not been included i n  
this document and must be approved by NCASI. 

This method is a modification of the Environmental Protection Agency’s (EPA) Method 25A- 
Determination of Total Gaseous Organic Concentration Using A Flame Ionization Analyzer (1). The 
modifications that appear in this protocol have been directly incorporated into the text of EPA Method 
25A. The modifications are primarily intended to (1) specify equipment or operating parameters that are 
optional or loosely specified in Method E A ,  (2) spccify procedures for kiln testing, and (3) reduce the 
number of procedures, materials, and equipment that increase the cost of sampling yet result in minimum 
benefit. 

The two major mcdifications included in this protocol are the requirement of a sample dilution system and 
-the requirement to perform a t o t a l s y e m  leak check. The measurement system described in this protocol is 
intended to reduce the interference at the VOC dy-&rCaUsed by sampling higkmoisture gas~streams, ~~ ~~ 

such as those exhausted from lumber kilns. 

The primary modifications of Method 25A are: 

(1) 
(2) leak check procedure 
(3) 
(4) 

( 5 )  
(6) 
(7) 

requirement of heated components, including a heated filter 

establish the types of and concentrations for the calibration gases 
requirement for dilution of the sample stream to a moisture content of 10 to 20% or less 
moisture (by volume) 
simplified three-point undiluted calibration procedure 
a two-point diluted calibration check 
field data sheet (see Appendix 1) 

2. Applicability and Principle 

2.1 Applicability - This method is designed to provide a measure of the total concentration of 
carbon atoms in the exhaust gas of a lumber kiln. This method, as well as EPA Method 
2SA, accurately measures alkanes, alkenes, andor arenes in low moisture gases. The 
measurement of the compounds in these classes is typically based on instrument calibration 
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with an alkane gas of known concentration. This method and Method 25A do not 
quantitatively measure fully-oxidized-carbon atoms such as the carbon atom in a carbonyl 
or carboxyl group or carbon atoms in which hydrogen is substituted by a halogen, amine, 
or hydroxyl group (2). 

Principle - A diluted gas sample is extracted from the source through a heated probe, 
heated filter, heated sample line and, if necessary, additional heated components to a 
volatile organic compound (VOC) analyzer that utilizes a flame ionization detector (FID) 
for measurement of total organic compounds. 

The results are to be reported in several ways: 

2.2 

for each sampled time increment (e.g. per minute): pounds of VOC, expressed as 
carbon, per sampled time increment (e.g. Ibs VOC as carbodmin) and thousand 
board feet of lumber dried (e.g. Ibs VOC as carbon/MBF/min); 

for each hour Ibs VOC as carbonhr and Ibs VOC as carbon/MBF/hr; 

for each 3-hour sample run Ibs VOC as carbod3-hr sample run and Ibs VOC as 
carbon/MBF/3-hr sample run; 

for the entire kiln cycle Ibs VOC as carbodMBFkiln cycle 

3. Definitions 

3.1 Measurement System - The total equipment required for the determination of the 
concentration VOC as propane in the exhaust gas of a dry kiln. 

Moisture Content - Moisture content is used to designate the amount of moisture in a gas 
being sampled. Specifically, the moisture content of a gas will be the standard volume of 
the water vapor divided by the combined standard volumes of the dry gas and water vapor. 
The moisture content is then expressed as the percent moisture by volume. This project 
will be concerned with the moisture content of the air at three locations: inside the kiln, the 
kiln exhaust gas, and the sample gas as it enters the VOC analyzer. Additional 
background information on moisture content is provided in Appendix 2 of this protocol. 

Calibration Gas - A  gas with a knowntotal hydrocarbon (THC) concentration in an air 
matrix. Calibration gases in a nitrogen matrix shall not be used. As specified within this 
method, the quality of calibration gases will range from the "Certified" level to EPA 
Protocol No 1 level. 

Organic "Free" Air or Zero Air- Air which has a total hydrocarbon (THC) 
concentration equivalent to or less than 0.1 percent of the span value. Nitrogen may not be 
used as organic-free air or zero air. 

Exhaust Gas -The gas exiting through the vents or stacks of a dry kiln that will be 
sampled to evaluate the mass emission rate of VOC as carbon. 

3.2 

3.3 

3.4 

3.5 
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Sample Cas - A slipstream of the exhaust gas that will contain a representative organic 
concentration to be measured by a VOC analyzer. The sample gas will enter the 
measurement system through the sample probe tip and be diluted with organic "free" air, 
This procedure will lower the moisture content of the sample gas to the appropriate level 
specified by this protocol. 

Span Value - A  review of data from fUll-scale southern pine kilns indicates that a span 
value of 3000 parts per million by volume @prnv) VOC expressed as propane would 
provide a reasonable span value. Small-scale kiln operators may have data from past 
VOC testing on southern pine lumber which may be used to determine a target span value. 
If such data are to be used, then the span value shall be no less than the maximum average 
concentration for any 30 minute time period and shall be approved for use bv NCASI. 

Zero Drift - The difference in the measurement system's response to zero calibration gas 
before and after a stated period of operation during which no unscheduled maintenance, 
repair or adjustment took place. 

Mid Drift -The difference in the measurement system's response to a mid level calibration 
gas before and after a stated period of operation during which no unscheduled 
maintenance, repair or adjustment took place. 

Span Drift -The difference in the measurement system's response to the highest level 
calibration gas before and after a stated period of operation during which no unscheduled 
maintenance, repair or adjustment took place. 

Calibration Error - The difference between the gas concentration indicated by the 
measurement system and the known concentration of the calibration gas. 

Sample Event --For fie;purpos_es~of~this ~ ~~ method, ~ ~~~~ ~~ a sample event refers to the process of 
sampling over the entire duration of the lumber dry&g-cycle. The sample event will be 
divided into discrete sample 11111s. 

Sample Run - A  sample rim is a sample collection period preceded and followed by 
quality assurance checks as specified in Section 8. For the purposes of this method, a 
discrete sample run shall have a maximum time interval of 3 hours and a minimum time 
interval of one hour. NCASI recommends that the time period of the sample run 
correspond to the sampling crew's confidence in their instruments' ability to remain in 
calibration. 

0 

0 

4. Measurement System 

The configuration of the measurement system for this method will depend on the length of the heated 
sample line. Figure 1 shows the measurement system for facilities requiring a heated sample line that is 
greater than 50 feet in length. A simplified measurement system is shown in Figure 2 for facilities using a 
heated sample line that is 50 feet or less. The intent of these schematics are to provide the sampler with an 
idea of the main components involved with these two measurement systems. The actual configuration of 
the measurement system for each small-scale kiln may valy somewhat because of the different sampling 0 
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@ environments and types of kilns. Each participating facility shall inform NCASI of the proposed 
measurement system to be used in this study. 

The essential components of the approved measurement system are described below beginning with the inlet 
to the system: 

4.1 Calibration Gas Delivery System - Calibration gas shall be introduced at the sample 
probe tip of the measurement system. This optimum introduction location will ensure that 
the calibration gases are measured under the same conditions as the sample gas. 
Calibration gases may be introduced into the measurement system by calibration bags, 
from a compressed gas cylinder, or another method with approval from NCASI. The 
introduction of calibration gases shall be done with caution to ensure that additional 
pressure is not exerted on the measurement system. The two recommended calibration gas 
delivery systems shown in Figure 2 are described below: 

4.1.1 Calibration Bags - The calibration bag shall attach to the sample probe in a leak 
free manner. The material of the calibration bags shall be made of Tedlarm or an 
equivalent material. NCASI has found that under certain conditions some 
calibration bag materials emit low levels of VOCs. Therefore, it is recommended 
that all calibration bags be cleaned and tested for contamination prior to use in 
order to achieve accurate concentration responses. 

0 4. I .  1.1 Calibration Bag Cleaning Procedure - The cleaning procedure involves 
inflating the calibration bag with zero gas or nitrogen gas and then 
evacuating the calibration bag. It is recommended that this procedure be 
repeated at least two times. The calibration bag will now be considered 
ready to be inflated with the appropriate calibration gas for either a 
contamination test or a calibration drift check. 

4.1.1.2 Calibration Bag Contamination Test - To conduct the contamination 
test, fill the calibration bag with zero gas. With the VOC analyzer 
properly conftgured, zero the instrument to ambient air. Then obtain a 
response from the zeroigas in the calibration bag and compare it to the 
VOC analyzer's respoxise to ambient air. If the response for the 
calibration bag is higher than for ambient air, then the calibration gas bag 
is emitting low levels of VOCs and should not be used. If the response 
from the FID for the zero gas is equivalent or lower than for ambient air, 
then the calibration gas bag is deemed acceptable for use in this method, 

Calibration Gas From Compressed Cylinders - Special care must be taken to 
avoid pressurizing the measurement system when using this option as a calibration 
gas delivery system. A majority of the manufacturers of VOC analyzers indicate 
that bias responses will result from measurement systems which are pressurized 
above ambient conditions. In general, this means that a "tee," or other 
configuration, will have to be placed on the probe tip to allow for the venting of 
excess calibration flow. 

4.1.2 

0 
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Dilution Gas Delivery System -The dilution gas delivery system shall be able to deliver 
organic "free." air to the measurement system. The purpose of the dilution system is to 
lower the percent moisture by volume of the gas being sampled. Two recommended 
dilution systems for kiln testing are shown in Figure 2. Refer to Appendix 1 for additional 
information regarding the dilution system. 

A flow rate controller and a shut off valve shall be installed in the delivery line to regulate 
the amount of dilution air entering the nieasuremcnt system. The flow controller will also 
serve as a visual aid during sampling to detect any changes in the flow rate of the system. 

The dilution gas shall be heated to 250°F prior to mixing with the sample gas. Both 
Figures 1 and 2 show a method of preheating the dilution gas by coiling a section of the 
delivev line in the heated filter box. Ambient air may suffice for dilution gas if it can be 
filtered to meet the specifications of this method. 

Sample Probe - Probe material shall be made of stainless steel, TeflonB, or another 
equivalent material approved by NCASI. The probe shall be a single opening type probe, 
a rake type probe, or of another design approved by NCASI. The sample probe shall be 
maintained at a temperature of 250'F (+ 25°F) throughout both the calibration process and 
the sample event. 

Sample Filter Box -The sample filter box contains the filter housing, the coil for 
preheating the dilution gas, a thermocouple, and a heater capable of reaching 250°F (+ 
25°F). The filter housing shall be constructed of stainless steel or an approved equivalent 
material. The inlet of the filter housing shall have a leak-free. connection with the sample 
probe. The outlet of the filter housing shall have a leak-free connection with the heated 
sample line. The sample filter box shall be constructed of a durable material and insulated 
to maintain the filter housing and the coil used for sample dilution at a temperature of. 

0 .. ., 

250°F~(k 25°F) during the calibration process and sample~event.~ ~ ~~.~ ~ ~ ~~ ~ ~ ~~ ~~ ~~ 

Particulate Filter - A Teflon@, sintered stainless steel, or glass fiber filter must be used. 
The filter must be supported such that it does not tear and must be maintained at 250'F (k 
25°F) during the calibration process and sample event. 

Heated Sample Line - TeflonB tubing or stainless steel tubing must be used to transport 
the sample gas to the VOC analyzer. The sample line is required to be heated to an 
operational temperature of 275°F (k 25°F) to prevent condensation in the sample l i e  
during the calibration process and sample event. 

Heated Head Pump -An optional heated external pump is only shown in Figure 1 for 
measurement systems with heated sample lines greater than 50 feet in length. Some VOC 
analyzers require the external heated head pump to maintain a constant sample pressure at 
the inlet to the VOC analyzer when the heated sample line is too long. This pump must 
have a heated head maintained at a temperature of 300°F (k 2YF) during the calibration 
process and sample event. 
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4.8 Heated Excess Sample Tee and Manifold - The sample-tee is simply a means of venting 
sample gas in excess of that required by the analyzer and is only shown in Figure I .  Thc 
heated manifold maintains the slip-stream sample not exhausted from the sample-tee at an 
elevated temperature. Both the excess sample-tee and the manifold shall be maintained at 
a temperature of 325'F (k 25'F) during the calibration process and sample event. 

Leak Check Assembly - For measurement systems with heated sample line lcngths of 50 
feet or less, one method for leak checking the measurement system is shown in Figure 2 
This Leak Check Assembly consists of a vacuum gauge capable of reading 20 in. Hg 
vacuum, an odoff valve, and a pump capable of drawing a 15 in. Hg vacuum. The pump 
in this configuration does not contact the sample gas entering the VOC analyzer. All other 
leak check methods for measurement systems with sample lines less than 50 ft. must be 
approved by NCASI. 

Leak Check Valve - This 3-way valve connects the heated manifold to the inlet of the 
VOC analyzer. The purpose of this 3-way valve is to allow for the continued operation of 
the analyzer during the measurement system leak-check. The Leak Check Valve is shown 
in both Figures 1 and 2. During a leak check, the valve will be open to the ambient air sidc 
of the valve and closed to the heated line side of the valve. During sampling, the valve will 
be open to the heated line side of the valve and closed to the ambient air side of the valve. 

Volatile Organic Compound (VOC) Analyzer - That portion of the system that contains 
the sensor for the organic content of the exhaust gas and will generate an output 
proportional to the total gas concentration in parts per million wet by volume. A flame 
ionization detector (FID) is used as the sensor. 

Data Recorder - A  data storage or recording system capable of storing or recording the 
response signals from a VOC analyzer. If a datalogger type system is used, the minimum 
data acquisition interval shall be one measurement value per minute. NCASI recommends 
the use of a chart recorder as a data backup system when the primary data recorder is a 
dataloBer. 

4.9 

4.10 

4.11 

4.12 

5. Calibration and Other Gases 

5.1 Fuel for the VOC Analyzer - The fuel for the FID shall be hydrogen or hydrogen/ helium 
mixture as specified by the manufacturer. 

Zero Gas - Shall be the calibration gas with the lowest level of THC, specifically a m C  
concentration less than 1 .o ppmv expressed as propane. Zero gas is used to establish a 
zero point for calibration and for kiln exhaust gas dilution. 

The quality of the zero gas shall be at the Certified level or above as appropriate to 
establish a confident zero reference point for the measurement system. Nitrogen may not 
be used as zero air. 

Mid Gas -The calibration ofthe measurement system will be done with a minimum of one 
calibration gas containing a concentration of proDane in air equivalent to 30 to 50 percent 

5.2 

5.3 



5.4 

5.5 

FINAL H9 

of the applicable span value. If a span value of3000 ppmv propane is used, then, at the 
minimum, one mid level gas concentration in the range of 1000 ppmv to 1500 ppmv 
propane shall be used. 

The quality of the mid gas shall be at the Certified level or above. If a level of gas quality 
other than an EPA Protocol No. 1 gas is to be used, then the mid gas concentration shall be 
“named” by following the “naming” procedure in Appendix 3. 

Span Gas - The calibration gas with a concentration of propane equivalent to the span 
value (see Section 3.7). The span gas shall be an EPA Protocol Gas in an air matrix. 

The introduction of span gas to the measurement system is intended to provide the VOC 
analyzcr urith an upper limit point of reference. The peak sample gas concentrations 
expected during the sample event should ideally fall below the span gas concentration. 
Data will be considered invalid if the average of the peak sample concentrations over a 30 
minute period exceeds the span gas concentration. The invalid data must be flagged in the 
report. 

Dilution Gas - Organic “free” air with a THC concentration (expressed as propane) 
equivalent to or less than 0.1 percent of the span value. Dilution gas can be either zero air 
or ambient air that has been filtered to reduce the THC content to the specified limit. The 
dilution gas is used to dilute the sample stream to a maximum moisture content of I O  to 20 
percent by volume. 

6. Moisture Content Ratio 

The purpose of this section is to define the parameters required to calculate the Moisture Content Ratio 
(MCR). The MCR will be used in Section 8 of this method to calculate the target sample flow rate and the 
~targct dilution~flow~rate. If the MCR is qlculat-d to be-less than 1 .O, then the sample gas shall be diluted. 

To calculate the MCR use the following equation: 

.~ ~ ~ ~~ ~ ~ ~~ ~~ 

~ ~ ~~ ~~ 

~~ ~~ ~ ~ 

MC L(%) MCR= - 
MC,, (%) 

MC IMx = The highest moisture content observed in the kiln exhaust gas during the drying of a 
representative southern pine lumber charge as ascertained by the wet bulbldry bulb temperature 
method described in Appendix 2 of this protocol, by EPA Method 4, or an alternate method 
approved by NCASI. 

MC-L = Moisture Content Limit is defined as the maximum allowable moisture content in the 
diluted sample gas reaching the VOC analyzer. Use the following values for MC-L corresponding 
to the type of VOC analyzer being used: 

MC-L for TECO VOC analyzers = 10% 
MC-L for JUM VOC analyzers = 20% 
MC-L for all other analyzers = 10% 
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e 7. Preparation for the Sample Event 

a 

7.1 

7.2 

7.3 

7.4 

7.5 

Sampling Locations 

7.1.1 

7.1.2 

Small-Scale Kilns- Small. :ale kilns may require modification in order to c( duct 
VOC emission testing according to this protocol. Modifications may include a 
“stack” which incorporates well designed sampling ports. Because of this, a 
criteria for the selection of a sampling location(s) will not be provided in this 
method. The sample location for each small-scale kiln will be evaluated by 
NCASI. NCASI will also be assessing the means by which air flow rate, 
temperature, and moisture are measured. 

Large-Scale Kilns- The large-scale kilns selected for participation in the 
GPMCASI Lumber Kiln SEP will have the exhaust gases channeled to one or two 
emission points. These emission points Will be stacks with sturdy access 
scaffolding and one or two sample ports. The samplc location(s) will be at the 
sample port@) of the stack(s). 

Setup - Assemble the approved measurement system so that the sample probe is located at 
the sample location, and the VOC analyzer is located in an area where it will be secure 
from the elements. 

Frequency of Leak-Checks - Measurement systems must have a means of conducting a 
leak+check within two hours of the start of the saniple event and again at the termination 
of the sample event. A leak check procedure other than described below must be approved 
by NCASI. Leak-check procedures and leak-check results must be discussed in the 
sampling report. 

Temperature of Measurement System During Leak-Checks - The leak-check procedure 
shall be conducted when all of the measurement system’s components have reached their 
appropriate operating temperatures. The measurement system can alternatively be leak- 
checked when the system is “cold” and then followed with a final leak-check at “operating 
temperature.” The leak-check shall no{ however, be conducted when the system’s 
components are warming up. 

Leak-Check Procedure - A leak check is conducted to insure the integrity of the 
measurement system. This quality assurance procedure will be followed prior to the first 
and after the last sample run of the sample event. The following leak check procedure is 
for the measurement system shown in Figure 2. Use this procedure as a guide for all other 
measurement systems. 

7.5.1 Turn the Leak Check Valve open to ambient air. This will enable the VOC 
analyzer to remain ignited and at the same time close off the outlet end of the 
heated sample conveyance components. 

Close off all inlets to the measurement system at the heated filter box. The inlets 
could include the sample probe and the inlet ports for the ambient air, the dilution 
gas, and calibration gases. 

7.5.2 
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7.5.4 

7.5.5 

7.5.6 

7.5.7 
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For the measurement svstem described in Fieure 1: Turn on the Leak Test Valve 
at the Excess Sample Tee. Turn on the external heated head pump and draw a I5 
in. Hg vacuum on the heated sample line and heated filter box. 

For the measurement system described in Firmre 2: Turn on OdOff Valve within 
the Leak Check Assembly. Use the Leak Check Pump to draw a 15 in. Hg 
vacuum on the heated sample line and heated filter box. 

When the vacuum gauge reads the appropriate drop in pressure, turn off the odo f f  
valve and the pump. Note the beginning and ending readings on the vacuum gauge 
over a 2-minute period. The system will be considered leak free when the 
difference in pressure loss at 15 in. Hg is equal to or less than I-inch of Hg. 

If the change in pressure is greater than I-inch Hg., then investigate the cause of 
the leak, secure it, and return to Section 7.5.1. Proceed to Section 7.5.7 when die 
leak check has been successhlly completed. 

Release the vacuum on the system. Check that all documentation has been 
completed. This will be considered the end of the leak check procedure and the 
measurement system will be ready for calibration. 

8. 

The performance of the measurement system is gauged by the calibration test. The calibration tcst 
compares a series of known gas concentrations (zero, mid, and span gases), in ppmv propane in air, to.the 
corresponding relative concentration output (response) shown by the VOC analyzer. This calibration test is 
conducted prior to and after each sample run. 

Due to the variability of measurement systems eqect_ed_tobe ~~~ encountered, ~~ the following is a general 
discussion on the calibration process. Significant deviations~from the calibration proCess~oUtliied below 
must be evaluated and approved by NCASI on a case-by-case basis. 

Measurement System Calibration and Drift Checks 

8.1 Pre-Sample Run Calibration Checks- The pre-sample run calibration checks verify that 
the performance of the measurement system is operating properly prior to sampling. The 
various components of the measurement system are required to be at their respective 
operating temperatures for calibration. 

8.1.1 Initial Adjustment of the VOC Analyzer and Data Recorder to Zero Gas - 
Introduce the zero gas to the measurement system and allow the system time to 
respond and stabilize. For this section only, follow the manufacturer's 
recommended procedure for adjusting the VOC analyzer's output to read "zero 
ppm." Remove the zero gas and allow the measurement system to stabilize to 
ambient air. Record the ambient air response. Introduce zero gas and allow the 
measurement system to stabilize. The response to the ambient air should be 
greater than or equal to the response to the zero air. If this is not the case, check 
for contamination at the zero air source, the calibration gas delivery system, or the 
measurement system. 
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When the VOC analyzer is zeroed, follow the manufacturer's recommended 
procedure for adjusting the data recorder's output to read "zero ppm." This 
procedure will synchronize the data recorder@) with the output of the VOC 
analyzer. After synchronization has been completed, the measurement system will 
be ready for the next calibration procedure. 

Initial Adjustment of the VOC analyzer and Data Recorder to Span Gas - 
Introduce the span gas to the measurement system and allow the system time to 
respond and stabilize. For this section only, follow the manufacturer's 
recommended procedure for adjusting the VOC analyzer's output to read the 
known span gas concentration. 

When the VOC analyzer is spanned, follow the manufacturer's recommended 
procedure for adjusting the data recorder's output to read the span gas 
concentration. This procedure will synchronize the data recorder with the VOC 
analyzer. After synchronization has been completed, the measurement system will 
be ready for the next calibration procedure. For chart recorders, adjust the 
recorder scale and note the span value next to the response on the chart paper. 

8. I .2 

8.2 Begin Pre-Sample Run Drift Checks - Begin the recording of calibration data on the data 
recorder and document the beginning of the pre-sample run drift checks. Record the 
following information: 

Date Sample Event No. Span Gas Concentration 
Start Time Sample Run No. Span Gas Matrix 
Sampling Location 
Kiln No. & BF 

Data Recorder Session No. 
(if applicable) 

8.2.1 Pre-Sample Run Zero Drift Check - Introduce the zero gas to the measurement 
system and allow the system time to respond and stabilize. Verify that the 
response from the VOC analyzer indicates zero ppmv to within *3% of the known 
span gas concentration. If this lis not the case, return to Section 8.1.1. 

Document the response from the VOC analyzer and, if applicable, the data 
recorder. Proceed to the next calibration procedure. 

Pre-Sample Run Mid Drift Check - Introduce the mid gas to the measurement 
system and allow the system time to respond and stabilize. Verify that the 
response from the VOC analyzer is within *5% of the span gas concentration. If 
this is not the case, do not adiust the VOC analvzer; however, check that the mid 
gas concentration has been named correctly. If the mid gas concentration has been 
reported correctly, then re-check the responses to zero, span and mid gases, 
respectively. If any of responses are not reading the correctly, then return to 
Section 8.1.1. Note that this method requires only one mid gas calibration point 
Additional mid gases may be used to attain additional calibration points. 

Document the response from the VOC analyzer and, if applicable, the data 
recorder. Proceed to the next calibration procedure. 

8.2.2 
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8.2.3 Pre-Sample Run Span Drift Check (Pre-Ispan]) - Introduce the span gas to the 01 
measurement system and allow the system One to respond and stabilize. Verify 
that the output from the VOC analyzer indicates the span gas concentration is 
within *3% of the known span gas concentration. If this is not the case, return to 
Section 8.1.1. Document the response from the VOC analyzer and, if applicable, 
the data recorder. Proceed to the next calibration procedure. 

8.3 Measurement System Flow Rates - The measurement of all flow rates shall be done by a 
calibrated method directly traceable to an NIST Standard or an applicable EPA Method. 
All components of the measurement system should be at their respective operating 
temperatures. 

8.3.1 Pre-Sample Run Measurement of Total Flow Rate (Pre-TFR) -The Pre-TFR 
for a measurement system is the flow rate regulated by the sample pump within 
the VOC analyzer, a flow restrictor, or a flow rate meter. The Pre-TFR is 
measured at the sample probe tip with the dilution system turned off. If a flow 
meter is used as a regular, then it should not be adjusted during the sample run 
after the Pre-TFR has been established. Measure and record the flow rate five 
consecutive times. The measurements should be reasonably precise, indicating 
that the measurement system has reached a stable flow rate. The Pre-TFR will be 
equivalent to the average of the five recorded flow rates. 

Pre-Sample Run Measurement of Sample Flow Rate (Pre-SFR) - The Pre-SFR 
of the measurement system is the flow rate of the sample gas measured at the 
probe tip with the dilution system on. Follow the steps below to measure the 
correct Pre-SFR (for background information concerning the dilution system and 
instrument response bias due to moisture, refer to'appendices of this protocol): 

8.3.2 

-~ ~ ~~ 

~ ~~~ Step 1: Calculate~the Target Dilution Flow Rate (Target DFR) by the following 
~~ ~ ~~ ~ ~ ~ ~~ ~~ 

~ ~~ ~~ 

the equation: 

Target-DFR = Pre-TFR x (1 - MCR) 

Step 2: Adjust the flow regulator on the dilution system to read the Target-DFR or 
place an inline flow restrictor rated for this flow rate. Turn the dilution system on. 

Step 3: Calculate the Target-Pre-SFR by the following equation: 

Target-Pre-SFR = Pre-TFR x MCR 

Step 4: Measure the flow rate at the probe tip. Adjust the flow rate of the dilution 
gas until the flow rate at the probe tip is within 10% of the Target-Pre-SFR. 

Step 5 :  Record consecutive flow rate readings at the probe tip and calculate 
the average of these readings. If the average flow rate is still within 10% of the 
Target-Pre-SFR, then this averaged value shall be the Pre-SFR. 

Step 6: Record the flow rate of the dilution gas. The flow rate controller should 
- not be adjusted for the remainder of the sample run. 

0 
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8.4 Measurement of Diluted Span (Pre-[span-d]) - Calculate the diluted concentration of the 
span gas, [calcspanl-d, expected by the following equation: 

Pre-SFR 
Pre-TFR 

[calcspan]-d= Pre - [span] x 

Where: Pre-[span] =the undiluted known span gas concentration 
Pre-SFR = the actual flow rate measured at the probe tip with the dilution system 
turned ON. 
Pre-TFR =the actual flow rate measured at the probe tip with the dilution system 
turned OFF. 

Introduce the span gas to the measurement system with the dilution gas delivcry systcm on 
and allow the system time to respond and stabilize. Verify that the response from the VOC 
analyzer indicates that the actual [calcspan]_d is within *3% of the span gas 
concentration. 

If the response from the VOC analyzer is not within the specified tolerance, return to 
Section 8.1.7 to verify that the system flow rates have been calculated and measured 
properly. If the VOC analyzer requires re-calibration, return to Section 8.1. 

When the VOC analyzer indicates the appropriate response, document that response from 
both the VOC analyzer and data recorder. Proceed to the next calibration procedure. 

End of Pre-Sample Run Measurements -The measurement system shall be considered 
ready when the percent difference between the flow and concentration ratios is less than or 

8.5 

equal to 10%. 

510% 1 flow ratio-conc.ratio 
[ A m  (flow ratiqcone. ratio) 

Where: Flow Ratio = (Pre-SFR/Pre-TFR) 
Conc. Ratio = (Pre-[span-d]K’re-[span]) 

Ifthe 10% criterion has been met, proceed to Section 9. Otherwise, return to Section 
8.1.4. 

Post-Sample Run Drift Checks - A determination of the measurement system’s accuracy 
after a sample run is made by post-sample run checks. No adjustments to the VOC 
analyzer’s output should be made during these drift checks. 

The calibration gases are required to be introduced at the probe tip during the calibration 
checks. Removal of the probe and heated filter box from the sample port may be required 
for some measurement systems. Measurement systems with alternative calibration 
methods will be approved on a case-by-case basis. 

8.6 
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Post-Sample Run Diluted Span Drift Check (Post-[span-d]) - Introduce the 
span gas to the measurement system with the dilution gas delivery system on and 
allow the system time to respond and stabilize. Document the response from the 
VOC analyzer and data recorder, if applicable, to the diluted span gas 
concentration. Compare the response to the [calcspan]-d (+3% of [span]). 
Remove the span gas from the probe tip. 

Post-Sample Run Measurement of SFR (Post-SFR) - With the dilution system 
on, measure and record the flow rate at the probe tip five consecutive times. The 
average of these flow rates will be the Post-SFR. Also record the dilution flow 
rate as indicated by the flow rate controller. 

Post-Sample Run Measurement of TFR (Post-TFR) - With the dilution system 
off, measure and record the flow rate at the probe tip five consecutive times. rile 
average of these flow rates will be the Post-TFR. 

Post-Sample Run Span Drift Check (Post-[span]) - Introduce the span gas to thc 
measurement system with the dilution gas delivery system offand allow the 
system time to respond and stabilize. Document the response from the VOC 
analyzer and data recorder, if applicable, to the span gas concentration. Compare 
the response to the known [span] (+3% of [span]). Remove the span gas from the 
probe tip. 

Post-Sample Run Mid Drift Check - Introduce the mid gas to the measurement 
system with the dilution gas delivery system offand allow the system time to 
respond and stabilize. Document the response from the VOC analyzer and data 
recorder, if applicable. Compare the response to the [mid] (&% of [span]). 
Remove the mid gas from the probe tip. Repeat this step for any additional mid 

~~ ~ ~ . ~~ 
gasconcentrations.~~ ~ ~ ~ ~~ ~~ ~ ~~ 

Post-Sample Run Zero Drift Check - Intrcduce the zero gas to the measurement 
system with the dilution delivery system offand allow the system time to respond 
and stabilize. Document the response from the VOC analyzer and data recorder, 
if applicable, to the zero gas. Compare the response to a value equal to withii *3 
percent of [span]. Remove the zero gas. 

Completion of Post-Sample Run Checks - End the recording of data and 
document the completion of the post-sample run checks with the following 
information. Calculate the percent difference between the flow (Post-SFR/Post- 
TFR) and concentration ratios (Post-[span-d])/Post-[span]). Proceed to Section 
9.5. 

Dale Sample Event No, Span Gas Concentration 
End Time Sample Run No. Span Gas Matrix 
Sampling Location Data Recorder Session No. 
Kiln No. & BF (if applicable) 
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e 9. Sample Run Measurement Procedures 

9.1 

9.2 

9.3 

9.4 

9.5 

Pre-Sample Run Procedures - This section shall be followed after all of the pre-sample 
run calibration, drift and ratio checks have been conducted and documented as outlined in 
Sections 8.1 through 8.5. 

9. I ,  1 If applicable, place the sample probe i n  the port at the sampling location and 
secure, as necessav, to remain in place for the remainder of the sample run  

Verify that the source being samplcd is operating correctly and ready to be 
sampled. 

Verify that all of the components in the measurement system are at their 
appropriate operating temperatures. 

9.1.2 

9.1.3 

Begin Sample Run - Begin the sampling run by starting all data recording devices. Note 
the starting time on the data recorder device (where appropriate) and field data sheet. The 
duration of a sample run is defined in Section 3.13 of this method. 

Use the attached Field Data Sheet to record any relevant information during the 
sample run. At periodic intervals record the time, temperatures of the measurement 
system components, and the responses from the VOC analyzer, primary data 
recorder, and secondary data recorder (if applicable). 

End Sample Run - End the sampling run by recording the time of completion on the Field 
Data Sheet and all applicable data recording devices. 

Post-Sample Run Procedures - This section shall be followed when the sample run has 
been completed. Proceed to Section 8.6 for post-sample checks. 

Final Leak Check - If additional Sample Runs are to be conducted. then bwass this 
section and proceed to Section 9.6. 

The measurement system shall be leak-checked after the final sample run of the sample 
event has been completed. 

9.5. I Turn the Leak Check Valve open to ambient air. This will enable the VOC 
analyzer to remain ignited and at the same time close off the outlet end of the 
heated sample conveyance components. 

Close off all inlets to the measurement system at the heated filter box. The inlets 
could include the sample probe or the inlet ports for the ambient air, the dilution 
gas, and calibration gases. 

For the measurement svstem described in Figure 1: Turn on the LeakTest Valve 
at the Excess Sample Tee. Turn on the external heated head pump and draw a 15 
in. Hg vacuum on the heated sample line and heated filter box. 

9.5.2 

9.5.3 
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9.5.4 For the measurement system described in Figure 2: Open the OdOff Valve within 

the Leak Check Assembly. Use this Leak Check Pump to draw a 15 in. He. - 
vacuum on the heated sample line and heated filter box. 

When the vacuum gauge reads the appropriate drop in pressure, close the d o f f  
valve and tum off the pump. Note the beginning and ending readings on the 
vacuum gauge over a 2-minute period. The system will be considered leak free 
when the difference in pressure loss at  15 in. Hg is equal to or less than I-inch of 

9.5.5 

Hg. 

9.5.6 Ifthe change in pressure is greater than I-inch Hg., then investigate the cause of 
the leak, secure it, and return to Section 9.5.1. Proceed to Section 9.5.7 when the 
leak check has been successfully completed. 

When the leak check has been successfully completed, release the vacuum on the 
system and check that all documentation has been updated. Proceed to Section 
9.6 if an additional sample run is to be conducted. Otherwise, this will be the 
endpoint for this Sample Event and the mass and production emission rates should 
be calculated. Section 10 ofthis method provides guidance for these calculations. 

9.5.7 

9.6 Preparation To Begin The Next Sample Run 

9.6.1 Sample Run Drift Checks - Perform the following sample run drift checks to 
determine whether the measurement system was operating within the driA limits 
during the sample m: 

Zero Drift Limit: 3% of [span] 2 absolute value @re-zero response - Post-zero 
response) 

Mid Drift Limit: 5% of [span] 2 absolute value (Pre-mid response - Post- id '  
response) 

Span Drift Limit: 3% of [span] 2 absolute value @re-span response - Post-span 
response) 

Diluted Span Drift Limit: 3% of [span] 2 absolute value (Pre-zero response- Post- 
zero response) 

Preparation for Next Sample Run - Proceed to Section 8.1.1 to commence the 
quality assurance checks for the next sample run. 

~ - ~ ~ - ~ ~  ~ ~~ ~ ~~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~~~ ~~ 

~~ 

9.6.2 

IO. 

In order to calculate a mass emission rate, the exhaust flow rate from the kiln must be determined. 
Generally, this entails concurrent measurements of velocity and temperature in the same duct in which the 
VOC concentration is measured. As discussed in Section I, this method does not designate the method for 
determining the exhaust flow rate from the kiln. NCASI will be reviewing the methods used on a case-by- 
case basis. 

Mass Emission Rate and Production Based Emission Rate Calculation 

0 
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This protocol does, however, provide a standard calculation procedure for determining the mass emission 
rate of VOCs from a small-scale kiln and a full-scale kiln. The information is located in the appendices of 
this protocol and the accompanying electronic files. This method will still require that each participant 
provide a description of the means by which the exhaust flow rate was determined (and corrected to 
standard conditions), and all calculations required for determining mass emission rates (e.g. Ibs VOCAiour) 
and production based emission rates (c.g. Ibs VOCIMBF). 
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CALCULATION PROCEDURE FOR DETERMINING 
THE VOC MASS EMISSION RATE 

RE: Explanation of the calculation process for the mass emission rate of VOC for the Standard 
Protocol for the VOC Concentration Measurement Method m. 
Introduction 

The intent of this document is to provide a standard method for calculating the average mass 
emission rate of  VOC as carbon per MBF over three kiln charges. Please note that the method of 
calculation described below does not apolv to the calculation of mass emission rates for 
formaldehyde and methanol. 

There will be two calculation methods described below, one for the small-scale kilns and one for 
the hll-scale kilns. Obviously, the sampler will use only one of the two equations depending on 
the type of kiln sampled. The parameters that are to be measured to compute each equation will 
be defined in the following discussion. 

For Small-Scale Kilns: The mass emission rate equation for small-scale kilns assumes that the inlet 
air flow rate is dry and is equivalent to the dry flow rate exhausted from the kiln. The basis for 
this assumption is that the kilns have small internal volumes and that the kilns are generally 
operated under a slight positive pressure. The general VOC mass emission rate equation for 
small-scale kiln samplers will be: 

~~ ~~ Ibr voc 
llbmalc lillbuubn, 

3 8 1 . 6 ~ 3  lbmlc 
w-x- 

.-IR li] ~~ ~ R c I ~ I + P o r ( f ~ I  ~ 3crrbaru-~ ~ ~ ~ ~ S27.67 ~ ~ ("+?) ~ = ~ ~ 

) (IW -MCldhri l )  
Io"6 Wrp.n_d]+P4rp.n-d]  lpopur dddm[il ' (49.67 + Tlil 

~ x- 
assubon ~~ 

[i]---" 
G m C M  z9.9zinHg .' 

This general equation can be modified to accommodate the use of a mass flow controller to  
measure the kiln inlet flow rate. I f a  mass flow controller is used and the controller st&dardizes 
the flow rate measurement to 32'F and 1 atm., then the following modified equation can be used: 

Ibs voc 

For Full-Scale Kilns with Two Emission Sources: The mass emission rate equation for full-scale 
kilns is different from the equation used by the small-scale kilns because the moisture content of 
the exhaust gas does not appear in the equation. Furthermore, two different parameters are 
required to be measured, the actual kiln exhaust flow rate on a wet basis and the exhaust gas dry 
bulb temperature. The MI-scale kiln mass emission rate equation is shown below: 0 
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a 
llbmole 12lb&n 

x-x 
Ibr VOCasearban lR[i] Pre[span] + Posl[span] 3carbons 527.67 

x- 
xwacrmfil x(459.67+)x 29.92in Hg 385.6scf lbmole time interval 10% Prc[span_d] + Posl[rpan_d] I propane 

[iJ----x 

Theory 

One of the main objectives of this SEP is to get a better estimate of the exhaust gas flow rate from 
a lumber kiln because this flow rate directly influences the mass emission rate. Samplers should 
- not measure the kiln’s flow rate prior to the Sample Run to obtain a representative flow rate to be 
used over the entire calculation process. In using one average flow rate, there would be no 
account for the periods of variable flow rate and changing mass emission rates, Therefore, the 
small-scale kiln operators participating in this study will be required to continuously measure the 
dry flow rate into their kilns. The full-scale kiln samplers, on the other hand, will be required to 
measure wet exhaust flow rate from the kiln using the shortest reasonable measurement intervals. 

The flow rate measurements will then be combined with the VOC concentration measurements to 
yield the mass emission rate of VOC as carbon per thousand board feet (MBF) in a cost effective 
and simplified manner. This objective will be accomplished, in part, by following the calculation 
methodology presented in this attachment. 

For a typical southern pine drying schedule, the dry kiln will operate in such a manner as to 
maintain a consistent relative humidity (RH) inside the kiln to facilitate the transfer of the moisture 
in the green lumber to the hot air passing over the lumber. In the dry kiln community, the amount 
of moisture in the air is referred to as RH, and moisture content is used to define the amount of 
moisture in the lumber. In the air sampling community, however, moisture content is typically 
used to designate the amount of moisture in a gas being sampled. Specifically, the moisture 
content of a gas will be the standard volume of the water vapor divided by the combined standard 
volumes of the dry gas and water vapor. The moisture content is then expressed as the percent 
moisture content by volume. This protocol will be addressing the moisture content of sample gas 
stream originating from inside the small-scale kilns and from the hll-scale kiln exhaust gas. 

The moisture content of the sample gas stream can affect the calculation of an accurate mass 
emission rate for VOCs because it can vary from 10% to as high as 50% during a typical drying 
cycle. The research conducted at NCASI indicates that sample gases containing high levels of 
moisture tend to bias the responses generated by certain VOC analyzers. To minimize this bias, 
the standard VOC protocol has incorporated a dilution system that uses dry, organic “free” air to 
bring the moisture content of a sampled gas stream to an acceptable level. By operating the 
dilution system to handle the highest expected moisture content, the sample gas stream will not 
cause a significant bias in the VOC analyzer’s response. This is an important point that the 
sampler should recognize. For a sample gas with a fixed wet VOC concentration, the analyzer’s 
response should remain the same when the moisture content of  the sample gas decreases from the 
highest recorded level and the calculated dilution ratio remains the same. This will be the case 
because the response is on a wet volume basis. 

- 
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TO calculate the mass emission rate of VOCs from the lumber kiln, the diluted analyzer response 
will be "adjusted" to the undiluted concentration of the kiln exhaust gas by using a dilution ratio. 
The source gas concentration will then be combined with the kiln's wet exhaust flow rate to obtain 
the wet mass emission rate. By basing the mass emission rate on a wet basis, the changes in the 
moisture content of the exhaust gas can be neglected as long as the calculations are done with 
both the measured wet undiluted VOC concentration and the wet exhaust gas flow rate. 

The standard conditions for this calculation method have been established to be 68°F and 1 
atmosphere (atm). As previously mentioned, some small-scale kiln samplers use mass flow 
controllers to measure the inlet air to the kiln. The equation provided for this situation assumes 
that the measurements yielded by mass flow controllers are standardized to 32'F and 1 atm. If 
this is not the case, then the equation provided will require modification. 

The method for measuring the wet exhaust flow rate from the full-scale kilns will be reviewed by 
NCASI for approval. Ideally, the kiln exhaust flow rate should be recorded at the same time as 
the VOC concentration. The standard methods available for measuring this parameter from an 
exhaust stack, however, are limited by the flow rate measurement options and the frequency of 
which these measurements can be taken. 

Definitions 

Exhaust Gas - The gas exiting from the dry kiln either through a vent or stack that will be 
evaluated for the mass emission rate of VOC as carbon. As related to small- 
scale kilns, the moisture laden gas inside the kiln will assume to represent the 
exhaust gas leaving the kiln. 

Sample Gas - A slipstream o f~ the  exhaust gas tbat~will~contain~~a representative ~~ organic ~~~~ 

concentration to be measured by a VOC analyzer. The ,&pie gas will also 
contain the same amount of moisture vapor as the exhaust gas. The sample 
gas will.enter the measurement system through the sample probe tip and be 
diluted with organic "free" air to limit its moisture content. 

Thepercent moisture content.by volume o f the  exhaust gas at time [i] or over a 
sampled period. This parameter may be calculated from the wet/dry bulb 
method provided in this protocol, by EPA Method 4, or by an alternate method 
approved by NCASI. 

MCki;~ij - 

MC - L . The Moisture Content Limit for various types of analyzers. For this project, a 
MC-L refers to  the maximum allowable moisture content in the sample air 
that reaches the flame ionization detector (FJD) within the analyzer. For 
example, if a JUM analyzer is to  be  used in this project, then the value of the 
MC-L shall be 20% moisture by volume at the inlet to the analyzer in order 
not to  create a significant moisture bias in this analyzer's response. For all 
other types of analyzers, the MC-L shall be 10% moisture by volume at the 
inlet to the analyzer. 



H22 

MGax - The highest percent moisture content in the exhaust gas achieved while drying 
a representative charge of southern pine lumber at a particular kiln. Two 
wetldry bulb profiles from a steam kiln (Figure 1) and a direct-fired kiln 
(Figure 2) have been included to help with the explanation of this term. 
Although both of these profiles are not technically the moisture profiles for the 
exhaust gas from the kiln, they can illustrate the meaning of MC,,,. For 
example, the wet/dry bulb profile in Figure 1 shows that the moisture content 
of the kiln gas has a MC,, equivalent to 40% as indicated by the four sample 
points. Similarly, Figure 2 has a MC,,, of 44% as indicated by the six sample 
points on that diagram. For both small-and full-scale kilns, MC,,, shall be 
determined prior to the sampling effort. The MC,,, shall be based on the 
wet/dry bulb profile of the kiln schedule. 

The Moisture Content Ratio. This ratio compares the MC-L to the MC,,, and 
will be used to determine the appropriate dilution of the sample gas. 

MCR - 

Measured Parameters 

Sariiple Lumber for  Full-Scnle nnd Small-Scale Kilns 

For this SEI’, NCASI will be sampling six direct-fired and six indirect-fired full-scale lumber kiln 
charges. NCASI will extract from each full-scale kiln charge enough lumber to make at least one 
charge for each small-scale kiln. NCASI will implement measures to provide statistically 
equivalent lumber samples to each of the small-scale kilns. 

Small-Scale Kilns 

Inlet parameters for small-scale kilns with mass flow controllers: The only inlet parameter to be 
measured will be the flow rate. The sample interval for the inlet flow rate shall be determined by 
NCASI based on  the capability of the sampler’s data acquisition system. 

“Outlet” parameters for small-scale kilns: The two “outlet” parameters will not be measured at 
the outlet of the kiln, instead, the two parameters will be measured inside the kiln. The two 
parameters will be the internal kiln moisture content, by volume, and VOC concentration. Both 
parameters will tie continuously monitored and recorded at the same time as the inlet parameters. 

Ambient parameters for small-scale kilns: The two ambient parameters that will be measured are 
the ambient temperature and barometric pressure. 
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Full-Scale Kilns 

Outlet parameters for hll-scale kilns: The three exhaust gas parameters that will be recorded are 
the wet actual flow rate, the dry bulb temperature, and the VOC concentration. Ideally, all three 
of these parameters should be recorded at the same time to accurately monitor changes in exhaust 
gas, however, this may not be possible due to the limitations of collecting the flow rate data. At 
the minimum, the VOC concentration and dry bulb temperature of the exhaust gas will be 
recorded every minute. The recording interval o f  the wet flow rate will depend on the 
measurement method used. 

Ambient parameters for fiAl-scale kilns: The two ambient parameters that will be measured are 
the ambient temperature and barometric pressure. The measurement of these two parameters will 
be taken at the beginning of each Sample Run and at the end of each Sample Run. 

Calculation of Moisture Content  by Volume 

For Small-Scale Kilns: The small-scale kilns will calculate the moisture content, by volume, of the 
gas inside the kilns from the wet and dry bulb temperatures by the following two steps: 

Step 1: Calculate the  Partial Pressure of W a t e r  Vapor  Below The Saturation Point 

Overall Equation (derived from equation referenced below'): 

Where: PP, = Partial pressure of water vapor below the saturation point, in Hg 
P, = The critical pressure ofwater,  166,818 mm Hg 
T, = The critical temperature ofwater,  1,165.67"R 
T, = Wet-bulb temperature, OR 
t, = Wet-bulb temperature, O F  
td = Dry-bulb temperature, O F  

P,b = Ambient pressure, mm Hg 
K, = Temperature dependent parameter, dimensionless equation shown below: 

K, = (-8.833E - 1O)x T,' + (3.072E- 06)x T,* - (3.469E - 03)x T, + 4.39553 

I Pallady, P. H. and P.J. Henley, Chenlical Engineering, McGraw-Hill, Inc. (October 29, 1984, p. 117). 
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Step 2: Calculate the Percent Moisture Content, by Volume 

% M C =  ( - 100 

For Full-Scale Kilns: The determination of the moisture content of the exhaust gas from the full- 
scale kiln stacks will depend on the type of method used. If the wetldry bulb temperatures are 
recorded simultaneously with the VOC measurement, then the moisture content will be calculated 
by the same method described for the small-scale kilns. If EPA Method 4 is used, then the 
moisture content of the exhaust gas will be determined on an hourly basis. All other methods will 
be reviewed for approval by NCASI. 

Calculation of the  Dilution Ratio 

A dilution ratio will be used to “adjust” the wet diluted VOC response at the analyzer to the wet 
undiluted VOC concentration in the source gas. A dilution ratio for each Sample Run will be 
calculated and applied to the VOC data recorded over that time period. 

Calculate the dilution ratio by the following three steps: (1) compute the ratios described in 
Sections 8.5 (Pre-) and 8.6.7 (Post-) of this Protocol, (2) determine the average of the ratios from 
step 1, and (3) compute the reciprocal of calculated average. 0 
The dilution ratio can also be determined by a one step computation: 

(~re[span] + ~ost[span]) 
(pre[span-d] + Post[span-d]) 

Calculation of the  Mass Emission Ra te  Pe r  Sampled Increment for  Small-Scale Kilns 

Step 1: T h e  conversion of t h e  measured wet diluted VOC instrument response (IRlil) to 
the calculated undiluted wet stack concentration, SCIil 

The VOC analyzer will generate a response in terms of propane for the wet diluted sample gas 
entering the VOC analyzer. This response should be considered to have no moisture 
interference because the sample gas will be at or less than the analyzer’s MC L. The 
response, however, will be a diluted reading at  the analyzer. The undiluted response for the 
source gas can be calculated by using the dilution ratio. Furthermore, the response shall be 
converted from a propane reading to a carbon reading by the ratio of 3 carbon atoms to one 
propane molecule. The calculation for this step is shown below: 

(Pre[span] + Post[span]) 3 carbons 
sc,i,(wcl) = LR1il(w*pmpme) (Pre[span d] + Post[span-d]) 1 propane - 
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0 Step 2: The conversion of the  measured inlet a i r  flow rate to a standard wet exhaust 
flow ra te  for each incremental sampling period 

This calculation procedure will assume that the inlet air is dry and the flow rate is measured in 
standard (32”F, 1 atm.) cubic feet per minute (dscfm,~~r;lil). This standard dry flow rate will be 
converted to the standard conditions as defined by this protocol. The “exhaust” flow rate 
from the small-scale kilns will be made up of the dry inlet air plus the moisture vapor released 
by the lumber. The calculations are shown below: 

100 
X 

527.67 R 
wscfmli1 = dscfm,,.,+, x 

491.67R 100-MC,i,n,i,(“?) 

Step 3: Mass emission ra te  of VOCs as carbon per  sample increment 

Convert the undiluted wet stack concentration (SC[ij) and wet standard flow rate (wscfmlil) to 
pounds of VOCs as carbon per incremental sampling period [i] by the equation shown below: 

Ibs VOC ascarbon SC[i](step 1) llbmole 12lbcarbon 

time interval 10% ‘il(step *) 385.6scf lbmole 
[i] = x w s c h  X 

The following equation is a one step simplified formula for small-scale kilns that summarizes 0 
the previously explained steps: 

Ibs VOC 

Calculation of the  Mass Emission Rate  Per Sampled Increment for Full-Scale Kilns 

Step 1: T h e  conversion of the  measured wet diluted V O C  instrument response (wl) to 
t h e  calculated undiluted wet stack concentration, SClil 

The VOC analyzer will generate a response in terms of propane for the wet diluted sample gas 
entering the VOC analyzer. This response should be considered to have no moisture 
interference because the sample gas will be at or less than the analyzer’s MC-L. The 
response, however, will be a diluted reading at the analyzer. The undiluted response for the 
source gas can be calculated by using the dilution ratio. Furthermore, the response is 
converted from a propane reading to  a carbon reading by the ratio of 3 carbon atoms to one 
propane molecule. The calculation for this step is shown below: 
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Step 2: The  conversion of the measured wet actual flow rate  (wacfmlil) to s tandard  wet 
flow rate (wscfmlil) over an incremental sampling period 

The measured flow rate is standardized to allow for the data to be compared with the data 
from the small-scale kilns participating in this study. The type of equation used to generate 
the actual wet flow rate will depend on the flow rate measurement method approved by 
NCASI. Similarly, the recorded time interval for this parameter will also depend on the 
measurement method. 

The calculation shown below assumes that the sampler is able to record the actual wet flow 
rate at the same time interval as the VOC concentration and the dry-bulb temperature of the 
exhaust gas. The average barometric pressure measured before and after the Sample Run at 
the site has been also included in this equation: 

p,, + PP0,t 

X 
527.67 

459.67 + Tdb[i, 
wscfmli, = wacfmlil x 

29.92 in Hg 

Step 3: Mass emission rate  of VOC as carbon per  sample increment 

The conversion of  the undiluted wet stack concentration (SCI;~) and wet standard flow rate 
(wscfmlil) to pounds of VOC as carbon per sample increment [i] is shown below. 

llbmole 12lbcarbon 
x wscfm X 

Ibs VOC as carbon [i] = SC[i~(stepl) 
time interval 10% [i](steP2) 385.6scf lbmole 

The one step simplified formula for full-scale kilns is shown below: 

llbmole IZlbcarbon 
x- 

IIX voc as &on “[il ~re[span] + ~ost[span] 3 carbans 527.67 [i] = - x x- timc intcrvsl 10% Pn[span-d 1 + Posl[span-dl I proparc wscfm[il (459.67+)‘ 29.92in Hg 385.6scf lbmolc 

Calculation method for  filling in missing data points a n d  calibration periods 

This section will cover two methods that will be used to fill in data that are not recorded during 
the course of an 18 to 24 hour Sampling Event conducted at either the small- or full-scale kilns. 
The averaging method will cover the standard way to fill in random missing data points not 
recorded. The linear interpolation method will address filling in data for the calibration periods 
and for time periods due to technical or equipment problems. These methods will only be applied 
to the measured Darameters discussed previously in this document. The mass emission rates will 
then be calculated from the filled in parameters. 
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0 Table 1 has been included to provide an example of how this method should work. The data in 
bold, italic font identifies the data point(s) that have been calculated as a result of using one of the 
methods discussed in this section. 

Averaeine Method: During the process of reviewing the measured data, there may be single 
blank data points encountered periodically where the data logger failed to record a value. 
Table 1 shows two examples of missing VOC concentration data points that have been filled 
in. These data points occur at the time intervals of 13:27 and 14:08. Each ofthese data 
points was previously blank, and the data shown were filled in by calculating the average of 
the concentration value above and below the previously blank data point. The calculated 
concentration was then highlighted by using a bold and italic font. The mass emission rate 
was then calculated from this averaged VOC concentration value. 

Linear Interoolation Method: This method will be applied to fill in data that were not 
recorded during calibration periods at the end of each 3-Sample Run or due to equipment 
malfunctions. Note that only one of the two different procedures described below will be 
used when applying the Linear Interpolation Method. The choice of which procedure to apply 
will depend on the characteristic trend of the recorded data. 

Step 1: For both types of procedures, the first step will be to determine the number of data 
points that will require interpolation. Table 1 shows an example of a Calibration period 
starting at 13:32 and ending at 13:52. For this example, the calibration period has 21 data 
points to fill. 

Step 2: Choosing the correct interpolation procedure will depend on whether the trend of the 
data is clearly increasing or decreasing at the end of the Sample Run and continues, with the 

trends that do not fit Procedure 1. 

0 

~ ~~ 

~~ ~ ~~ same trend, into the~next~SampleRun (Procedure 1). Procedure 2 will be applied to  data 
~~~~~ 

~~ ~ ~~ ~ ~~ 

~~~~~ 
~~ ~ 

Procedure 1: For a trend that displays an increasing or decreasing trend use the following 
equation to interpolate between data points: 

CZ-CI  
(calibration time interval + 1) 

data value(,,) = data value(n-l) + 

The value of the constant C1 will be the last recorded data point of the ending Sample 
Run. For example, in Table 1, C1 would be the value at 13:3 1 in columns 8 or 9. 
Similarly, the constant C2 would be the first recorded data point of the starting Sample 
Run (13:53, column 8 or 9). Note that C1 and C2 will need to be absolute referenced 
(for example: $A%23) for the interpolation equation to properly compute the values. 

The interpolation equation will then replace the blank data spaces. In Table 1, the data 
would be interpolated over the range from 13:32 to 13:52. 0 
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Table 1: Example Data Set for the Calculation of Calibration Data Points 

1 2 3 4 5 6 7 8 9 

13% 
13:35 
1336 
13:37 
13:38 
13:39 
13:40 
13:41 
13:42 
13:43 
13:44 
13:45 
13:46 
13:47 
13:48 
13:49 
1350 
13:51 
1352 
1353 
13:s 
1355 
1356 
1357 
1358 
1359 
14:OO 
14:Ol 
14:02 
14:03 
14:04 
14:05 
14:06 
14:07 
14:08 
14:09 

164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
I64 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 

194 
194 
194 
194 
195 
195 
195 
195 
195 
195 
195 
195 
195 
195 
195 
195 
196 
196 
196 
196 
196 
196 
196 
196 
196 
196 
196 
196 
196 
196 
197 
197 
197 
197 
197 
197 

72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 
72 

52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
60.00 
60.00 
60.00 
52.00 
52.00 
52.00 
52.00 
52.00 
52.00 
60.00 
60.00 
52.00 
52.00 
52.00 
52.00 
60.00 
60.00 
60.00 
60.00 
52.00 

1 .84 
1.84 
1.84 
1.84 
1.84 
1.84 
1.84 
1 .84 
1.84 
1 3 4  
1.84 
1 .84 
1.84 
1 .84 
1.84 
1.84 
2.12 
2.12 
2.12 
1.84 
1.84 
1.84 
1.84 
1 .84 
1.84 
2.12 
2.12 
1.84 
1.84 
1 .84 
1.84 
2.12 
2.12 
2.12 
2.12 
1.84 

Original Original Dry STD 
STD@F STD@F @ 6 8 F  

32 32 Inlet Dilution 
Time Wet Bulb Dry Bulb Ambient Air Flow Alr Flow VOCs Ratio 

Deg. F Deg. F dscfm dscfm PPM 
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Procedure 2: For data trends that do not fit Procedure 1, such as the data trend shown 
in Table 1. The principle for Procedure 2 is similar to Procedure 1 in that the blank data 
values are still linearly interpolated, but the constants C1 and C2 are determined 
differently. 

Divide the value determined by Step 1 in half to determine the interval over which the 
recorded data will be averaged to compute C1 and C2. For the data in Table 1, the 
average of the last 1 1  ending Sample Run data points (13:21 to 13:31) would be 
computed to determine C1. Similarly, C2 would be an average over the initial 10 data 
points (13:53 to 14:02) for the following Sample Run. C1 and C2 would be placed in the 
first (13:32) and last (13:52) blank data points o f the  calibration period. Interpolation of 
the remaining blank data points (13:33 to 13:51) would be computed by the interpolation 
equation shown below: 

C 2 - C I  
(calibration time interval - 1) 

data value(,,) = data value(,,.,) + 

Calculation of Hourly, Sample Run, and  Sample Event  VOC Mass Emission Rates 

NCASI will be providing each sampler with a spreadsheet that will be formatted to generate the 
mass emission rate of VOC in terms of hourly, Sample Run and Sample Event. A brief outline 
follows that will describe the process for generating these numbers. 

Hourlv Mass Emission Rates: The measured and filled in data described above will be 
referenced and organized into hourly segments of time within one of the spreadsheets 
provided. From the measured data, two mass emission rates will be calculated. First, the “lbs 
of VOC as carbon per sample time increment” will be~calculated by the manner described-in ~~ 

this protocol. Then, the “mass emission rate per h4BF per sampled time increment” will be 
calculated. These two sets of numbers will be summed over each sampled hour of  the event. 

~ ~~~ ~ ~~ ~~ ~ 

Sample Run Mass Emission Rates: The two sets o f  mass emission rates calculated on an 
hourly basis will then be summed to generate results for each three hour Sample Run. The 
Sample Run results will be calculated on the same spreadsheet as the hourly mass emission 
rate data. 

Samde Event Mass Emission Rate: Only the mass emission rate per h4BF for the entire 
Sample Event will be calculated from the summation of the three hour Sample Run values. 
This calculation will be done on  a separate dedicated spreadsheet. 



Sampling Crew' 1. 

0 

3. 
'Please note additional OperatordCrew in comments section Kiln Reference No.: 

Sample Location: Kiln Capacity: BF 

Number of 2x4's in Charge: 

Kiln Operating Temperature: F I C  
Type Of: 
voc Analyzer: MC L = % 

Data Recorder@): 1. 

Type of Gas 

"Named" Mid ppmv [mid] 
span ppmv [sp an] 

"Named" Mid (2) 
"Named" Mid (3) 

ppmv [mid 21 ifapplicable 
ppmv [ e d  31 ifapplicable 

Moisture Schedule Charf 
I- z 6" 
UI 

0 -  

r; 50 
u 

MC-L VO - 
$30 

MCmax: z -  

- 2 10 
MCR. 

A. 

Calibration Gas Concentrations In ppmv Propane In Air 

$ 1  
5 3 6 5 i + Q 4 .to I I  ir h Ir ;c Ir is k I ii 2; 2.c 

ctoues 
Please indicate where the sampling mn occurs withim the drying schcdulc: 

I . . <,. .::: ,. ,."..."...,.&... , ~ . ~ . . ~ ~  .,: :'"..>:: . ..,..: ..:.: 
,' .. ~ ~ . ~ e ~ ~ . n ~ s y ~ ~ ~ , ~ ~ ~ ~ ~ ~ ~ ~ : ! . - : .  .::.. :..I'... ; ... ,. , ,;.::. .. 

Pre-Sampling Event 
Post-Sampling Event 

in H@ min at (indicate time) 
in H& min at (indicate time) 

Comments: 

Page 1. Turn to opposite side for Page 2. 
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MCmax (or obs) = 

IlAveraae of the 5 measurements below for Pre-TFR = II ,, I] (uniu?) 

12. 13. 14. IS. 
Target-DFR = Pre-TFR x ( I  - MCR) = (units?) 

Observed Dilution Flow Rate (DFR) = 

Calculate: Target-SFR = Pre-TFR x MCR = 

Average o f  the 5 measurements below for Pre-SFR = - 
I '""'I . . __ .. ~ . 

Pre[span]-d * 3% x [span] 

=? PreSFR I PreTFR = 

Observed Post-Dilution Flow 

MCR = =? PostSFiUPostTFR = =? Post[span]-d / Post[span] = 

Actual Percent MC of Diluted Sample: MCmax ' Post[span]-d / Post[span] = % 

End time for Calibration Checks: T h I C .  
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0 PROCEDURE FOR “NAMING” GASES 
For Section 5 - Calibration and Other Gases 

The operator of the measurement system is required to be thoroughly familiar with the 
VOC Sampling Protocol prior to performing this procedure. This procedure requires that the 
measurement system be assembled in an approved manner and heated to the appropriate operating 
temperatures. 

In an effort to minimize the cost burden of procuring calibration gases used to calibrate 
the measurement system, NCASI will allow kiln samplers to “name” the mid gas concentration(s). 
The “naming” process is essentially a two point calibration curve, with a known span gas as the 
highest point of the curve and the zero gas as the lowest point. 

In order to obtain a confident “name” (concentration) for a mid gas, NCASI will require 
kiln sampler’s to purchase an EPA Protocol No. 1 span gas. The span gas concentration required 
is outlined in the VOC Sampling Protocol, Section 3.3.  The operator should be able to purchase 
this level of calibration gas within the cost range of $190 to $300 for 150 cubic feet of gas. The 
mid gas to be “named” can be purchased at a level of Certified or above. The mid gas 
concentration to purchase is outlined in the VOC Sampling Protocol, Section 5.3. The operator 
should be able to purchase a Certified level of calibration gas within the cost range of $80 to $100 
for 150 cubic feet of gas. 

0 Naming Procedure: 

(1) Prior to naming a mid level gas, the measurement system should be at the proper operating 
temperature and the VOC analyzer shall be zeroed and spanned in accordance with 
Sections 8.3.2, and 8.3.3 (a data recorder is not required for this procedure). 

A minimum of five “naming” runs must be conducted. 

The first naming run shall be conducted by recording the VOC analyzer’s response to the 
mid gas introduced into the measurement system as outlined in Section 8.2. 

The four subsequent naming runs shall follow the same procedure, 
(1) Zero and span the measurement instrument and 
(2) Record the response from the VOC analyzer. 

The average of the observed five mid gas concentrations will be the new mid gas 
concentration. 

The “named” concentration will then supersede the “certified” mid gas concentration as 
identified by the vender of the gas. 

- 

(2) . 
. 

(3) 
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NCASI CHILLED IMPINGER METHOD (MODIFIED) TO BE USED AT 
SMALL-SCALE KILNS TO MEASURE FORMALDEHYDE AND METHANOL 

1. INTRODUCTION 

The modified method described below has been derived from the NCASI “Chilled 
Impinger Method As Used At Wood Products Mill TO Measure Formaldehyde, Methanol, 
and Phenol.” Changes in this method are minor and primarily are incorporated to 
eliminate the use of a heated probe and heated filter which are considered unnecessary for 
measurement of lumber kiln emissions. 

Although this sampling method is reasonably simple, expertise in field measurement of 
source gas flow rates, general field sampling techniques, sample handling and 
preparation, spectrophotometry, and gas chromatography is still required to obtain 
accurate results from this method. 

A field data sheet has been provided at the end of this sample method. 

2. PRINCIPLE AND APPLICABILITY 

2.1 

2.2 

Principle. The source gas is drawn through two midget impingers, each 
containing chilled organic free water. Formaldehyde and methanol are absorbed 
by the water. For analysis of methanol, the water from the impingers is analyzed 
by direct injection into a gas chromatograph equipped with a flame ionization 
detector-(GCIFID); The retention time for methanol is compared with a known- 
standard containing the same compound. The methanol concentration is 
calculated from a calibration curve obtained from analysis of the standard 
solution. The formaldehyde concentration in the impinger solution is determined 
by the acetylacetone procedure. This procedure involves the reaction of 
acetylacetone with formaldehyde to produce a colored derivative which is 
measured by colorimetric analysis. 

~ 

, 

Applicability. This method is applicable to the analysis of formaldehyde and 
methanol. 

3. RANGE AND SENSITIVITY 

3.1 Range. The range of this method varies with the analyte, but in general, the lower 
limit is in the 0.3 ppmv (in air) range and the upper limit is in the percent range. 

3.2 Sensitivity. The sensitivity limit for each compound corresponds to the practical 0 
limit of quantitation (PLQ). It is compound specific, but is generally in the 0.4 to 
0.8 ppmv (in air) range. 

National Council for Alr and Stream Imorovement. Inc. 
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3.3 Factors Affecting the PLQ. The amount of water in the impingers (plus rinse 
water) and the amount of sample gas collected both affect the PLQ. If a sample 
flow rate of 200 mUmin is used for three hours and the total volume of water in 
the impingers plus rinse is 50 mL, then concentrations in the source emission vent 
of 0.8 and 0.6 ppmv, respectively, for formaldehyde and methanol yield 
concentrations of 0.7 and 0.6 &nL in the aqueous phase. These concentrations 
are easily quantified by the analytical methods described in Section 9. 

4. PRECISION AND ACCURACY 

4.1 Precision. EPA Method 301 validation studies have resulted in precision values 
in the range of 1 to 12 percent, depending on the analyte and emission source. 

Accuracy. EPA Method 301 studies have resulted in bias correction factors of 
0.98 to 1.03, depending onthe analyte and emission source. 

4.2 

5. INTERFERENCES 

5.1 Coelutants. Compounds present in the source gas can coelute with the analytes of 
interest during the chromatographic analysis. These types of interferences can be 
reduced by appropriate choice of GC columns, chromatographic conditions and 
detectors. 0 

5.2 Other Aldehydes and Ketones. The presence of acetaldehyde, amines, polymers 
of formaldehyde, periodate, and sulfites 
acetylacetone procedure which is used for the determination of the formaldehyde 
concentration. 

cause interferences with the 

6.  APPARATUS 

6.1 Sampling 

6.1.1 Samale Probe. The non-heated sample probe is constructed of % inch OD 
Teflon@ or stainless steel tubing. The probe should be placed near the 
center of the stack or' duct. As an alternative, the sample probe may be 
heated. The operating temperature for the heated sample probe shall be 
maintained at 250°F (*25OF). 

Oational Heated Filter Box. When the optional heated sample probe is 
used, it shall be connected to a heated box containing a glass fiber or 
Teflon filter. The filter housing and connections may be Teflon or 
stainless steel. A thermocouple connected to or within the filter housing is 
used to maintain the filter temperature at 250°F (k 25OF). 

6.1.2 

~ 
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6.1.3 Samole Line. The non-heated sample line is constructed of Teflon@ or 
stainless steel tubing. The sample line shall be connectedto the non- 
heated probe in a leak-free manner. When the heated probehilter box 
combination is used, the sample line shall be connected to the outlet side 
of the filter box in a leak-free manner. The sample line is used to convey 
the exhaust gas sample from the sample probe to the first impinger. 

6.1.4 

6.1.5 

6.1.6 

Midget Impingers. Two midget impingers are required for sampling. 

Flow Control Device. A critical orifice is used for flow control. 

Vacuum Pump. Pump capacity must be sufficient to obtain critical 
conditions at the orifice. 

6.1.7 Flow Measurement Device. A bubble meter, or comparable flow 
measurement device, traceable to a NIST Standard or EPA Method, is 
used to check the sample flow rate at !he sample probe tip. Alternatively, 
a calibrated dry gas meter could be used. 

6.2 Analysis 

6.2.1 Gas ChromatomaDh. A gas chromatograph with appropriate columns, 
detectors and data acquisition system is required for sample analysis. 
Section 9 provides the specific details concerning the GC equipment. 

6.2.2 ~ Spectrophotometer: A spectrophotometer is required for the formaldehyde 
~ ~~ ~ 

analysis. 

7. REAGENTS 

7.1 Sampling 

7.1.1 Water. Organic free water is used in both of the impingers as the capture 
solution, as well as for rinsing the sampling line and impingers at the 
completion of the sample run. 

7.1.2 &. Ice is packed around the impingers during sampling. 

7.2 Analysis 

7.2.1 Calibration Standards. Reagent grade compounds are required for the 
preparation of calibration standards. 

National Council for Alr and Stream Imorovement. Inc 
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8. SAMPLE COLLECTION 

8.1 Number of Sample Runs. Sampling will be conducted over the complete kiln 
drying cycle. The drying cycle will be divided into distinct sample runs. 
according to the kiln schedule. Each sample run will have a maximum duration of 
3 hours. The number of sample runs will depend on the length of the kiln cycle 
and the turn-around-time between samples. For each sample run, the 
formaldehyddmethanol field sheet (Attachment 1) is required to be completed. 

Preparation of Sampling Train. Figure 8-1 shows the schematic for the non- 
heated sampling train. The sampling train consists of a non-heated probe, a non- 
heated sample line, two midget impingers in series immersed in an ice bath, a 
rotameter, a critical orifice, and a sample pump. Figure 8-2 shows the schematic 
for the heated sample train. The additional components are the heated sample 
probe and filter box. The two impingers each contain approximately 20 mL of de- 
ionized @I) water. For sources with very high amounts of moisture (>40%), a 
third dry impinger, used as the first train impinger, may be necessary as a water 
dropout. For sources with moderate amounts of moisture (15 to 40% by volume), 
the first impinger can be filled with just enough water to cover the bottom of the 
impinger stem and then allowed to fill with water condensed from the source gas. 
The critical orifice should allow collection of about 200 mL/min of dry air. 

System Leak-Check. The entire sample train is leak checked before each sample 
run. If the heated sample train is used, a leak check shall be done at the systems 
operating temperature. The leak check is conducted by exerting a vacuum 
equivalent to 20 inches of mercury on all components between, and including, the 
probe tip and the impinger train. An unacceptable leak check results from the loss 
of one inch or more of vacuum (measured as inches of mercury) in a two minute 
period. 

Measurement of Sample Flow Rate. Sample flow rate for the entire system is 
measured five times prior to and after each sample run (if bubble tube meters or 
equivalent devices are used). The average flow rate from these measurements are 
required to be around 200 mLlmin (*SO mllmin) and shall be used to calculate 
the sample volume. The rotameter is checked and recorded at least once every 
hour during sample collection to ensure that the sample flow rate is consistent. 
Rotameter readings are not used to calculate sample volume. Ambient 
temperature measurements are made prior to and after each sample, so that the 
measured sample flow rate can be converted to standard conditions and the 
moisture content of the measured sample flow can be determined (assume 
moisture saturation of ambient air within the bubble tube). 

Measurement of Source Gas Flow Rate. Source gas flow rate is determined by 
EPA methods 1 4  or equivalent methods. 

8.2 

8.3 

8.4 

8.5 
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8.6 

8.7 

Sample Collection. Samples are collected with the probe set securely in the port, 
at the sampling location and placed perpendicular to the source gas stream flow. 
The sample pump will draw sample gas fhm the exhaust gas stream exiting the 
kiln. During the sample run the sample gas will pass through the water in the 
impingers. The sample gas captured by the condensed moisture within the sample 
line will be drained and/or rinsed into the impingers. 

Sample Transfer and Storage. After a sample run is complete, remove the probe 
from the sample port and drain any condensed water in the sample line into the 
first impinger. Follow this by the addition of a small amount of organic free 
water to rinse the sample line (approximately 5 mL). Turn off the sample pump 
and pour the contents of both impingers into an inert sample bottle. Rinse the 
impingers with a small amount of water and add this impinger rinse to the sample 
bottle. The sample bottle shall be kept chilled in ice, or refrigerated at 
approximately 4°C until analyzed. Prior to analysis the mass or volume of the 
impinger catch plus the rinse must be determined. 

9. SAMPLE ANALYSIS 

0 9.1 Chromatography System. For the analysis of methanol, a gas chromatograph 
(GC) system equipped with a flame ionization detector (FID) is required. The 
oven and column of the GC should be capable of separating methanol from other 
volatile water soluble compounds such as acetone, acetaldehyde, MEK, etc. An 
aliquot from the sample bottle is transferred to an autosampler vial (or directly 
injected into the GC). One microliter of sample from the autosampler vial is 
introduced by d i r i t  aqueous splitless injection into the GCIFID. The type. of gas 
chromatograph model used at NCASI to conduct laboratory analysis for methanol 
is a Hewlett Packard 5890 Series 11. The type of column used to separate the 
methanol from the other organic compounds within the GC is a J&W DB-624 
fused silica capillary column. The internal diameter of the column is 0.53 mm 
and the length is 30 meters. The film thickness of the column is 3 micrometers. 
The GC and column described in this section was mentioned to provide assistance 
and is not mandated by this method. Laboratories may choose their own 
equipment provided that quality assurance procedures are followed. 

Methanol Analysis. For the methanol analysis, a cryogenic cooling system is 
used to separate methanol from other water soluble compounds. An initial oven 
temperature of 10°C is held for 4 minutes, then the temperature is increased at a 
rate of 10°C per minute to 50°C and held for two minutes. From this point, the 
oven temperature is increased at a rate of 50°C per minute until a temperature of 
200°C is reached and held for three minutes. The GC oven schedule described in 
this section was mentioned to provide assistance, other GCs may have different 
oven schedules. - 

9.2 

0 
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9.4 

9.5 

9.6 

e 

0 

Calibration. Stock solutions of formaldehydes and methanol shall be made. 
Calibration standards are then made from these stock solutions. Concentrations 
can range from 1,000 ppm to 0.4 ppm, depending on the concentration expected in 
the samples. Calibration curves are constructed and used to determine the 
concentration of analyte in the sample. Note that formalin typically is “fixed” 
with methanol and this must be considered if a mixed stock solution is made. 

Impinger Catch halysis. Before analysis, the volume of the impinger catch plus 
rinse is measured (or the volume of solution in each sample bottle is measured). 
For analysis, aliquots are acquired from the sample bottle. An internal standard 
(ethyl acetate) can be added, if desired. The impinger samples can be stored for 
up to 20 days at 4°C. 

Determination of Formaldehyde. The concentration of formaldehyde present in 
the impinger sample is determined through the use of the acetylacetone procedure. 
This method involves the addition of an acetylacetone reagent to an aliquot of the 
sample. The formaldehyde in the sample reacts with acetylacetone in the presence 
of ammonium acetate to form the adduct diacetyldihydrolutidine (DDL) which 
has a yellow color. The intensity of the color formed is measured 
spectrophotometrically (@412 nm) and from this result the concentration of 
formaldehyde is calculated. This method is only good for formaldehyde 
concentrations of 0.2 to 7.5 ppm (in the liquid phase). Thus, a series of dilutions 
may need to be conducted (samples must be diluted prior to addition of 
acetylacetone - see section 9.6.3). 

9.6.1 Reagent. The acetylacetone reagent is made by dissolving 15.4 g of 
ammonium acetate in about 50 mL of water in a 100 mL volumetric flask. 
To this solution, 0.20 mL of acetylacetone is added, along with 0.30 mL of 
glacial acetic acid. The solution is mixed thoroughly and then diluted to 
100 mL with organic free water. The solution can be stored in a brown 
glass bottle in the refrigerator, and is stable for at least two weeks. 

Calibration. A stock solution of 10 ppm formaldehyde is made. A series 
of calibration standards are made from the stock solutions by adding 0, 
0.1,0.3,0.7, 1.0, and 1.5 d (corresponding to 0, 1.0,3.0,7.0,10.0, and 
15.0 pg formaldehyde, respectively) to a screw-capped vial. The volume 
is adjusted to 2.0 mL with organic free water. Two mL of the 
acetylacetone reagent are added, and the procedure described below is 
used on these samples. A calibration curve is then constructed. 

Analvsis. A 2.0 mL aliquot of the impinger catch is transferred to a screw- 
capped vial. Two mL of the acetylacetone reagent are added and the 
solution is mixed thoroughly. Once mixed, the vial is placed in a water 
bath (or heating block) at 6OoC for 10 minutes. Once the vials are cooled 
to room temperature, the solution is transferred to a cuvette and the 

9.6.2 

9.6.3 
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absorbance is measured at 412 nm. The spectrophotometer is zeroed with 
water, and a method blank is analyzed with each set of samples. The 
amount of formaldehyde present is determined by comparison to a 
calibration curve. If the sample response is out of the calibration curve 
range, the sample muse be diluted and reanalyzed. Dilute the sample 
before the addition of the acetylacetone reagent, and repeat the full 
procedure. 

10. QUALITY CONTROL 

10.1 Calibration. Laboratory calibration curves are constructed from a four point 
curve, and such that it contains points near the quantitation limit for the analyte, 
and points above the expected concentration. Results are calculated from the 
appropriate region of the curve, and if necessary in low concentration samples, 
from a point-to-point calibration curve. Calibration checks are performed with 
each set of samples. The results of the check standard must be within 10% of the 
theoretical value to be acceptable. 

Field Blanks. At least one field blank shall be collected at the sample location for 
each source tested. A sample bottle is filled, or partially filled, with the same 
organic free water used to fill the impingers and rinse the train. The field blanks 
are analyzed along with the impinger contents and the results reported. 
Laboratory blanks provide a check on field blanks and a means of determining the 
source of contamination (should any be determined). For this. reason, laboratory 
blanks also are suggested. 

Field Spike Recovery. A separate sample run must be conducted to determine 
spike recovery of the sample train. This run may be conducted prior to or 
following the kiln sampling. 

A field spike is introduced into the first impinger or (through the sample probe for 
heated probes) to determine recovery of formaldehyde and methanol. 
Temperature, flow rate, and sample timk should be identical to the actual sample 
runs. Care must be taken to prevent introduction of ambient formaldehyde and 
methanol during this procedure. If a single spike run is conducted, the mass of 
each analyte introduced should be targeted to be f 50% of the mass expected to be 
captured in an actual sample run. Alternatively, both "low" and "high" spike 
solutions can be used on two separate spike recovery runs to bracket the expected 
capture from the source. Field spike recovery results must be reported. A 
criterion for field spike recovery of 70% to 130% is used to determine the validity 
of the sampling effort. 

10.2 

~ ~~ 

~ ~ ~~ ~~~ ~~ ~~~ ~ ~~ ~~~ ~ ~~ ~ ~~~ ~~ ~ ~ 

~~~ ~~ ~ 

10.3 
.. . .  
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cragc of 5 measurements for Prc-Sample Flow ere-SF) = 

2. 3. 4. 

2. I1 

(indicatc units) 

5.  

3. I 
4. 

*Please note additional OperatordCrew in commentz section Kiln Reference No.: - 
BF Sample Location: Kiln Capacity: - 

Number of 2x4's in Charge: - 
PRE-SAMPLE RUN DATA 

1 

0 .  

3rd hour1 I(indicatc units) 

POSTSAMPLE RUN DATA 

END TIME FOR RUN No. 1 TIME: - 

CONTINUED ON OTIIER SIDE 

0 
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2. 3. 4. 5.  
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POSTSAMPLE RUN DATA 
(units) Imp ID 

2 (units?) 

Dry Impinger wt. => 

Dly Impinger wt. => 

Dry Impinger wt. => 

Ambient Temperature Post-Sampling Run: 

Barometric Pressure Post-Sampling Run: (units?) . I 
SAMPLE BOTTLE ID CODE: P 

Note any amount of  impinger water losted during sample transfer (units?) w 
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Table J.l. Fugitive Stack Data Assessment for FSK DFI, Sample Run 1 

- 
18:42 325 
18:43 339 
18:44 353 
18:45 354 
18:46 361 
18:47 363 
18:48 362 

18:49 364 
18:50 367 
1851 363 
18:52 360 
18:53 355 
1854 354 
18:55 349 
18:56 348 
1857 346 
18:58 351 
1859 353 
19:OO~ 356 
19:01 354 

19:02 90 
19:03 286 
19:04 252 

" Client: NCASI Project Number: 10027-001-002 1 
Location: Idabel, OK Operator: ShortlRobertslPurser 

Source: Kiln Outlet Sample ID: Cycle 1 
Date: 20 May 1999 Calibration: 1 
- 

THC 0 2  C02 Delta P Press Static Press Dry Temp \ 
ppm mv % mv Oh mv "H20 mv "H20 mv O F  I 

74 553 14.4 234 6.1 91 0.00 177 0.00 211 210 2 
79 552 14.4 233 6.0 90 0.00 176 0.00 210 210 2 
83 552 14.4 234 6.1 92 0.00 176 0.00 210 210 2 
83 551 14.3 234 6.0 93 0.00 175 0.00 210 210 2 
86 553 14.4 231 6.0 95 0.00 174 0.00 210 210 21 
86 553 14.4 230 5.9 95 0.00 182 0.00 210 210 21 
86 551 14.3 233 6.0 93 0.00 178 0.00 210 210 2( 

547 14~2 238 6.1 92 0.00 179 0.00 210 210 2( 

Time mv 

Starting time 18:41 

The first 15 min. of data is from the stack that.& not venting 

19:05 262 
19:06 296 
19:07 321 
19:08 338 
19:09 352 
19:lO 363 
19:11 365 

87 
88 
86 
86 
84 
84 
82 
82 
81 
83 
83 
84 
83 

15 
61 
50 
53 
64 
73 
78 
83 
86 
87 

~~ 

547 
547 
548 
548 
548 
548 
547 
547 
547 
545 
546 
545 

602 
683 
559 
554 
552 
550 
550 
553 
561 
568 

~~ ~~~ 

14.2 238 6.2 93 
14.2 238 6.2 94 
14.3 236 6.1 94 
14.3 238 6.2 95 
14.3 237 6.1 98 
14.3 237 6.1 96 
14.3 239 6.2 97 
14.2 240 6.2 96 
14.2 240 6.2 . 100 
14.2 241 6.2 100 
14.2 241 6.2 99 
14.2 ~ 2 4 2 ~  6.2 ~~ 89 

15.7 195 5.0 396 
17.8 103 2.6 862 
14.6 226 5.8 687 
14.4 232 6.0 683 
14.4 235 6.1 676 
14.3 237 6.1 654 
14.3 237 6.1 641 
14.4 234 6.0 632 
14.6 225 5.8 648 
14.8 218 5.6 649 

Changing stacks 

0.00 178 0.00 210 
0.00 180 0.00 211 
0.00 180 0.00 211 
0.00 179 0.00 211 
0.00 183 0.00 211 
0.00 182 0.00 211 
0.00 187 0.00 211 
0.00 187 0.00 212 
0.00 180 0.00 212 
0.00 182 0.00 212 
0.00 176 0.00 212 
0.00 179 0.00- 212 ~ 

0.08 103 0.00 184 
0.19 0 0.00 177 
0.15 0 0.00 187 
0.15 0 0.00 190 
0.15 0 0.00 192 
0.14 0 0.00 192 
0.14 0 0.00 192 
0.14 0 0.00 192 
0.14 0 0.00 192 
0.14 0 0.00 191 

210 
21 1 
21 1 
21 1 
21 1 
21 1 
21 1 
212 
212 
212 
212 
212 

184 
177 
1.87 
190 
192 
192 
192 
192 
192 
191 

2c 
2c 
21 2f 

2c 1: 

2c 
21 
2c 
21 
21 
21 

17 
1E 
1E 
1E 
1E 
1E 
1E 
1E 
1E 

J1 

- 
1-227 
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Table J.l.  (cont'd) Fugitive Stack Data Assessment for FSK DF1, Sample Run 1 

Project Number 1~027-001-002 ,.lent: NCASI 
Location: Idabel, OK 
Source: Kiln Outlet 

Date: 20 May 1999 Calibration: 1 

Operator: ShortlRobertslPurser 
Sample ID: Cycle I 

Wet Temp 
O F  

Time mv 

Starting time 18:41 
18:42 208 208 
18:43 208 208 
18:44 208 208 
18:45 208 208 
18:46 207 207 
18:47 207 207 
18:48 208 208 

The first 15 min. of data is from the stack that is not venting 
18:49 208 208 
18:50 208 208 
18:51 208 208 
1852 209 209 
1853 209 209 
1854 209 209 
1855 209 209 
18:56 210 210 
1857 209 209 
18:58 210 210 
1859 210 210 
19:oo 210 210 
19:Ol 200 200 

Changing stacks 
19:02 ' 135 135 
19:03 175 175 
19:04 186 186 
19:05 188 188 
19:06 189 189 
19:07 190 190 
19:08 189 189 
19:09 189 189 
19:lO 189 189 
19:l l  188 188 



J3 

Table 5.2. Fugitive Stack Data Assessment for FSK DFI, Sample Run 3 

Client: NCASI Project Number: 100Z7-0014Uz 1 
Location: Idabel, OK Operator: ShortlRobertslPuner 

Source: Kiln Outlet Date: 20 May 1999 

THC 0 2  c 0 2  Delta P Press Static Press Dry Temp UZ 
pprn mv % mv % mv '"20 mv "H20 mv O F  m Time mv 

Starting time 2 1 2  
Sampling from low-flow stack for first 15 min 

22:13 598 164 561 14.6 232 6.0 117 0.01 180 0.00 182 182 21 
22:14 591 161 559 14.6 232 6.0 123 0.01 178 0.00 198 198 21 
2235 591 161 558 14.5 233 6.0 143 0.01 176 0.00 207 207 21 
22:16 588 160 558 14.5 231 6.0 152 0.02 173 0.00 211 211 21 
22:17 572 155 558 14.5 230 5.9 96 0.00 180 0.00 214 214 21 
2238 579 157 556 14.5 232 6.0 91 0.00 182 0.00 215 215 21 
2239 580 158 555 14.5 232 6.0 88 0.00 178 0.00 216 216 21 
2220 531 142 557 14.5 228 5.9 92 0.00" 181 0.00 216 216 21 
22:21 511 135 557 14.5 230 5.9 95 0.00 177 0.00 216 216 21 
2222 513 136 557 14.5 230 5.9 112 0.01 177 0.00 217 217 21 
2223 521 138 557 14.5 229 5.9 127 0.01 175 0.00 217 217 21 
22:24 523 139 556 14.5 230 5.9 142 0.01 173 0.00 218 218 2' 
2225 527 141 556 14.5 231 6.0 144 0.01 174 0.00 218 218 1 
22:26 529 141 555 14.5 232 6.0 148 0.02 174 0.00 219 219 21 
22:27 535 143 553 14.4 235 6.1 146 0.01 175 0.00 219 219 21 
22:28 505 133 553 14.4 235 6.1 146 0.01 175 0.00 ' 219 219 21 

~~ ~ ~~ ~ ~~ ~ ~ 2229 ~ 361~ ~ 86 ~ 559 14.6 233 6.0 46 0.00 ,200 0.00 214 214 17 

22:31 422 106 622 16.2 161 4.1 498 0.10 122 0.00 1.75 175 I f  

22:33 468 121 561 14.6 226 5.8 509 0.11 112 0.00 185 185 1E 
22% 493 129 561 14.6 226 5.8 493 0.10 121 0.00 191 191 I f  
22:35 516 137 559 14.6 226 5.8 523 0.11 112 0.00 197 197 I f  

22:37 528 . 141 558 14.5 225 5.8 515 0.11 113 0.00 200 200 1E 

22:39 548 147 558 14.5 224 5.8 507 0.10 112 0.00 200 200 17 

22130 42 8 745~- 19.4 ~~ 58 ~~ ~ 1 . 5 ~  ~ 3 3 6  ~ 0.07 ~160 0.00 178-~ -178 ~ 1; 

22:32 441 112 562 14.6 226 ' 5.8 495 0.10 117 0.00 181 181 I f  

22:36 522' 139 559 14.5 225 5.8 509 0.11 114 0.00 199 199 1E 

2238 527 140 558 14.5 224 5.8 506 0.10 116 0.00 200 200 17 

22:40 524 139 557 14.5 225 5.8 513 0.11 109 0.00 200 200 1E 
22:41 508 134 559 14.6 225 5.8 512 0.11 116 0.00 201 201 1E 
22:42 520 138 560 14.6 224 5.8 503 0.10 117 0.00 201 201 1E 

*% Previous data was with dilution air turned off %?& F Z -  560 14.6 224 5.8 496 0.10 123 0.00 201 201 

2 
1-249 
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Table 5.2. (cont'd) Fugitive Stack Data Assessment for FSK DFI, Sample Run 3 

Project Number. ~0027-001-002 .ient: NCASI 
Location: Idabel, OK Operator: ShorURobertslPurser 

Source: Kiln Outlet Date: 20 May 1999 

Wet Temp 

Statting time 22:12 
Sampling from low-flow stack for 661 15 min 

22:13 213 213 
22:14 214 214 
2235 214 214 
22:16 215 215 
22:17 214 214 
22:18 214 214 
22:19 214 214 
22:20 214 214 
2221 213 213 
22:22 214 214 
22:23 214 214 
22:24 215 215 
22:25 215 215 
2226 216 216 
22:27 216 216 
22:28 216 216 
2229 170 170 
22:30 128 128 
22:31 163 163 
2 3 2  165 165 
22:33 166 166 
22:34 167' 167 
22:35 168 168 
22:36 168 168 
22:37 169 169 
22:38 170 170 
22:39 173 173 
2240 181 181 
22:41 191 191 
22:42 195 195 

Previous data was with dilution air turned off 
22:43 197 197 

Time mv 
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Table J.2. (cont’d) Fugitive Stack Data Assessment for FSK DF1, Sample Run 3 

( Project Number: 10027401402 
CSYhLiCeoQ. 

Operator: ShorURobertslPuner 
.lien‘ NCAS’ 
3tiOfl: Idabel, OK 
urce: Kiln Outlet dklibbd &,bf5< , Date: 20May1999 

Wt; 94 by z,lo,&- 

*. : 
THC 0 2  CO2 DeltaP Press Static Press DryTemp v\ 

ppm mv % mv % mv “H20 mv “H20 mv O F  m 
22:M 207 35 560 14.6 225 5.8 504 0.10 126 0.00 202 202 1E 
Time mv 

22:45 214 
2246 220 
2 4 7  227 
2 4 8  230 
2249 234 
2250 237 
2251 238 
22:52 246 
2253 248 
2254 255 
2255 258 
22:56 261 
2257 264 
2258 264 
2259 263 
23:OO 263 
23:Ol 262 
23:02 262 

~ 23:03- -261 
23:04 260 
23:05 262 
23:06 264 
23:07 264 
23:08 267 
23:09 268 
23:lO 268 
2331 267 
23:12 265 
23:13 264 
2334 262 
23:15 256 
2336 254 
23:17 255 

_ _  
37 
39 
42 

,43 
44 
45 
45 
48 
49 
51 
52 
53 
54 
54 
54 
54 
53 
53 
53 ~ 

53 
53 
54 
54 
55 
55 
55 
55 
54 
54 
53 
51 
51 
51 

_.. 

562 
562 
563 
563 
564 
566 
566 
564 
563 
561 
560 
559 
559 
560 
560 
56 1 
560 
560 
563 ~ 

563 
560 
560 
561 
563 
563 
564 
564 
565 
566 
566 
566 
565 
562 

14.6 
14.6 
14.7 
14.7 
14.7 
14.8 
14.8 
14.7 
14.7 
14.6 
14.6 
14.6 
14.6 
18.6 
14.6 
14.6 
14.6 
14.6 

14.7 
14.6 
14.6 
14.6 
14.7 
14.7 
14.7 
14.7 
14.7 
14.7 
14.7 
14.7 
14.7 
14.7 

14.7- 

224 
223 
223 
224 
223 
220 
219 
221 
221 
22 1 
221 
222 
222 
223 
223 
223 
222 
224 
2 2 2 -  
222 
225 
225 
223 
221 
221 
220 
220 
221 
220 
222 
221 
222 
225 

5.8 
5.8 
5.8 
5.8 
5.8 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.8 
5.8 
5.8 
5.7 
5.8 
5.7 
5.7 
5.8 
5.8 
5.8 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.7 
5.8 

51 3 
496 
500 
510 
516 
514 
51 2 
501 
491 
493 
503 
51 2 
510 
506 
51 0 
502 
505 
527 
504 
497 
516 
509 
506 
498 
501 
498 
502 
498 
499 
492 
487 
485 
488 

0.1 1 
0.10 
0.10 
0.11 
0.1 1 
0.1 1 
0.11 
0.10 
0.10 
0.10 
0.10 
0.11 
0.1 1 
0.10 
0.1 1 
0.10 
0.10 
0.11 
0.10 
0.10 
0.1 1 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

124 
124 
130 
128 
129 
128 
128 
128 
128 
127 
123 
122 
122 
123 
121 
118 
118 
116 

126 
124 
123 
121 
122 
119 
121 
119 
118 
121 
1 24 
127 
126 
122 

-121 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

201 
201 
202 
202 
202 
202 
202 
202 
202 
202 
202 
202 
201 
202 
202 
202 
202 
202 
202 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
204 
204 
204 

201 
201 
202 
202 
202 
202 
202 
202 
202 
202 
202 
202 
201 
202 
202 
202 
202 
202 
202 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
203 
204 
204 
204 

I C  
1: 
1E 
1C 
15 
1E 
1: 
1C 
1 E  
15 
1E 
1 E  
I< 

1 E  
1 E  
I S  
I C  
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 
2c 



J6 

Table J.2. (cont'd) Fugitive Stack Data Assessment for FSK DFI, Sample Run 3 

.,ent: NCASI ,IS Project Number: 10027-001-002 
Location: Idabei, OK Operator: ShorVRobertslPurser 

Source: Kiln Outlet Date: 20 May 1999 

Wet Temp 

22:44 197 197 
Time mv 

22:45 198 198 
22:46 198 198 ~~ 

22:47 198 
22:48 199 
22:49 
2250 
2251 
2252 
2253 
2254 
22% 
2256 
2257 
2258 
2259 
23:OO 
23:Ol 
23:02 
23:03 
23:W 
23:05 
23:06 
23:07 
23:08 
23:09 
23:lO 
23:ll 
2332 
2333 
23:14 
23:15 
2336 
23: 17 

199 
199 
199 
199 
199 
199 
199 
199 
198 
199 
199 
199 
199 
199 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
201 
201 
201 
201 

198 
199 
199 
199 
199 
199 
199 
199 
199 
199 
198 
199 
199 
199 
199 
199 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
201 
201 
201 
201 



J7 

Table 5.3. Percent Difference Between the Venting Stack Data 
and the Fugitive Stack Data 

Summary for: Kiln Charge FSK DF4 
Sampled Average Average Average Average Average 

Sample run interval % difference % difference % difference % difference % difference 

number (minutes) % 02  % c02 T-d b T-wb voc 
Run 1 0:39 -2.11% 7.00% -15.89% -0.71% -27.05% 

Run 2 0:29 -0.11% -0.93% -10.79% -3.18% 4.93% 

Run 4 0:29 1.00% -9.89% -12.47% 6.30% 9.49% 

Run 5 059 0.29% . 9.35% 0.31% 12.44% -12.57% 

Summary for: Kiln Charge FSK DF5 
Sampled Average Average Average Average Average 

Sample run  interval % difference % difference % difference % difference % difference 

Run 1 0:39 -3.10% -1 1.97% -13.65% 9.35% -14.63% 

Run 2 059 3.96% 2.25% -10.53% 11.03% 1.89% 

Run 3 059  -6.46% 3.25% -1 1.08% 2.98% -10.72% 

0 5 9  7.66% -9.88% -13.11% -7.48% -4.15% Run 4 
~~~ 

~~ ~~~~ ~~~ ~~ 

~~ ~~ ~~ ~ ~~ ~ ~~ ~ ~ ~ 

~ ~~~ ~ ~ ~~ 
~ ~~ ~~ ~ ~~ 

Run 5 059 -12.63% -6.43% -1.75% -3.55% -3.57% 

Summary for: Kiln Charge FSK DF6 
Sampled Average Average Average Average Average 

Sample run interval 56 difference % difference %difference % difference % difference 
number (minutes) % 0 2  % c02 T-d b T-wb voc 

Run 1 0 5 9  -15.79% 45.36% 3.39% 10.23% 34.53% 

Run 2 0 5 9  6.97% 0.27% -1 1.83% -1.24% 16.26% 

Run 3 0 5 9  -6.49% -7.17% -13.62% -1.76% -39.37% 

Run 4 0:59 9.38% -1 1 .OO% -14.92% -5.80% -7.95% 

Run 5 059  -5.34% -9.97% -10.00% -3.14% -152.15% 



0 APPENDIX K 

SQUARE ROOT OF DELTA-P VALUES AND ANOVA TESTS 
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Table K.l: Average SQRT(delta-P) Values for 
Kiln Charges FSK DFI through DF3 

Average SQRT(De1ta-P) Values for Kiln Charge FSK DFI 

EAST STACK: 
Venting Fugitive 

- -  

WEST STACK: 
Venting Fugitive 

Average SQRT(Delta-P) Values for Kiln Charge FSK DF2 

EAST STACK: 
Venting Fugitive 

Time sqn(delta--P) Tme sqn(delta-P) 
1341 I 048811 1648 1 0 2502 

I I 
I I I 

I I I 
2o:oo I 0.51821 21:32 I 0.1950 

I I I 
0:30 I 0.47741 3% I 0.1833 

Avcrage= I 0.49461Average = I 0.2095 

WEST STACK: 

0 Venting Fugitive 
Time: sqrt(delta-P) Time: sqft(del1a-P) 
1652 I 0.48001 13:30 I 0.1524 

I I 1 
I I I 

2125 1 0.43911 1956 I 0.1980 
I I I 

330 I 051271 035 1 0 2047 
Average =I 0 47731Average = I 0 1850 

. ._ 
Average SQRT(Delta-P) Values for Kiln Charge FSK DF3 

EAST STACK WEST STACK: 
Ventinq Fugitive Venting Fuqitive 

Time: sqft(delta-P) Time: sqrt(delta-P) Time: sqrt(delta-P) Time: sqrt(delta-P) 
13:361 0.47681 15:46] 0.12681 I 15:50( 0.46351 13:31 I 0.1941 

I I I I I  I I I 

t 18:141 0.4241 I 21:151 0.2336) I 2 1 : q  0.49831 18:161 0.1686 
I I n  I I I 

I I I I I  I I I 

I 0:021 0.43721 3201 0.19761 I 3:06( 0.49701 0:131 0.1971 
Average= 1 0.44601Average = 1 0.1860( Average =I 0.4863)Average = I 0.1866 
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Table K.2: Average SQRT(delta-P) Values for 
Kiln Charges FSK DF4 through DF6 

Average SQRT(De1ta-P) Values for Kiln Charge FSK DF4 

EAST STACK: WEST STACK 

Time: sqrt(delta-P) Time: sqrt(delta-P) Time: sqrt(delta-P) Time: sqrt(de1ta-P) 
Venting Fugitive Venting Fugitive 

Average SQRT(Delta-P) Values for Kiln Charge FSK DF5 

EAST STACK. WEST STACK: 
Venting Fugitive Venting Fugitive 

Average SQRT(Delta-P) Values for Kiln Charge FSK DF6 I 

EAST STACK 
Venting Fugitive 

WEST STACK: 
Venting Fugitive 

Time: sqrt(delta-P) Time: sqrt(de1ta-P) Time: sqrt(delg-P) Time: sqrt(delta-P) 
15:351 0.58331 I I I 15~401 0.2310 
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Table K.3: Analysis of Variance for the 
Average Pitot Tube Delta-P Values From FSK DFI through DF3 

SORT (Delta-P) 
Measurements 

Run 1 

r Run 3 

... Run 5 

EAST STACK 
DF 1 DF 2 DF 3 

0.4741 0.4881 0.4768 
0.4724 

0.4367 0.5182 0.4241 

0.4864 0.4774 0.4372 

WEST STACK 
DF 1 DF 2 DF 3 

0.5086 0.4800 0.4635 

0.5051 0.4391 0.4983 

0.4784 0.5127 0.4970 

Number of samples: 3 3 3 
Mean Readings = 0.4674 0.4946 0.4460 0.4974 0.4773 0.4863 
Totals, T = 1 .E696 1.4837 1.3381 1.4921 1.4318 1.4588 

Number of different sample sets, k = 
Number of different sample points, n = 

Overall Total, sum-T = 
Overall mean, y-bar = 
Sum of squares, sum_yA2 = 

6 
19 

9.0741 
0.4782 e=== 
4.3471 

TSS = sum of squares - (sum of totals)VYn = 
SsE=T;SS~SsT =~ ~ ~ ~~ ~~ ~~ ~. 

0,0134883 
0.0056723 
0.0078161~ ~ 

~ SST = sum of (Totals"Zn-I) ~ (sum of totals)"Zn = 
~~~~ ~~~~ ~~~ ~ 

Analysis of Variance ==>. F =  1.8869 
ANOVA 

Source of Variation ss df MS F P-value F crit 
Between Groups 0.00567227 5 0.00113445 1.886872459 0.1651708 3.0254341 
Wthin Groups 0.00781606 13 0.00060124 

Total 0,01348834 18 

0 
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Sum of Degrees of Mean 
source of vanance Squares freedom square 

ss Y MS 
~etween samples(!): 0.0056 (SSTO . 5.00 0.0012 (MSTr) 

wmin ~mpler(2):  0.0262 (SSE) 16.00 0.0015 (MSE) . .. 
Tolais 0.0321 

0 

F-calc = MSTvMSE = O.BOZ0 

Table K.4: Analysis of Variance for the 
Average Pitot Tube Delta-P Values From FSK DF4 through DF6 

SORT IlMlIa-Pl I WFST STACK I F b T  CTdrK I 

ss " MS 
Between samples(1): 0.0057 (SSTr) 5.00 0.0011 (MSTr) 

Wmin samplesl2): 0.0262 (SSEJ 23.00 0.W11 (MSE) 
Totals 0.0319 

- ._ . - . . . . _. . . . . , 
Venting Measurements OF 4 OF 5 OF 6 OF4 I OF5 I OF 6 

Run 1 I I I I 0.52761 0.53001 0.5633 

F-calc = MSTrlMSE = 1.W37 

RESULTS 
Compare F for alpha = 0.05 ==> F-0.05 = 3.13. Therefore check to see F-0.05 > FlcalC: 

SUMMARY Anova: Single Fador 

Column 1 4 2.164 0.5409 0.001975 
Column 2 4 2.033 0.5083 0.004445 
Column 3 5 2.606 0.5216 O.wo436 
Wumn 4 5 2.697 0.5394 0,000090 
Column 5 5 2.644 0.5266 O.oM1107 
Column 6 6 3.310 0.5516 0.000687 

ANOVA 

,-NO Significant Dierence for EiVler Case 

Gmups a u n t  Sum Average Variance 

Source of Varialmn SS df MS F P-wlue Fcrif 
&tween Groups 0.0057222 5 o.ooi14.u4 1.0036686 0.43~7~4706 2,6400002 
Whin Groups 0.0262259 23 0.00114026 

Total 0.0319461 26 



a, m 
P 
a, 

2 

m 

m 
P 
5 
c - 
3 
P 
L 

m 
0 

m 
e 
2 
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- 
Source of variance Squares W o r n  square 

ss v . MS 
Between samples(1): 0.0137 (SSTr) 4.00 0.0034 WSTr) 

WUIln samples(2): 0.0198 (SSE) 60.00 O.WO3 IMSE) 
Totals 0.0334 

Table K.6: Analysis of Variance for the 
Average SQRT(De1ta-P) Values From FSK INDFI-INDF3 & INDF5-INDF7 

"NOTE: (1 hour) (1 hour) (5 hours) (45 minutes) (53 minutes) (1 hour) 

F-calc= MSTrNSE = 10,3736 

number of groupings. k = 5 size of pap. for equally sized gmups. n = 13,0000 
P= 5 n =  66.00 

sum of Degrees of Mean 
Source of variance Squares W o r n  square 

ss Y MS 
Between samples(1): 0.0141 (SSTr) 4.00 0.00353 (MSTr) 

Wtlhin samples(2): 0.0188 (SSE) 63.00 0.00031 (MSE) 
Totals 0.0339 

TABLE 1: Eased on an equal number of samples in each group 
I Sum of Dearees of Mean i 

F-wlc = MSTrNSE = 11.2536 

Compare F for alpha = 0.05 => 2.5300 RESULTS 
mererote check 10 see F-0.05 > F--IC: Shows sigoiflcanl difference for balh cases 

SUMMARY 

Column 1 14 4.87 0.3552 0.00076 

Anova: Single Factor for mlumns E MN f 
Gmup Count Sum Awrage Variance 

Column 2 15 4.73 0.3155 0.00013 
Column 3 13 4.18 0.3215 0.00026 
Column 4 13 4.20 0.3231 0.00003 
Column 5 13 4.38 0.3366 O.OW38 

ANOVA 
Sourn of Vanation ss df MS F P-vafue F U ~ (  

Eelween Groups 0.0141 4 0.00353 11.25 5.95E.07 2.52 
Wllhln Group 0.0198 63 0.00031 

Total 0.0338842 67 



0 APPENDIX L 

VARIABILITY STUDY PERCENT MOISTURE CONTENT PROFILES 
FOR KILN EXHAUST 



Variability Study MSU 2b 
%Moisture Content of Kiln Exhuast 

By WeffDry Bulb Temperature Method 

5 9  
2 20% ~ 

s 10% ~ 

0% 7 

o n  
E 

- 

-_ 

Variability Study OSU 5a 
% Moisture Content of Kiln Exhaust Gas 
By Wet/Dry Bulb Temperature Method 

-7- 

12104 1504 18:04 21:04 0:04 3:04 6104 9:04 

Drying Cycle Time 
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a 

Variability Study Horizon Engineering 1 b 
YO Moisture of Kiln Exhaust Gas By 
Wet/Dry Bulb Temperature Method 

60% 

e! $ 30% / 
i ? >  
.E n 20% - 
E 
s 10% - 

0% 
10:03 13:03 16:03 19:03 22:03 

Drying Cycle Time 

Variability Study Charge NCSWDEECO 3 
%Moisture Content of Kiln Exhaust 

By Moisture Train Method 

Kiln exhaust %MC -interpolated data 

14:OO 17:OO 20:OO 23:OO 2:OO 5 0 0  8:OO 11:OO 14:OO 
Drying Cycle Time 



0 APPENDIX M 

EXAMPLE OF THE DETERMINATION OF THE MOISTURE CONTENT LEVELS 
AT THE FULLSCALE KILNS (SECTION 5.5.1.4) 

Table M. 1 shows an interval of data from the direct-fired kiln. At 19:03, the moisture train value of 
33% was chosen for the corrected %MC. The next corrected %MC data point chosen from the two 
measurement method results was at 22: 10. The corrected %MC values between 19:03 and 22:lO were 
interpolated. Note that at 19:40 and 20:38, the moisture train provided results of 40% MC and 2% 
MC, respectively, but the wet/dry bulb data remained around 34%. Then at 21 50, the moisture train 
data returned to 33% once again. A decision was made not to include those anomalies because the 
wet/bulb data appeared to indicate no major process disruptions. 

Table M.2, from the steam kiln data set, has been included to demonstrate how the weddry bulb data 
can also be affected by measurement system anomalies. The interpolated period for the corrected data 
in this table was from 04:49 to 0559. Note the range in weVdry bulb temperatures for the inlet side of 
the heat exchanger. Furthermore, the data over the same time period for the outlet side is consistently 
lower than the moisture train data collected. 



Table M. l  

1 9 : s  
1937 
19:08 
19:09 
19:10 
19:11 
19:12 
19:13 
19:14 
19:15 

Kiln Charge FSK DF2 

33.5% 
33.5% 
33.5% 
33.5% 
33.5% 
33.5% 
33.5% 
33.5% 
33.4% 
33.3% 

m Moisture 

40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 

W D B  Train 
Time %MC XMC I 

1 x 
1 % 
1 % 
1 x 
1 % 
1 % 
1 x 
1 % 
1 % 
1 % 
1% 
1% 
1 % 
3% 
3% 

33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.1% 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
33.0.A 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
33.W 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
31.0% 
33.0% 
3J.o.A 
33.0% 
33.0% 

19:16 33 3% 
19:171 33:336 

3% 
3% 
3% 

~. 

-18% 
-18% 
-18% 
-18% 
-18% 
-18% 
-18% 
-15% 
-16% 
-18% 
-18% 
-15% 
-15% 
-18% 
-15% 
-15% 
-15% 
-15% 
-1 5X 

19:18 33.3% 
19:19 34.2% 
19:20 I 34.2% 

19:23 
19:24 
19:25 
19:26 
19:27 
19:28 
1929 
19:30 
1931 

-~19:32 
1933 
1934 
1935 
19% 
19:37 
19:38 
19:39 
19:40 
19:41 
19:42 
19:43 
19:44 
19:45 
19:46 
19:47 
19:48 
1949 
19:50 
1951 
1952 
19:53 
1954 
19:55 
1 9 : s  
1957 
19:58 

19:211 
3 4 7  19:22 342% 
34.2% 
34.1% 
34.2% 
34.2% 
33.3% 
34.2% 
33.3% 
33.3% 
32.5% 

~ 33.3% 
32.5% 
33.3% 
32.5% 
33.3% 
32.5% 
32.5% 
33.3% 
33.3% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.3% 
34.2% 
34.2% 
33.3% 
33.3% 
34.3% 
34.3% 
33.4% 
34.3% 
34.3% 
34.3% 
34.3% 
34.246 

162 
163 
163 
162 
163 
163 
163 
163 
163 

:tween 

33.1% 
189 
188 
187 
187 
187 
187 
187 
187 
188 
188 
189 
191 
192 
192 
193 
192 
191 
192 
192 
193 
193 
194 
193 
193 
192 
193 
193 
192 
192 
193 ~ 

193 
193 
193 
193 
193 
193 
193 
192 
191 
191 
191 
191 
191 
192 
192 
193 
192 
192 
191 
191 
191 
191 
191 
190 
191 
192 

v rates 

161 
161 
162 
162 
162 
162 
162 
162 

162 
162 
162 
162 
162 
162 
163 
163 

:::I 
163 
162 
163 
162 
162 
161 
162 
161 
162 
161 
162 
161 
161 
162 

162 
162 
162 
162 
162 
162 
163 
1631 
162 



M3 

%Diff 
elween 

loisture used for 
Train flow rates 

rams& %MC 

-16% 33.0% 
-16% 33.0% 
-16% 33.0% 
-33% 33.0% 
-13% 33.0% 
-13% 33.0% 
-13% 33.0% 
-16% 33.0% 
-16% 33.0% 
-16% 33.0% 
-16% 33.0% 
-15% 33.0% 
-15% 33.0% 
-15% 33.0% 
-16% 33.0% 
-18% 33.0% 
-18% 33.0% 
-16% 33.0% 
-16% 33.0% 
-18% 33.0% 
-18% 33.0% 
-16% 33.0% 

33.0% 
33.0% 
33.0% 
33.0% 
33:0% 
33.6% 
,31 
33 

Table M.l 

175% 
175% 
175% 
175% 
175% 
175% 
176% 
175% 
176% 
175% 
176% 
175% 
176% 
176% 
175% 
175% 
175% 
174% 

Kiln Charge FSK DF2 

33 
33.0% 

33.0% 
33.0% 

'33.0% 
-33.% 

~ 33 
33.0% 
33:0% 
33.0% 

, 33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
33.0% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 

I. 

2O:OO 
2O:Ol 
20:02 
20:03 
20:04 
20:05 
20:06 
20:07 
20:08 
20:09 
2O:lO 
20:11 
20:12 
20:13 
20:14 
20:15 
20:16 
20:17 
20:18 
20:19 
20:20 
20:21 
20:22 
20:23 

WBDB Train 

34.1% 
34.1% 
35.1% 
35.1% 
35.1% 
35.0% 
34.1% 
34.1% 
34.1% 
34.1% 
34.2% 
34.2% 
34.2% 
33.4% 
33.3% 
33.2% 
33.2% 
33.2% 
33.2% 
33.2% 
34.1% 
34.2% 
34.2% 
34.2% 

Time I %MC %;% 

1959 34.2% 

163 
163 
163 
163 
163 
163 
163 
162 
162 
162 
162 
162 
162 
162 
163 
163 
163 
163 
163 
163 
164 
163 
164 
163 
164 
163 
163 
163 
163 
163 
1 63 
162 
163 
162 
162 
162 
162 
162 
163 
162 
163 
162 
163 
163 
163 
163 
162 
162 
162 
161 

20:26 
2027 
20:28 
2029 
2030 
2031 
20:32 
2033 
2034 
20% 
2 0 : s  
2037 
2038 
2039 
20:40 
20:41 
20:42 
20:43 
2044 
20:45 
20:46 
20:47 
20:48 
20:49 
20:50 
20:51 

35.1% 
34.3% 
35.1% 
34.1% 
35.0% 
34.1% 
34.1% 
34.1% 
34.1% 
34.1% 
34.1% 
33.2% 
34.1% 
33.2% 
33.2% 
33.2% 
33.2% 
33.2% 
34.1% 
33.2% 
34.1% 
33.2% 
34.1% 
34.1% 
34.1% 
34.1% 

20:52 333% 
20531 3313% 
20:s 333% 
20:551 32:5% 

40% 
40% 
40% 
40% 
40% 
40U 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
40% 
405( 
40% 
40% 

24 
24 
24 
24 
29 
2? 
2? 
2: 
2: 
2? 
2' 
2' 
2' 
2' 
2' 
2' 
2' 
2' 

v rales 

194 
192 
191 
192 
194 
194 
195 
195 
195 
192 
192 
192 
192 
193 
195 
195 
195 
195 
196 
194 
193 
193 
193 
194 
195 
193 
191 
192 
185 
195 
196 
196 
196 
l W  
196 
1% 
196 
196 
196 
196 
196 
195 
195 
195 
196 
195 
195 
195 
196 
195 
194 
194 
194 
194 
193 

163 
164 
164 
164 
164 



1 

M4 

- 
%MC 

s e d  for 
ow rates 

32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9X 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
.- 32,8.6 

32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 
32.9% 

323% 

Kiln Charge FSK DF2 

2058 
2059 
21:OO 
21:Ol 
21:02 
21:03 
21:04 
21:OS 
21:06 
21:07 
21:08 
21:09 
21:lO 
21: l l  
21:12 
21:13 
21:14 
21:15 
21:16 
21:17 
21:18 
21:19 
21:20 
21:21 
21:22 
21:23 
21:24 
21:25 

-21:26 
21:27 
21:28 
2129 
2120 
2131 
2132 
21:33 
21% 
21:35 
21:s  
21:37 
2138 
21~39 
21:40 
21:41 
21:42 
21:43 
21:44 
21:45 
21:46 
21:47 
21:48 
21:49 
2150 
2151 
2152 

Time 1 XMC %Mil2 

2056 32.5% 
2057 32.5% 

31.7% 
31.7% 
31.7% 
31.7% 
31 7% 
30.9% 
30.9% 
31.6% 
31.6% 
31.6% 
32.5% 
32.5% 
32.5% 
32.5% 
31.6% 

~ 

34.7% 
34.7% 
34.7% 
34.7% 
34.7% 
34.7% 
35.6% 

1 60 
160 
160 
160 
160 
159 
159 
160 
160 
160 
161 
161 
161 
161 
160 
160 
160 
160 
160 
161 
161 
161 
161 
161 
161 
161 
161 
162 
162 
162 
162 
162 
162 
162 
162 
162 
163 
163 
163 
163 
163 
163 
163 
163 
164 
164 
164 
164 
164 
164 
164 
164 
164 
164 
165 

2% 
2% 
2% 
2% 
2% 
2% 
2% 
2Y 
2% 
2% 
2% 

- 

33' 
33' 
33' 

Table M. l  

- omin 

m m  a 
ehveen 

loisture 
Train 

- 
174% 
174% 
174% 
174% 
174% 
17456 
174% 
173% 
173% 
174% 
174% 
174% 
174% 

~ 

5 
5 
B 

Y rates 

192 
192 
192 
191 
192 
192 
192 
>93 
193 
194 
193 
193 
193 
193 
193 
193 
194 
194 
194 
194 
195 
195 
195 
195 
196 
196 
196 
196 
197 

197 
198 
198 
198 
198 
199 
199 
199 
199 
200 
200 
200 
200 
201 
201 
201 
201 
202 
202 
202 
202 
203 
203 
203 
203 

i 97  



M5 

Venting Stack 

WB/DB Train 
lime %MC %MC 

2153 34.7% 33% 
2 1 : s  34.7% 33% 
21:55 34.7% 33% 
2156 34.7% 33% 
2157 34.7% 33% 
21:58 34.7% 33% 
2159 34.7% 33% 
22:OO 34.7% 33% 
22:Ol 33.8% 33% 
2 2 0 2  34.7% 33% 
22:03 35.6% 33% 
22:m 34.7% 33% 
22:05 34.7% 33% 
22:06 34.7% 33% 
22:07 34.7% 33% 
22:06 35.6% 33% 
22:09 33.9% 33% 

[I 22:10 33.9% 33% 

22:12 33.9% 33% 

Moisture 

22:11 33.9% 33% 

%Diii 
between 
WBIDB 8 %MC DB Temp. WD Temp 
Moisture used for used for for plots 

Train flow rates flow rates 

5% 32.9% 203 164 
5% 32.9% 203 164 
5% 32.9% 203 164 
6% 32.9% 202 164 
5% 32.9% 203 164 
5% 32.9% 203 164 
6% 32.9% 202 164 
6% 32.8% 202 164 
3% 32.8% 202 163 
6% 32.8% 202 164 
8% 32.8% 202 165 
6% 32.8% 201 164 
6% 32.84( 201 164 
6% 32.8% 202 164 
6% 32.8% 202 1W 
8% 32.8% 201 165 
3% 32.8% 201 163 
3% 32.8% * I 200 163 

3% 32.9-h 200 163 
3% 32.9% 200 1631 



Kiln Charge FSK INDFS 

~~ ~~-~ ~~ 

13.0% 42.9% 
' 0 . F  U . 1 %  
111% 47.3y 

4 2 . m  

9.m 639% 
-17.5% 47.4% 

5192oY 451% 
6159.0% 49.6% 
6159.0% 4 2 . W  

46.6% 4 . 7 %  
8.5U 47.3% 

5.9% 42.9% 
5.9% U.IU 
3.7% 49.5% 

3.7% 41.8% 
3.7% -42.9% 

5.8% 49.8% 

3 . 7 ~  41.7% 

4 d  77.8% 

~ 

74% 42.3% 
74% 43.3% 
74% 41.2% 
74% 42.2U 
74% 39.3% 
74X 40.3% 
74% 40.3% 
74% 43.3% 
74% 41.2% 
74X 41.2% 

74X 44.3% 
74% 44.3% 
74% 4 2 p  
74% 39.2% 
74% 402% 
74% ,41.2% 
74% . 412% 
74% 45.3% 
74% 41.2% 
74X 43.2% 
74% 431% 
74% 443% 
74% 432% 

74% 43:2x 

39.3% 
u,z% 

' "r* 
-41:1%. 

~ I .=.ox_ 
48.5% 

a 49.7% 
76% . 49.7% 

76% ' ' 46.7U' 
76% . 50:9% 
76% '(4771% 
76% 48.3% 
76% . 46.7% 
78X 488.4 
76% ' ,48:4% 
7 6 ~  45.3% 
76% F45.ZU 
76% 49r7U 
76% 6 . 4 %  
76% 45.4% 
76% 48.6% 
76% 48.5% 

75.1% 
76.2% 
7 5 . w  
75.2% 
76.3% 
76,lX 
75.4% 
15.4% 
75.4% 
75.5% 
76.6% 
76.6% 
75.6% 
76.6% 
75.6% 
76.IX 
75.7% 
75.7u 
75.8% 

76.8% 
76.9% 
75.0% 
76.9% 
76.0% 
76.0% 
76.0% 
76.1% 

16.8% 

65% 59% 
65%1 59% 
65% 59% 

71.6% 
71.7% 
71.m 
7L1X 
7L3X 
724% 
726% 

720% 
71.1% 
71.3% 
71.4% 
71.6% 
73.8% 
74.0% 
14.1% 
74.1% 
74.5% 
74.6% 
74.8% 
76.0% 
75.1% 
76.1% 
76.6% 
75.7% 
75.8% 
76.0% 
76.2U 

n a y  

65% 58% 
65% 65% 
65% 58% 
65% 62% 
65% 59% 
65% 65% 
65% 63% 
65% 63% 
65% m 
65% 171% 
65% 171% 
85% 170% 
65% 169% 
65% 16% 
65% 199% 
65% 163% 
65% 147% 
65% 171% 
65% 171% 

222 
~ 222 
222 
222 
7.22 
222 
222 
221 
221 
zu 
223 
223 
223 
221 
223 
223 
223 
223 
223 
223 
223 
223 
222 
223 
m 
223 
223 
223 
223 
223 
223 
223 
223 

6 5 U I  164% 

105 
104 
185 
185 
1E4 
104 
165 
104 
165 
186 
185 
185 
165 

59% 
65% 
65% 

41% 
51% 
48% 

~~ 

185 
165 
185 
(e4 
1Ed 
185 
185 
1e4 77% 5% 

77% UY 
77% a n  
77% UIU 
77% U Y  
7% uy 
77% 69Y 

. 

gL 44% 
'"1 79.1% ;;:I ; 5:57 70.1% 76% 48.6% 77% 

79.1% e.6X 

5:s 70.1% 76% 41.4% 77% 
559 e n . 8 ~  76% 48.3% 77% 

Table M.2 
M6 

0 

6.7% -51.5% 
5.2% 42.4% 
4 8% 42.4% 
4.8% 42.4% 
6.6% 4 . 1 %  

11.7% 42.2% 
5.9% 40.1% 
5.9% 4 . 7 %  
5.2% 42.4% 
4.9% 49.2% 
4.9% 47.0% 
5.0% 4.9% 

199.9% 4.1% 
150.5% 4 . 7 %  
151.2% 4 . 7 %  
151.2% 4 . 2 %  

71.0% 
73.0% 
74.0% 
74.0% 
74.0% 
74.1% 
74.1% 
74.1% 

65:5%l 

I 151.1% -37.9% 
151.1% -37.9% 
1984% 42.5% 

112.7% 47.0% 
151.4% 4 . 7 %  
151.4% 4 . 8 %  
144.0% 35.8% 

3116.4% 4 . 8 %  
3117.1% 40.2% 
655.0% -40.2% 

I 3.7% 49.5% 
3.8% 49.5% 
3.7% 45.1% 
3.7% u . 1 u  

I 1.6% 41.7U 
3.7% 49.5% 
3.7% 56.1% 

2w 
199 
203 
2w 
2w 
2w 
2w 
2 w  
2 w  
2 w  
2 w  
2w 
2w 
2w 
2w 
200 
100 
200 
200 
200 
200 
200 
200 
200 
200 
200 
200 
2 w  
2 w  
2 w  
2 w  
2 w  
201 
201 
201 
202 
202 
201 
201 

-202 
202 

202 
2-31 
201 
201 
200 
2-31 
2-31 

201 
2-32 
2-32 

201 
201 
201 
201 
201 
201 
201 
201 

m 
201 
201 
201 
201 
2-31 

202 

m 2  

m i  

m2 

m? 

mi 

2231 

171 
169 
172 
168 
172 
172 
172 
173 
172 
173 
171 
172 
169 
170 
170 
173 
171 
171 
173 
174 
174 
172 
169 
170 
171 
171 
175 
171 
173 
173 
174 
173 
169 
173 
170 
171 
174 
178 
181 
178 
179 
179 
176 
177 
174 
177 
179 
178 
176 
179 
180 
177 
176 
179 
118 
176 
175 
175 
179 
176 
176 
176 
178 
175 
176 
173 
174 
178 
178 
177 
176 

102 
182 
162 
182 
182 
102 
182 
180 
102 
102 
182 
182 

183 
183 
183 
183 
163 
183 
183 
183 
184 
163 
183 

183 

183 
163 
163 
163 
185 
185 
185 

1e41 



e APPENDIX N 

EXAMPLE FOR CALCULATING THE FORMALDEHYDE AND METHANOL 
CONCENTRATION PARAMETERS (SECTION 5.5.2) 



N1 

APPENDM N 

EXAMPLE FOR CALCULATING TEE FORMALDEHYDE AND METHANOL 
CONCENTRATION PARAMETERS (SECTION 5.5.2) 

The example below calculates the formaldehyde and methanol concentrations for thc first sample run of 
FSK INDF3. The data used in this example arc shown in Tables N. 1 and N.2. 

1.  

2. 

The field data for run S3N 1 were entered at the top portion of Table N. 1. 

The total dly sample volume collected for this sample run was calculated to be 6 1.67 
dsL. 

The amount of water collected in the impingers at the end of S3N I was 74. I n1L. 

The laboratory analysis of the impinger water for formaldehyde and methanol yielded 
0.56 ppin and 14.19 ppm, respectively. 

Table N.2 shows that the reported canister concentration of methanol, 60 ppbv-wet, 
was converted to a mass, 5.0 pg. 

The canister mass value for methanol was imported into Table N. 1 

Then the canister and impinger mass values were combined to yield 1056 Fg, the total 
mass captured of methanol for S3N1. 

Equation 13 was then used to calculate the resulting kiln gas concentrations for 
formaldehyde, 0.54 ppmvd, and methano1,12.85 ppmvd. 

3. 

4. 

5. 

6. 

7. 

8 .  



N2 

FSK Run Time, minutes 

e 

181 181 

0 

Table N.l 
Kiln Charge FSK INDF3 

2325 2325 
2:26 2:26 

HAPS Sample Run 
Start time 
End time 

final flow (humin) 
average flow (mumin) 
sample volume (waL) 
Pre-amb temp (F) 
Post-amb temp (F) 
Pre-barometric (in. Hg) 
Post-barometric (in. Hg) 
Total volume collected. wsL 
Kw 
Pw. in Ha 

364 369 

65.97 66.61 
82 e4 
78 78 

29.64 29.58 
29.63 29.58 
63.89 64.27 
3.28 3.28 
1.04 1.08 

365 368 

.~ 
Total volume collected. dsL I 61.67 61.95 
pre imp. Weight (9) I 21.40 21.70 - .  
post imp weight (9) I 95.50 92.30 
Final impinger volume, mL I 74.1 70.6 

lfield spike volume, mL I I 

IARORATORY NCASI 

CaDtured imDinger mass, ug 

LABORATORY NCASI 

methanol 32 04 
S3 N I  

Captured impinger mass, ug 



,I m m  

0 

v *  
0 0  

m m  2 2  
m m  
r.- 



N4 

e Table N.3 

I n  Charge FSK INDF3 
'rint this table to reference run times 

:iln Charge FSK INDF3 

Run# Start End Duration 
S3N1 23:25 2:26 181 
S3 N2 2:26 5:26 180 
S3 N3 5:26 8:25 179 
S3 N4 8:26 11 :25 179 
S3 N5 11:26 14:25 179 
S3 N6 14:26 17:25 179 
S3 N7 17:26 20:25 179 
S3 N8 20:25 23:25 180 
S3N9 23:33 2:25 172 
S3N10 2:34 4:19 105 

Average 
Flow rate 

dscfm 
2,184 
1,229 

749 
927 

1,022 
837 
788 
992 

1,265 
1,318 



N5 

Table N.4 

Kiln Charge FSK INDF3 
Averaged Mass Emission Rates NCASI NCASI 

CHANGE RERENCE mass emission mass emission 
MBF = 156.1 rate LbslMBF rate LbslMBF 

methanol formaldehyde 

formaldehyde per minute methanol per minute 

dscfm PPm" sample run ppmv sample run 
Sample Run Flow rate in kiln gas for each in kiln gas for each 

S3 N1 2.184 0.54 5.87E-07 12.85 1.49E-05 
S3 N2 1,229 7.56 4.63E-06 84.09 5.50E-05 
S3 N3 749 14.42 5.39E-06 177.14 7.07E-05 
S3 N4 927 20.54 9.49E-06 239.28 1.18E-04 
S3 N5 1,022 19.83 1.01 E-05 270.07 1.47E-04 

1.52E-04 53 N6 837 23.95 9.99E-06 342.1 1 
S3 N7 788 31.27 1.23E-05 537.69 2.26E-04 
S3 N8 992 28.28 1.40E-05 448.31 2.37E-04 
53 N9 1.265 28.13 1.77E-05 387.52 2.61E-04 .~ . . 

S3 N10 1,318 45.59 2.99E-05 435.18 3.05E-04 
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APPENDIX 0 

EXAMPLE OF THE TERMINATION POINT OF THE MEASURED DATA SET 
(SECTION 5.5.2.1) 

In order to provide a better understanding of how the standard %Wood-MC method was implemented, 
the %Wood-MC data for MSU DF2 have been presented below as an example. 

Drying Cycle Start Time: 07:34 
Drying Cycle End Time: 21:20 

-: Weight of Kiln Charge, Green: - 105 Ib 

Weight of Kiln Charge, Kilndry: 

Weight of Kiln Charge, Ovendry: 

- 70 Ib 

- 64 Ib 

Step 1: Table 0 .1  shows that the %MC& (from the kiln gas) at the end of the drying cycle (2 120) 
was calculated to be 32.5%. From sample data, the 21:20 incremental value for the absolute 
humidity was calculated to be 0.299 Ib of water per Ib of dry gas. 

determined from the absolute humidity and the dry standard flow rate. The 2120 incremental 
value was calculated to be 0.05 1 Ib of water. 

Step 2: The amount of water exhausted from the kiln over the interval from 2 1 : 19 to 2 1 :20 was 

0 
Step 3: Since 21:20 was the end ofthe actual drying cycle, the unadjusted cumulative water weight 

was the same as the incremental value, 0.05 1 Ib of water. Note tlmt the unadjusted cumulative 
water value for 21:19, however, was 0.102 Ib ofwater. 

Step 4: The charge weightfor 21120 corresponded~to the kiln+ weight as reported (70.0 lb) by~MSU 
for this charge. The charge weight for each of the previous data points was determined by 
adding the cumulative water weight to the 70 Ib. For example, at 2 1 : 19 the charge weight was 
estimated as 70.10 Ib. 

Step 5: Equation 18 was then used to determine the %Wood-MCd, of the charge for each minute of the 

Step 6: Calculation models often require correction factors to adjust predicted results to the actual 

drying cycle. 

results attempting to be modeled. For this case, the data in the cumulative water weight 
column was adjusted by a correction factor in order to match the calculated green charge 
weight with the reported green charge weight at the start of the drying cycle. 

Table 0 . 2  shows that the unadjusted green charge weight was calculated to be 115.12 Ib for 
MSU DF2. The difference between the reported green charge weight, 106 Ib, and the 
calculated green charge weight, 115.12 Ib, indicates that the %Wood-MC method added too 
much water back into the weight of the charge. Therefore, an adjustment of -0.0 100 1 Ib of 
water was made to the cumulative water weight data set. With this adjustment applied, the 
%Wood-MC data at 0644 (Table 0.3) began to decrease because the calculated amount of 
water leaving the kiln was below 0.01001 Ib at this point. Therefore, the correction factor was 
not applied to the cumulative water data above 0645. Thus, the resulting calculated green 
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charge weight at the start of the drying cycle (shown in Table 0 . 4  at 04:35) compared 
favorably with the reported green charge weight of 106 Ib. 

Step 7: The termination point for MSU DF2 was determined to be at 20:34 as shown in Table 0 .5 .  
First, 15% was located in %Wood-MC data column. For this charge, 15% was calculated at 
19:58. Then a decision had to be made between terminating the charge at 19:34, when the 
%Wood-MC was at 16.7%, or 20:34, when the charge was calculated to be at 12.5%Wood- 
MC. 

As previously mentioned, the kilndty %Wood-MC was estimated to be 15% for the FSK DF2 
test charge. For this case, therefore, the small-scale kiln DF2 sample charges should be 
terminated at or below the IS%Wood-MC level. Thus, the decision was made to terminate 
MSU DFW at 20:34. 

The purpose for terminating the Phase I1 sample charge data at an even hour data point was to 
simplify the mass emission rate integration procedure by maintaining the integrated data in 
hourly blocks of time. 



Table 0.1 
Amount cumulative Phase 2 Phase 2 

%MC kiln Absolute of water water Charge Wood 
Date Time air Humidity exhausted exhausted weight %MC 

Ibs drv basis (VN)  IbH20llbdw air Ibs Ibs . .  
07-01-99 20:34 33.4% 0.31133 0.05318 2.446 72.45 13.2% 
07-01-99 20:35 33.4% 0.31133 0.05318 2.393 72.39 13.1% 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01 -99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 

20:36 
20:37 
20:38 
20:39 
20:40 
20:41 
20:42 
2Q43 
20:44 
20:45 
20:46 
20:47 
20:48 
20:49 
20:50 
20:51 
20:52 
20:53 
20:54 
20:55 
20:56 
20:57 
20:58 
20:59 
21:oo 
21:oi 
21:02 
21:03 
21:w 
21:05 
21:06 
21:07 
21:08 
21:09 
21:lO 
21:ll 
21:12 
21:13 
21:14 
21:15 
21:16 
2137 
21:18 

33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 

0.31 133 
0.31 133 
0.31 133 
0.31 133 
0.31133 
0.31133 
0.31133 
0.31 133 
0.31 133 
0.31 133 
0.31133 
0.31133 
0.31 133 
0.31 133 
0.31 133 
0.31 133 
0.31133 
0.31 133 
0.31 133 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 

0.05318 

~ 

0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.05111 
0.051 11 
0.05111 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.051 11 
0.05111 
0.051 11 

2.339 
2.286 
2.233 
2.180 
2.127 
2.074 
2.020 
1.967 
1.914 
1.861 
1.808 
1.754 
1.701 
1.648 
1.595 
1.542 
1.489 
1.435 
1.382 
1.329 
1.278 
1.227 
1.176 
1.125 
1.073 
1.022 
0.971 
0.920 
0.869 
0.818 
0.767 
0.716 
0.664 
0.613 
0.562 
0.511 
0.460 
0.409 
0.358 
0.307 
0.256 
0.204 
0~153 

72.34 
72.29 
72.23 
72.18 
72.13 
72.07 
72.02 
71.97 
71.91 
71.86 
71.81 
71.75 
71.70 
71.65 
71.59 
71.54 
71.49 
71.44 
71.38 
71.33 
71.28 
71.23 
71.18 
71.12 
71.07~ 
71.02 
70.97 
70.92 
70.87 
70.82 
70.77 
70.72 
70.66 
70.61 
70.56 
70.51 
70.46 
70.41 
70.36 
70.31 
70.26 
70.20 
70.15 

13.0% 
12.9% 
12.9% 
12.8% 
12.7% 
12.6% 
12.5% 
12.4% 
12.4% 
12.3% 
12.2% 
12.1% 
12.0% 
12.0% 
11.9% 
11.8% 

0 11.7% 
11.6% 
11.5% 
11.5% 
11.4% 
11.3% 
11.2% 
11.1% 
11.1% 
11.0% 
10.9% 
10.8% 
10.7% 
10.7% 
10.6% 
10.5% 
10.4% 
10.3% 
10.3% 
10.2% 
10.1% 
10.0% 
9.9% 
9.9% 
9.8% 
9.7% 

~ .. 9.6% 
07-01-99 21:19 32.5% 0.29921 0.051 11 0.102 70.10 9.5% 

107-01-99 21:20 32.5% 0.29921 0.0511 1 0.051 70.05 9.5%1 
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Table 0.2 
Amount cumulative Phase 2 Phase 2 

%MC kiln Absolute of water water Charge Wood 
Date Time air Humidity exhausted exhausted weiaht %MC - 

(Vlv) IbH20llbdry air Ibs Ibs Ibs dry basis 
107-01-99 4:35 3.0% 0.01909 0.00130 45.116 115.12 79.9%1 
07-01-99 4:36 3.0% 0.01909 0.00130 45.115 115.12 79.9% 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01 -99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 0 07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 

4:37 
4:38 
4:39 
4:40 
4:41 
4:42 
4:43 
4:44 
4:45 
4:46 
4:47 
4:48 
4:49 
4:50 
4:51 
4:52 
4:53 
4:54 
4:55 
4:56 
4:57 
4:58 
4:59 
5:OO 
5:Ol 
5:02 
5:03 
5:04 
5:05 
5:06 
5:07 
5:08 
5 0 9  
5:lO 
5:11 
5:12 
5:13 

3.0% 
3.1% 
3.0% 
3.5% 
3.7% 
3.8% 
3.6% 
3.6% 
3.4% 
3.5% 
3.5% 
3.5% 
3.4% 
3.5% 
3.6% 
3.6% 
3.7% 
3.7% 
3.8% 
3.8% 
4.0% 
4.1% 
4.1% 
4.0% 
4.2% 
4.2% 
4.2% 
4.5% 
4.5% 
4.5% 
4.4% 
4.6% 
4.6% 
4.7% 
4.9% 
4.9% 
4.9% 

0.01909 
0.02002 
0,01952 
0.02245 
0.02409 
0.02460 
0.02295 
0.02321 
0.02217 
0.02242 
0.02242 
0.02242 
0.02217 
0.02269 
0.02321 
0.02295 
0.02376 
0.02376 
0.02460 
0.02460 
0.02571 
0.02660 
0.02634 
0.02608 
0.02725 
0.02725 
0.02725 
0.02917 
0.02917 
0.02917 
0.02891 
0,02991 
0.02965 
0.03094 
0.03200 
0.03200 
0.03200 

0.00130 
0.001 37 
0.00133 
0.00153 
0.00165 
0.00168 
0.00157 
0.00159 
0.001 51 
0.00153 
0.00153 
0.00153 
0.00151 
0,00155 
0.00159 
0.00157 
0.00162 
0.00162 
0.00168 
0.00168 
0.00176 
0.00182 
0.00180 
0.00178 
0.00186 
0.00186 
0.00186 
0.00199 
0.00199 
0.00199 
0.00198 
0.00204 
0.00203 
0.00211 
0.00219 
0.00219 
0.00219 

45.114 
45.112 
45.111 
45.110 
45.108 
45.107 
45.105 
45.103 
45.102 
45.100 
45.099 
45.097 
45.096 
45.094 
45.093 
45.091 
45.089 
45.088 
45.086 
45.084 
45.083 
45.081 
45.079 
45.077 
45.076 
45.074 
45.072 
45.070 
45.068 
45.066 
45.064 
45.062 
45.060 
45.058 
45.056 
45.054 
45.052 

115.11 
115.11 
115.11 
115.11 
115.11 
115.11 
115.10 
115.10 
115.10 
115.10 
115.10 
115.10 
115.10 
115.09 
115.09 
115.09 
115.09 
11 5.09 
115.09 
115.08 
115.08 
115.08 
115.08 
1 15.08 
115.08 
115.07 
115.07 
115.07 
115.07 
115.07 
115.06 
1 15.06 
115.06 
115.06 
1 15.06 
115.05 
115.05 

79.9% 
79.9% 
79.9% 
79.9% 
79.9% 
79.9% 
79.9% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.6% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79:8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 
79.8% 



Date 

07-01-99 
07-01 -99 
07-01-99 
07-01-99 
07-01-99 
07-01 -99 
0741-99 
07-01 -99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
0701-99 
07-01-99 
0741-99 
07-01-99 
07-01-99 
07-01-99 

Table 0.3 
Amount cumulative Phase 2 

%MC kiln Absolute of water water Charge 
Time air Humidity exhausted exhausted weight 

(VN) IbH20/lbdry air Ibs Ibs Ibs 
6:12 12.2% 0.08652 0.00591 36.068 106.068 
6:13 12.2% 0.08652 0.00591 36.062 106.062 
6:14 12.9% 0.09222 0.00630 36.056 106.056 
6:15 12.9% 0.09222 0.00630 . 36.050 106.050 
6:16 12.9% 0.09222 0.00630 36.044 106.044 
6:17 13.3% 0.09521 0.00651 36.037 106.037 
6:18 13.7% 0.09830 0.00672 36.031 106.031 
6:19 13.6% 0.09798 0.00669 36.024 106,024 
620 13.6% 0.09798 0.00669 36.017 106.017 
621 14.0% 0,10149 0.00893 36.011 106.011 
622 14.0% 0.10116 0.00691 36.004 106,004 
623 14.4% 0.10478 0.00716 35.997 105.997 
624 14.8% 0.10818 0.00739 35.990 105.990 
625 14.8% 0.10784 0.00737 35.982 105.982 
626 14.8% 0.10764 0.00737 35.975 105.975 
627 15.2% 0.11169 0.00763 35.967 105.967 
628 15.6% 0.11497 0.00786 35.960 105.960 
629 15.6% 0.1 1497 0.00786 35.952 105.952 
6:30 15.6% 0.1 1497 0.00786 35.944 105.944 
6:31 16.0% 0.1 1837 0.00809 35.936 105.936 
6:32 16.0% 0.1 1837 0.00809 35.928 105.928 
6:33 16.5% 0.12259 0.00838 35.920 105,920 

Phase 2 
Wood 
%MC 

dry basis 
65.7% 
65.7% 
65.7% 
65.7% 
65.7% 
65.7% 
65.7% 
65.7% 
65.7% 
65.6% 
65.6% 
65.6% 
65.6% 
65.6% 
65.6% 
65.6% 
65.6% 
65.5% 
65.5% 
65.5% 
65.5% 
65.5% 

07-01-99 6:34 16.4% 0.'12224 0.00835 35.912 105.912 65.5% 
07-01-99 6:35 16.9% 0.12658 0.00865 35.903 105.903 655% ~~ ~~ 

07-01-99 6:36 16.9% 0.12623 0.00863 35.895 105.895 65.5% 
07-01-99 6:37 17.3% 0.13036 0.00891 35.886 105.886 65.4% 
07-01-99 ~ 6 ~ 3 8  ~~~~~ 17.3%~ ~ --~0.13001- 0.00888 ----35.877-- -105.877- 65.4% 
07-01-99 6:39 17.3% 0.13001 0.00888 35.868 105.868 65.4% 
07-01-99 6:40 17.8% 0.13427 0,00917 35.859 105.859 65.4% 
0701-99 6:41 17.8% 0.13427 0,00917 35.850 105.850 65.4% 
07-01-99 6:42 17.7% 0.13391 ' 0.00915 35.841 105~841 65.4% . . ~ ...... ~~ ~ 

07-01-99 6:43 18.2% 0.13868 0.00948 35.832 105.832 65.4Oh 
107-01-99 6:44 18.8% 0.14362 0,00981 35.822 105.822 65.3%] 
07-01-99 6:45 19.2% 0.14797 0.01011 35.813 105.813 65.3% 
07-01-99 
07-01-99 
07-01-99 
07-01 -99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 

6:46 
6:47 
6:48 
6:49 
650 
651 
652 
653 
6:54 

19.2% 
19.2% 
19.2% 
19.7% 
19.7% 
20.2% 
20.8% 
20.8% 
20.7% 

0.14797 
0.14760 
0.14760 
0.15248 
0.1521 0 
0.15753 
0.16316 
0.16277 
0.16238 

0.01011 
0.01009 
0.01009 
0.01042 
0.01039 
0.01076 
0.01115 
0.01112 
0.01110 

35.803 
35.802 
35.802 
35.802 
35.802 
35.801 
35.801 
35.800 
35.798 

105.803 
105.802 
105.802 
105.802 
105.802 
105.801 
105.801 
105.800 
105.798 

65.3% 
65.3% 
65.3% 
65.3% 
65.3% 
65.3% 
65.3% 
65.3% 
65.3% 
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Table 0.4 
Amount cumulative Phase 2 Phase 2 

%MC kiln Absolute of water water Charge Wood 
Date Time air Humidity exhausted exhausted weight %MC 

(VN) lbH2Ollbdry air Ibs Ibs Ibs dry basis 
107-01-99 4:35 3.0% 0.01909 0.00130 36.358 106.358 66.2%) 
07-01-99 4:36 3.0% 0,01909 0.00130 36.356 in6 356 GR w, ~ ~ ~~ 

07-01-99 
07-01-99 
07-01 -99 
07-01 -99 
07-01-99 
07-01-99 
07-01-99 
07-01 -99 
07-01-99 
07-01-99 
07-01 -99 
07-01 -99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01 -99 

4:37 
4:38 
4:39 
4:40 
4:41 
4:42 
4:43 
4:44 
4:45 
4:46 
4:47 
4:48 
4:49 
4:50 
4:51 
4:52 
4:53 
4:54 
4:55 
4:56 
4:57 
4:58 
4:59 
5:OO 
5:Ol 
5:02 
503 
5:04 
5:05 
5:06 
5:07 
5:08 
5:09 
5:lO 
5:11 
5:12 
5:13 
5:14 
5:15 
5:16 

3.0% 
3.1% 
3.0% 
3.5% 
3.7% 
3.8% 
3.6% 
3.6% 
3.4% 
3.5% 
3.5% 
3.5% 
3.4% 
3.5% 
3.6% 
3.6% 
3.7% 
3.7% 
3.8% 
3.8% 
4.0% 
4.1% 
4.1% 
4.0% 
4.2% 
4.2% 
4.2% 
4.5% 
4.5% 
4.5% 
4.4% 
4.6% 
4.6% 
4.7% 
4.9% 
4.9% 
4.9% 
5.3% 
5.2% 
5.4% 

0,01909 
0.02002 
0.01952 
0.02245 
0.02409 
0.02460 
0.02295 
0.02321 
0.02217 
0.02242 
0.02242 
0.02242 
0.02217 
0.02269 
0.02321 
0.02295 
0.02376 
0.02376 
0.02460 
0.02460 
0.02571 
0.02660 
0.02634 
0.02608 
0.02725 
0.02725 
0.02725 
0.02917 
0.02917 
0.02917 
0.02891 
0,02991 
0.02965 
0.03094 
0.03200 
0.03200 
0.03200 
0.03449 
0.03422 
0.0 3 5 3 9 

0.00130 
0.00137 
0.00133 
0.00153 
0.00165 
0.00168 
0.00157 
0.00159 
0.00151 
0.001 53 
0,00153 
0,00153 
0.00151 
0.00155 
0.00159 
0.00157 
0.00162 
0.00162 
0.00168 
0.00168 
0.00176 
0.00182 
0.00180 
0.00178 
0.00186 
0.00186 
0.00186 
0.00199 
0.00199 
0.00199 
0.00198 
0.00204 
0.00203 
0.0021 1 
0.00219 
0.00219 
0.00219 
0.00236 
0.00234 
0.00242 

~~~~~~ 

36.355 
36.354 
36.352 
36.351 
36.349 
36.348 
36.346 
36.345 
36.343 
36.341 
36.340 
36.338 
36.337 
36.335 
36.334 
36.332 
36.331 
36.329 
36.327 
36.326 
36.324 
36.322 
36.320 
36.319 
36.317 
36.315 
36.313 
36.311 
36.309 
36.307 
36.305 
36.303 
36.301 
36.299 
36.297 
36.295 
36.293 
36.291 
36.288 
36.286 

.. ... 

106 355 
106.354 
106.352 
106.351 
106.349 
106.348 
106.346 
106.345 
106.343 
106.341 
106.340 
106.338 
106,337 
106,335 
106.334 
106.332 
106.331 
106.329 
106.327 
106.326 
106.324 
106.322 
106.320 
106.31 9 
106.317 
106.315 
106.313 
106.311 
106.309 
106.307 
106.305 
106.303 
106.301 
106.299 
106.297 
106.295 
106.293 
106.291 
106.288 
106.286 

66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.2% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 
66.1% 



Table 0 .5  
Amount cumulative Phase 2 Phase 2 

%MC kiln Absolute of water water Charge Wood 
Dale Time air Humidity exhausted exhausted weight %MC 

( V N )  IbH20/lbdry air Ibs Ibs Ibs drv basis 
07-01-99 19:33 34.2% 0.32353 0.05527 4.738 74.738 16.8% 
07-01-99 19:34 34.2% 0.32352 0.05527 4.693 74.693 16.7% 
07-01-99 19:35 34.3% 0.32409 0.06459 4.647 74.647 16.6% ~~ 

07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
0761 -99 
07-0 1-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 

1 9 : s  
19:37 
19:38 
19:39 
19:40 
19:41 
19:42 
19:43 
19:44 
19:45 
19:46 
19:47 
19:48 
19:49 
1950 
1951 
1952 
1953 
1954 
1955 

34.3% 
34.3% 
34.3% 
34.2% 
34.2% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 

0.32409 
0.32409 
0.32408 
0.32351 
0.32351 
0.32407 
0.32407 
0.32407 
0.32407 
0.32406 
0.32406 
0.32406 
0.32405 
0.32405 
0.32405 
0.32405 
0.32404 
0.32404 
0.32404 
0.32403 

0.06459 
0.05536 
0.05536 
0.05526 
0.05526 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05536 
0.05535 
0.05535 

4.593 
4.538 
4.493 
4.448 
4.402 
4.357 
4.312 
4.266 
4.221 
4.176 
4.130 
4.085 
4.040 
3.994 
3.949 
3.904 
3.858 
3.813 
3.767 
3.722 

74.593 
74.538 
74.493 
74.448 
74.402 
74.357 
74.312 
74.266 
74.221 
74.176 
74.130 
74.085 
74.040 
73.994 
73.949 
73.904 
73.858 
73.813 
73.767 
73.722 

~ . .. 
16.6% 
16.5% 
16.4% 
16.3% 
16.3% 
16.2% 
16.1% 
16.0% 
16.0% 
15.9% 
15.8% 
15.8% 
15.7% 
15.6% 
15.5% 
15.5% 
15.4% 
15.3% 
15.3% 
15.2% 

07-01-99 19:56 34.3% 0.32403 0.05535 3.677 73.677 15.1% 
07-01-99 1957 34.3% 0.32403 0.05535 3.631 73.631 15.0% 

107-01-99 19:58 34.3% 0.32403 0.05535 3.586 73.586 15.0%] 
07-01-99 19:59 34.3% 0.32402 0.05535 3.541 73.541 14.9% 
07-01-99 
07-01-99 

~ ~~ 07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 

20:oo 
2001 
2002 
20:03 
20:M 
20:05 
20:06 
20:07 
20:08 
20:09 
20:10 
20:11 
2012 
20:13 
20:14 
20:15 
20:16 
20:17 
20:18 
20:19 
20:20 
20:21 
20:22 
20:23 
20:24 
20:25 
20:26 
20:27 

34.3% 
34.3% 

34.3% 
34.3% 
34.3% 
34.3% 
34.2% 
34.2% 
34.2% 
34.2% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
34.3% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 

~ .~ 34.3% ~~ ~ 

0.32402 0.05535 
0.32402 0.05535 
0.32401 ~~ 0.05535- ~ 

0.32401 0.06458 
0.32401 0.05535 
0.32401 0.05535 
0.32401 , 0.05535 
0.32344 . 0.05525 
0.32344 0.05525 
0.32344 0.05525 
0.32344 0.05525 
0.32401 0.05535 
0.32401 0.05535 
0.32401 0.05535 
0.32401 0.05535 
0.32401 0.05535 
0.32401 0.05535 
0.32401 0.05535 
0.32401 0.05535 
0.32401 0.05535 
0.31133 0.05318 
0.31133 0.05318 
0.31133 0.05318 
0.31133 0.05318 
0.31133 0.05318 
0.31133 0.05318 
0.31133 0.05318 
0.31133 0.05318 

~~ 

3.495 73.495 
3.450 73.450 
3.405 7L405 
3.359 73.359 
3.305 73.305 
3.260 73.260 
3.214 73.214 
3.169 73.169 
3.124 73.124 
3.078 73.078 
3.033 73.033 
2.988 72.988 
2.943 72.943 
2.897 72.897 
2.852 72.852 
2.806 72.806 
2.761 72.761 
2.716 72.716 
2.670 72.670 
2.625 72.625 
2.580 72.580 
2.537 72.537 
2.493 72.493 
2.450 72.450 
2.407 72.407 
2.364 72.364 
2.321 72.321 
2.278 72.278 

~.~ .~ 
14.8% 
14.8% 

~ 14.7% ~~ 

~14.6% 
14.5% 
14.5% 
14.4% 
14.3% 
14.3% 
14.2% 
14.1% 
14.0% 
14.0% 
13.9% 
13.8% 
13.8% 
13.7% 
13.6% 
13.5% 
13.5% 
13.4% 
13.3% 
13.3% 
13.2% 
13.1% 
13.1% 
13.0% 
12.9% 



a 
0 8  

Table 0.5 

a 

Amount cumulative 

Date Time air Humidity exhausted exhausted 

07-01-99 20:28 33.4% 0.31 133 0.05318 2.234 
07-01-99 20~29 33.4% 0.31133 0.05318 2.191 
07-01-99 20:30 33.4% 0.31133 0.05318 2.148 
07-01-99 20:31 33.4% 0.31 133 0.05318 2.105 
07-01-99 20:32 33.4% 0.31133 0.05318 2.062 

%MC kiln Absolute ofwater water 

(VN)  IbH2Ollbdry air Ibs I bs 

Phase 2 
Charge 
weight 

ibs 
72.234 
72.191 
72.148 
72.105 
72.062 

Phase 2 
Wood 
%MC 

dry basis 
12.9% 
.12.8% 
12.7% 
12.7% 
12.6% 

07-01-99 20:33 33.4% 0.31133 0.05318 2.019 72.019 12.5% 
07-01-99 20:34 33.4% 0.31133 0.05318 1.975 71.975 12.5% 
07-01-99 20:35 33.4% 0.31133 0.05318 1.932 71.932 12.4% 
07-01-99 
07-01-99 
0741 -99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
0741-99 
07-01-99 
07-01-99 
07-0189 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 
07-01-99 

20:36 
20:37 
20:38 
20:39 
20:40 
20:41 
20:42 
20:43 
20:44 
20:45 
20:46 
20:47 
20:48 
20:49 
2050 
2051 
2052 
2053 
20:54 
2055 
2 0 : s  
2057 
2058 
2059 
21:oo 
21:01 
21:02 
21:03 
21:M 
21:05 
21:06 
21:07 
21:os 
21:09 
21:10 
21:11 
21:12 
21:13 
21:14 
21:15 
21:16 
21:17 
21:18 
21:19 

07-01-99 21:20 

33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
33.4% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 
32.5% 

0.31133 
0.31133 
0.31133 
0.31 133 
0.31133 
0.31133 
0.31 133 
0.31 133 
0.31133 
0.31133 
0.31 133 
0.31133 
0.31133 
0.31133 
0.31133 
0.31133 
0.31133 
0.31 133 
0.31133 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 
0.29921 

0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.05318 
0.051 11  
0.05111 
0.05111 
0.051 11  
0.051 1 1  
0.051 11 
0.05111 
0.051 1 1 
0.05111 
0.05111 
0.05111 
0.051 11  
0.051 1 1  
0.051 I1 
0.051 1 1  
0.05111 
0.051 11  
0.05111 
0.051 1 1  
0.051 11  
0.051 11  
0.051 1 1  
0.05111 
0.051 11  
0.051 11  
0.051 11  

1.889 
1.846 
1.803 
1.759 
1.716 
1.673 
1.630 
1.587 
1.544 
1 SO0 
1.457 
1.414 
1.371 
1.328 
1.285 
1.241 
1.198 
1.155 
1.112 
1.089 
1.028 
0.986 
0.945 
0.904 
0.863 
0.822 
0.781 
0.740 
0.699 
0.658 
0.617 
0.575 
0.534 
0.493 
0.452 
0.41 1 
0.370 
0.329 
0.288 
0.247 
0.206 
0.164 
0.123 
0.082 

71.889 12.3% 
71.846 12.3% 
71.803 12.2% 
71.759 12.1% 
71.716 12.1% 
71.673 12.0% 
71.630 11.9% 
71.587 11.9% 
71.544 11.8% 
71.500 11.7% 
71.457 1 1  .7% 
71.414 1 1.6% 
71.371 1 1.5% 
71.328 11.4% 
71.285 11.4% 
71.241 1 1.3% 
71.198 11.2% 
71.155 11.2% 
71.112 11.1% 
71.069 1 1 .O% 
71.028 1 1 .O% 
70.986 10.9% 
70.945 10.9% 

70.863 10.7% 
70.822 10.7% 
70.781 10.6% 
70.740 10.5% 
70.699 10.5% 
70.658 10.4% 
70.617 10.3% 
70.575 10.3% 
70.534 10.2% 
70.493 10.1% 
70.452 10.1% 
70.41 1 10.0% 
70.370 10.0% 
70.329 9.9% 
70.288 9.8% 
70.247 9.8% 
70.208 9.7% 
70.164 9.6% 
70.123 9.6% 
70.082 9.5% 

70.904 1,0.8% 

0.041 70.041 9.4% 



a APPENDIX P 

FULL-SCALE KILN AND SMALL-SCALE KILN PHASE I1 VOC MASS 
EMISSION RATE RESULTS FOR LUMBER CHANGES DRIED 

UNDER THE DIRECT-FIRED TEMPERATURE SCHEDULE 
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APPENDIX Q 

FULL-SCALE KILN AND SMALL-SCALE KILN PHASE I1 VOC MASS 
EMISSION RATE RESULTS FOR THE LUMBER CHANGES DRIED 

UNDER THE STEAM TEMPERATURE SCHEDULE 
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APPENDIX R 

FORMALDEHYDE AND METHANOL PHASE I1 MASS EMISSION RATES 

AND STEAM TEMPERATURE SCHEDULES 
FOR LUMBER CHARGES DRIED UNDER THE DIRECT-FIRED 
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APPENDIX S 

SPECIATED VOC MASS EMISSION RATE RESULTS FOR VARIABILITY 
STUDY KILN CHARGE AT NORTH CAROLINA STATE UNIVERSITY 

AND PHASE I1 KILN CHARGE AT THE STEAM KILN AND 
OREGON STATE UNIVERSITY KILN 



S I  

000wr..~ngg 
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a APPENDIX T 

COMPARISON OF THE PHASE II VOC MASS EMISSION RATE 
CURVES ON A CHARGE-BY-CEL4RGE BASIS 
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APPENDIX U 

STATISTICAL ANALYSIS OF THE PHASE I1 VOC MASS EMISSION RATE 
RESULTS SEPARATED BY STAGES I, 11, AND 111 



Table U. 1 

t Critical two-tail 

FSK to MSU Comparison 

Stage 1 Direct-fired Data (DFI through DF3) 

FSK to OSU Comparison 

Stage I Direct-fired Data (DFI through DF3) 

3. I824]c= 

FSK MSU Difference FSK OSU Difference 
DFI 4.2 2.95 1.25 DFI 4.2 3.1 1.1 
DF2 4.7 2.5 2.2 DF2 4.7 3.9 0.8 
DF3 4.2 2.4 1.8 DF3 4.2 3.8 0.4 

4.3667 2.6167 1.750 mean 4.3667 3.6000 0.767 
std dev 0.2887 0.2930 std dev 0.2887 0.4359 
var 0.0833 0.0858 var 0.0833 0.1900 

t Critical two-tail 

C s e  I :  Shldent-tTeslofMeans Case I :  Student-1 Test of Means 

confidence interval: 

4.30271<= 

confidence interval: 95% 

II 1-Test: Two-Sample Assuming Unequal Variances 

II Variable I Variable 2 
Mean 4.361 2.617 

3 
Variance 
Observations 
Pearson Correlation 
Hypo. Mean Difference 4.000 

0.000 0.0a3 o'08z I I 
t Stat 1 7 . 3 7 0 1  <= 
t Critical hvo-tail I 2.7761<= 
P(T<=t) two-tail 0.002 

1-Test: Two-Samplc Assuming Unequal Variances 

Vorioble I Variable 2 
Mean 4.3667 3.6000 

CASE 2 Paired Difference ofMeans 

confidencc interval 95% 

1-Test: Paired Two Sample for Means 

Variable I Variable 2 
Mean 4.3667 2.6167 
Variance 0.0833 0.0858 
Observations 3 3 
Pearson Correlation -0.3449 
Hypo. Mean DifTerence 0.0000 

CONCLUSION: The VOC mass emission mlc from 
thc MSU kiln was significantly less l hnn  the DF kiln. 

CASE 2: Paired Difference ofMeans 

confidence interval: 95% 

1-Test: Paired Two Sample for Means 

Variable I Variable 2 
Meall 4.3667 3.6000 
Variance 0.0833 0.1900 
Observations 3 3 
Pearson Correlation 0.5960 
Hypo. Mean Difference 0.0000 
df 2 

P(T<=t) two-lail 0.0634 
1 Stat -I<= 
t Critical two-tail I 4.30271<= 

CONCLUSION: The VOC mass emission rate from the 
OSU liiln was not significantly different than thc DF kiln 



Table U.2 

FSK to MSU Comparison 

Stage II  Direct-fired Data (DF4 through DF6) 

FSK MSU Difference 
DF4 2.9 I .9 1 .o 
DFS 3.4 I .9 1.5 
DF6 3.6 2.6 1 .o 

mean 3.300 2.133 1.167 
~~~~~~ 

std dev 0.361 0.404 
var 0.130 0. I63 

Care I Student-t Test of Means 

confidence interval: 95% 

1-Test: Two-Sample Assuming Unequal Variances 

Variable I Variable 2 
Mean 3.300 2.133 
Variance 0.130 0.163 
Observations 3 3 
Hypo. Mean Difference 0.000 

4 

t Stat I 3.731 
P(T<=t) two-tail 0.02( 

I<= 
t Critical two-tail I 2.7761<= 

I . .  

CONCLUSION: Means diNer significantly 

CASE 2: Paired Difference of Means 

confidence interval: 95% 

t-Test: Paired Two Sample for Means 

Variable I Variable 2 
Mean 3.300 2.133 
Variance 0.130 0.163 

Pearson Correlation 0.721 
Observations 3 3 

HYW, Mean Difference 0.000 .. 
df 2 

P(T<=t) two-tail 0.020 
t Stat -<= 

t Critical two-tail I 4.3031<= 

CONCLUSION: The VOC mass cmission rate lrom 
the MSU kiln was significantly less than the DF kiln. 

FSK to OSU Comparison 

Stage I I  Direct-tired Data (DF4 through DF6) 

FSK OSU Difference 
DF4 2.9 3.0 -0.1 
DF5 3.4 2.0 I .4 
DF6 3.6 2.4 1.2 

mean 3.300 2.467 0.833 
rtd dev 0.361 0.503 
V U  0.130 0.253 

Case I :  Student-t Test ofMeans 

confidence interval: 95% 

1-Test: Two-Sample Assuming Unequal Variances 

Variable I Variable 2 
MCan 3.300 2.467 
Variance 0.130 0.253 
Observations 3 3 

d f  4 
Hypo. Mean Difference 0.000 

1 Stat 12.3311<= 
1 Critical two-tail I 2.7761- 
P(T<=t) two-tail 0.080 

CONCLUSION Meam do not diNeer significantly 

CASE 2: Paired Difference of Means 

confidence interval: 95%. 

I-Test: Paired Two Sample for Means 

Variable I Variable 2 
Mean 3.300 2.467 
Variance 0.130 0.253 
Observations 3 3 
Pcmon Correlation -0.771 

df  2 

P(T<=t) two-tail 0.218 

Hypo. Mean Difference 0.00 

1 Stat -I<= 
t Critical two-tail I 4.3031c= 

CONCLUSION: The VOC mass emission rate lrom the 
X U  kiln was not significantly dillwent than the DF kiln. 



Table U.3 

FSK lo M S U  Comparison 

Stagc 111 Steam Data (INDFI through INDF7) 

FSK MSU Differcnce 
INDFI 3.0 4.8 -1.8 
lNDF2 3.9 2.6 I .3 
MDF3 4.7 2.6 2.1 
lNDF5 3.1 3.3 -0.2 
INDF6 3.0 2.6 0.4 
INDF7 3.5 2.4 1.1 

mcan 3.533 3.050 0.483 
rld dcv 0.671 0.912 
YBr 0.451 0.831 

Case I: Student-1 Test of M m  

confidence interval: 95% 

t-Test: Two-Sample Assuming Unequal Variances 

Variable I Vorioble 2 
Mea" 3.533 3.050 
Varianee 0.451 0.831 
Obscrvations 6 6 
Pearson Conelation 0.000 
Hypo. Mean Difference 9.000 
1 stat VI<= 
t Critical two-tail I 2.2621- 
PVw) fwo-tail 0.323 

CASE 2; Paired Difference of Means 

confidenee inlcrval: 95% 

1-Test: Paired Two Sample for Meam 

Vorioble I Variable 2 
M a  3.533 3.050 
VFCiEllCC 0.45 I 0.831 
Observations 6 6 
P-on Correlation 4.4804 
Hypa. Mean Difference 0.000 .. 
df 5 

P(T<=l) two-tail 0.426 
1 stat 1 0 . 8 6 6 1  c= 
1 Critical two-tail I 2.571)<= 

CONCLUSION: Thc VOC mars emission n t c  lrom IhC 
DSU kiln was not signlflcmlly dillerenl than the s l c m  klln. 

FSK to OSU Comparison 

Stage 111 Steam Data (INDFI through INDF7) 

FSK OSU Diffcrence 
INDFl 3.0 4.4 -I 4 
lNDF2 3.9 3.9 0 
INDF3 4.7 4.6 0.1 
lNDF5 3.1 3.8 -0.7 
INDF6 3.0 4.4 -1.4 
INDF7 3.5 4.4 -0.9 

mean 3.533 4.250 0.7 17 
std dev 0.671 0.321 
var 0.451 0.103 

Cax I :  Student4 T a t  of Means 

confidence interval: 95% 

1-Tesl: Two-Sample Assuming Unequal Variances 

Voriobie I Vorioble 2 
Mea" 3.533 4.250 
Variance 0.451 0.103 
Obrcrvatians 6 6 
Peanon Correlation 0,000 
Hypo. Mean Difference 7.000 
1 Stat 

P(Tc=l) two-tail 0.050 

CASE 2: Paired Differcncc of Means 

mnfidence interval: 95% 

1-Test: P a i d  Two Sample for Means 

Vorioble I Vorioble 2 
Mean 3.533 4.250 
Variance 0.451 0.103 
Observations 6 6 
Peanon Camlation 0.2878 
Hypo. Mean Difference 0.000 
df  5 .. 
1 Stal 
P(T<=l) two-tail 0.044 
1 Critical two-tail I 25711<= 

CONCLUSION The VOC mass ~misslon rate from the 
OSU klln was slightly mom than thesteam kiln. 



APPENDIX V 

PHASE I1 FORMALDEHYDE AND METHANOL MASS 
EMISSION RATE CURVES 
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Figure V.I. Formaldehyde Mass Emission Rates from the Direct-Fired Kiln 
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Figure V.2. Formaldehyde Mass Emission Rate for the Direct-Fired Drying Schedule at MSU 



v3 

Kiln Charge OSU D M C  

1.60E-05 T 

W 

c 
5 1.40E-05 

E 1.20E-05 
ki 
," 1.00E-05 
m 
2 8.00E-06 

6.00E-06 

._ 

W 
U 

s 
E 4.00E-06 
0 
r- 2.00E-06 n 

O.OOE+OO 
- 

al 
z 
C 

L 

.- 
E 
ki 
0. 

14:34 17:34 20:34 23:34 2:34 5:34 
Drying Cycle Time 

Kiln Charge OSU DF5A 

1.80E-05 T 

1.60E-05 

1.40E-05 

1.20E-05 

1.00E-05 

8.00E-06 

6.OOE-06 

4.00E-06 

2.00E-06 

O.OOE+OO 

523  8:23 11:23 14:23 17:23 20:23 
Drying Cycle Time 

Figure V.3. Formaldehyde Mass Emission Rate forthe Direct-Fired Drying Schedule at OSU 
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Figure V.4. Formaldehyde Mass Emission Rate from the Steam-Heated Kiln 
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Figure V.5. Formaldehyde Mass Emission Rate for the Steam-Heated Drying Schedule at MSU 
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Figure V.6. Formaldehyde Mass Emission Rate for the Steam-Heal 
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Figure V.7. Methanol Mass Emission Rate from the Direct-Fired Kiln 
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Figure V.8. Methanol Mass Emission Rate for the Direct-Fired Drying Schedule at MSU 
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Figure V.9. Methanol Mass Emission Rate for the Direct-Fired Drying Schedule at OSU 
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Figure V.10. Methanol Mass Emission Rate from the Steam-Heated Kiln 
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Figure V.12. Methanol Mass Emission Rate for the Steam-Heated Drying Schedule at OSU 



0 APPENDIX W 

PHASE I1 SPECIATED VOC MASS EMISSION RATES 
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APPENDIX X 

DIRECT-FIRED BURNER PROFILES FOR FUEL FEED RATE, 
MOISTURE TRAIN, AND VOC MASS EMISSION RATES 



Burner Data for Kiln Charge FSK DFI 
Fuel Feed Rate-dry basis 

" I  

12:13 15:13 18:13 21:13 0:13 3:13 6:13 

80 

70 

10 

0 

Drying Cycle Time 

Burner Data for Kiln Charge FSK DF2 
Fuel Feed Rate-dry basis 

~ 

n 

x1 

12:25 15:25 18:25 21:25 0:25 3:25 
Drying Cycle Time 

Figure X.l. Direct-Fired Burner Fuel Feed Rate for Kiln Charges FSK DF1 and DF2 
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Figure X.2. Direct-Fired Burner Fuel Feed Rate for Kiln Charges FSK DF3 and DF4 
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Figure X.3. Direct-Fired Burner Fuel Feed Rate for Kiln Charges FSK DFS and DF6 



x4 

0 

0 

Burner Data for Kiln Charge FSK DF1 
Moisture Train Data 

12:13 15:13 18:13 21:13 0:13 3:13 6:13 

Drying Cycle Time 

Burner Data for Kiln Charge FSK DF2 
Moisture Train Data 

12:25 1525 18:25 21:25 0:25 3:25 
Drying Cyde l ime 

Figure X.4. Direct-Fired Burner Moisture Train Data for Kiln Charges FSK DF1 and DF2 
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Figure X.5. Duect-Fired Burner Moisture Train Data for Kiln Charges FSK DF3 and DF4 
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Figure X.6. Direct-Fired Burner Moisture Train Data for Kiln Charges FSK DF5 and DF6 
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Figure X.7. Direct-Fired Burner VOC Mass Emission Rate for Kiln Charges FSK DFI and DF2 
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Figure X.8. Direct-Fired Burner VOC Mass Emission Rate for Kiln Charges FSK DF3 and DF4 
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Figure X.9. Direct-Fired Burner VOC Mass Emission Rate for Kiln Charges FSK DF5 and DF6 I 
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Table X.8. 

Client: NCASI 
wcnon W.O. : 10027-001-W2-9!%9 

Analysis Report 
b Ak Swk. 

Analyst : T Hcdgcs 
Dale Analyzed : 26 May 1999 



r 

X I  8 

Kiln Outlet CZ-RI 
Kiln Outlet C2-R2 
Kiln Outlct a-R3 
Kiln Outlet C2-R4 
Kiln Outlet CZ-U 
Kiln Outlet C2-R6 
Kiln Outlet CZ-R7 
Kiln Outlet C2-R8 
Kiln Outlet CL-W 
Kiln Outlet C2-RIO 
Kiln Outlet CZ-RI I 
Kiln Outlet C2-RI2 
Kiln Outlet C2-RI3 
Kiln Outlet C2-RI4 
Kiln Outlet CZ-RIS 
Kiln Outla  CZ-RI6 
Kiln Outlet CZ-RI7 
Burner Exhaust CZ-RI 
Burner Exhaust CZ-RZ 
Burna Exhaust C2-R3 
Burner Exhaust CZ-R4 
Burner Exhaust CZ-R5 
Burner Exhaust CZ-R6 
Burner Exhausl C2-N 
Burner Exhaust CZ-R8 
Burner Exhaust CZ-R9 
Burner Exhaust CZ-RI I 
Burner Exhaust CZ-RI2 
Burner Exhaust C2-RI3 
Burner Exhaust CZ-R14 
Burner Exhaust CZ-RIS 
Burner Exhaust C2-RI6 
Burner Exhaust CZ-RI7 
Kiln Outlet C3-R2 
Kiln Outlet Dup C3-RZ 
Kiln Outlet C3-R3 
Kiln Outlet Dup C3-R3 
Kiln Outlcr C3-R4 
Kiln Outlct Dup C3-R4 
Kiln Outlct C3-RS 
Kiln Outlet Dup C3-rU 
Kiln Oullct C3-R6 
Kiln OutlcI Dup C3-R6 -* .- 

Client 
WESTON W.O. U 

Table X.9. 
*“bum Air *l;n 4 IndUlmi.! Hpd- L.boruq 

: 10027-001-002-9999 rw unhd ar uodiard USWA ~ “ h ~ d  >os 
: NCASI Analysis Report 

Date Received : 24 May 1999 
Analyst : B Bcnson 
Dctcclion Limit (pg/rnL) : 0.5 

43 
43 
43 
43 43 

43 43 

43 43 

43 

43 
43 
43 
43 
43 
43 
43 43 

43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 
43 43 

43 43 

43 43 

43 

43 
43 
43 
43 

43 

CK 0990 
CK 0991 
CK 0992 
CK 0993 
CK0994 
CK 0995 
CK 0996 
CK 0997 
CK 0998 
CK 0999 
CK 1000 
CK 1001 
CK 1002 
CK 1003 
CK 1004 
CK 1005 
CK 1006 
CK 1007 
CK 1008 
CK IO09 
CK I010 
CK 101 I 
CK 1012 
CK 1013 
CK 1014 
CK 1015 
CK 1016 
CK 1017 
CK 1018 
CK IO19 
CK 1020 
CK 1021 
CK 1022 
CK 1023 
CK 1024 
CK I025 
CK 1026 
CK 1027 
CK 1028 
CK 1029 
CK 1030 
CK 1031 
CK 1032 

1.33 
I .02 
2.36 
3.75 
4.08 
3.26 
5.45 
4.70 
4.7s 
7.01 
8.00 
8.38 
10172 
11.14 
13.44 
14.39 
13.95 
0.00 
0.39 
0.00 
0.00 
0.00 
0.00 
029 
0,OO 
0,OO 
0.00 
0.00 
0-00 
0.00 
0.00 
0.00 
0.00 
1.51 
1.62 
2.00 
2.63 
3.62 
3.74 
3.81 
4.27 
3.33 
4.59 

57 
44 
100 
160 
180 
140 
230 
200 
200 
300 
340 
360 
460 
480 
580 
620 
600 

<21.5 
<21.5 
<21.5 
<21.5 
<21.5 
<21.5 

<21.5 
<21.5 
<21.5 
<21.5 
<21.5 
<21.5 
<21.5 
<21.5 
<21.5 

65 
69 
86 
I IO 
160 
160 

180 
140 
200 

<21.5 

IV 

. . . .  . .. . . - . . I . .  ..... ” .. . - . . . 
<-3 



Table X.10. 

Clicnt : NCASl 
WESTON W.O. k! : 10027-001-002-9999 
Date Received : 9 August 1999 
Analyst : BBcnson 
Detection Limit (PdmL) : o s  

NCASl Kiln Wcst Run  I 
NCASl Kiln West Run 2 
NCASkKiln West Run 2 Dup 
NCASl Kiln Wcst Run 3 
NCASI Kiln West Run 4 
NCASl Kiln Wcsl Spikc 
NCASl Kiln Wcst Spike 
NCASl Burner Spike 
NCASl Kiln East Spike 
NCASI Field Spike 
NCASl Trip Spike 
DI Blank 
NCASl Kiln East Run I 
NCASl Kiln East Run 2 
NCASl Kiln East Run 3 
NCASl Kiln East Run 4 
NCASl Kiln East Run 4 Dup 
NCASl Kiln East Run 5 
NCASI Kiln East Run 5 Dup 
NCASl Kiln East Run 6 

~~ NCASlKiln East Run 7 
NCASl Kiln East Run 8 
NCASl Burncr Run I 
NCASI Bumcr Run z 
NCASl Burner Run 3 
NCASl Burner Run 4 
NCASl Burncr Run 5 
NCASl Bumcr Run 6 
DI Water Blank 
DI Water Blank 

~~ 

X I  1 9 

Analysis Report 
r- M M  4. uodikd USEPA w 101 I 

4; CK 1675 
43 C K  1676 
4; CK 1677 
45 C K  1678 
43 C K  1679 
86 CK 1680 
43 CK 1681 
43 C K  1682 
43 CK 1683 
4; C K  1684 
45 C K  1685 
43 C K  1686 
43 C K  1687 
43 C K  1688 
43 C K  1689 
43 C K  1690 
45 C K  1691 
43 C K  1692 
43 C K  1693 
43 C K  1694 
43 ~ C K  1695 
43 C K  1696 
43 C K  1697 
43 CK 1698 
43 C K  1699 
43 CK 1700 
43 C K  1701 
43 CK 1702 
43 CK 1703 
43 CK 1704 

2.58 
7.79 
7.38 
9.81 
10.9; 
4.37 
3.34 
9.14 
4.61 
9.74 
10.23 
0.00 
0.63 
I .67 
2.64 
5.84 
4.44 
6.06 
5.15 
7.64 

-13.65 
15.09 
0.25 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

: 10 
330 
320 
120 
470 
3 80 
I40 
>90 
200 
420 
440 

<21.5 
27 
72 
I10 
250 
190 
260 
220 
330 
590 
650 

c21.5 
< 2 l . S  
<21.5 
<21.5 
<21.5 
<21.5 
<21.5 

. <21.s 
NCASI Burncr Run 6 Dup 43 CK 1705 0.00 <21.5 

h y r  I ur I 
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