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by 

John Michael Neff 
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(ABSTRACT) 

When oven drying Douglas fir to determine moisture 

content, volatile organics evolving from the wood cause error 

in the moisture measurement. An apparatus was constructed to 

measure the carbon contained in the evolved organics and to 

measure the chemical energy content of the organics which 

evolved at temperatures up to 103°C. Data were collected and 

used to estimate errors in moisture content measurement. The 

data were also used to provide insight into differences that 

exist in fuelwood and how these differences might affect wood 

heater test results. 

For the wood examined, the lower heating value of the 

evolved organics averaged 283 MJ/kmol carbon. This value 

indicates that the volatile material had a high oxygen 

content. Using the average heating value, the mass fraction 

of oxygen contained in the evolved organics was estimated to 

be near 0.47. Using the estimated oxygen mass fraction 

combined with the carbon loss data, errors in moisture content 

measurement resulting from volatile loss were estimated to



range from 0.1% to 2.0% of measured values. The larger of 

these errors would cause less than a 0.1% error (percent of 

measured value) in the calculated efficiency of a typical 

woodstove. 

The amount of highly volatile organics was found to vary 

greatly between different pieces of Douglas fir. For the wood 

tested, carbon loss ranged from 0.02% to 0.35% of the carbon 

initially contained in the wood. These differences in 

fuelwood volatility may affect wood heater performance and 

possibly cause some of the scatter observed in wood heater 

test data. Conventional proximate analyses were performed on 

two wood samples, one exhibiting high volatility at 103°C, the 

other exhibiting low volatility at 103°C. These proximate 

analyses did not show significant differences between the two 

samples. 

Bomb calorimetry was used to measure the heating value of 

the Douglas fir samples both before and after oven drying. 

The bomb calorimetry, however, proved to not have the 

sensitivity to accurately measure the small differences in 

heating value caused by volatile emissions during oven drying.
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CHAPTER 1 

INTRODUCTION 

Over the last two decades, wood heaters have again become 

a popular residential heating source in the United States. 

Their increased usage has prompted a surge in scientific 

testing of wood heaters. Standardized efficiency and 

emissions test procedures have been developed to gauge heater 

1,2,3 These procedures restrict variables (such performance. 

as fuel type, fuel moisture, fuel loading intervals, air 

intake settings, etc.) in an effort to make testing repeatable 

for a given heater. Despite the measures taken, scatter still 

exists in test data. Variations inherent to fuelwood are 

4 pifferences in the believed to cause much of this scatter. 

low temperature volatility of fuelwood is one such variation 

inherent to wood. 

The low temperature volatility of wood is determined by 

the amount of volatile organic components present in the 

fuelwood. In this study, volatile organics are defined to be 

any organic species which is driven off from wood during 15 

hours in dry air at 103°C. This operational definition of 

volatility was chosen for similarity with standard oven drying 

procedures used to determine wood moisture content. Such 

volatile organic releases occurring during oven drying 

introduce error to wood moisture content measurement. This



study investigates variations in the low temperature 

volatility of fuelwood and presents an error analysis of the 

effect of volatility on the oven drying moisture measurement 

technique. 

The impact fuelwood volatility has on moisture content 

measurement is easier to envision than the impact fuelwood 

volatility has on wood heater performance. Thus, prior to 

discussing relationships between volatility and wood heater 

performance, it is useful to examine moisture content 

measurement. 

Accurate measurement of fuel moisture content is hampered 

by a variety of difficulties. The moisture content of wood 

varies throughout each piece of wood and between pieces that 

have been stored together. Factors contributing to these 

variations include density, shape, size, species, and moisture 

history. Scientific testing in the United States and Canada 

typically specifies the use of one species of fuelwood, 

Douglas fir (Pseudotsuga manziesii) .1:2:3 The Douglas fir used 

for most testing is dimensional lumber, conditioned to a 

specific moisture content range prior to testing. 

Conditioning is accomplished by storing wood in humidity 

controlled fuel conditioning rooms. The length of storage is 

not governed by the standards. These specifications help 

2



reduce the number of variables which could affect moisture 

content measurement accuracy. 

The accuracy of any moisture content measurement depends 

on the method of measurement used. The American Society for 

Testing and Materials lists oven drying as the primary method 

for determining the moisture content of wood and wood-based 

materials.? Moisture content is calculated from the initial 

(wet) and final (dry) mass of the wood. If the wood being 

tested contains volatile organic material, the 103°C oven 

temperature causes the volatile materials to escape from the 

wood. Since the method provides no means for distinguishing 

the mass of lost organics from the mass of water driven off, 

the loss of volatile organics results in erroneously high 

moisture content measurements. 

Errors in moisture content measurement cause errors in 

the calculated efficiency and emissions of wood heaters. 

Efficiency calculations are not particularly sensitive to 

moisture content measurement errors, and therefore errors in 

calculated efficiency are small, but not insignificant. 

Emissions calculations do not involve moisture content unless 

the emissions are expressed as an emission factor (e.g., g CO 

/kg ary wood). In this case, moisture measurement errors 

induce the same percent error in the emission factor. 

3



The magnitude of the moisture content measurement error 

caused by volatile losses during oven drying is related to the 

level of volatility of the fuelwood. Through the calculations 

associated with wood heater testing, the moisture measurement 

errors directly impact wood heater test results in a manner 

proportional to the volatility of the wood. Differences in 

volatility of fuelwood also affect the combustion behavior of 

any heater being tested. Through different combustion 

behavior, differences in volatility will again impact wood 

heater test data. Although more difficult to quantify, the 

effects due to differences in combustion behavior are, in most 

likelihood, much greater than those associated with erroneous 

moisture content measurements. 

Differences in fuel volatility are suspected of creating 

large differences in emissions of wood heaters, especially 

immediately after refueling. During these periods, the newly 

added fuelwood is heating up from room temperature. If one 

load of fuelwood has much _ greater volatility at low 

temperatures than another, the highly volatile fuel load will 

show different combustion behavior during the transient period 

after loading. For example, most woodstoves rely on either 

catalytic or secondary combustion to conform to emission 

regulations. During refueling, the inrush of cool air from 

opening of the stove door interrupts these combustion



processes. Because of this, periods of refueling are 

typically characterized by high emissions (CO and particulate 

matter) and high energy losses. If the newly added fuelwood 

gasifies quickly (high volatility), then the periods of high 

emissions and high losses will be shortened. The combustion 

of the gasified components will add heat to the stove to help 

overcome any decrease in stove temperature created by the fuel 

loading. This will aid the secondary or catalytic combustion 

in becoming active again. Additionally, the combustion of the 

volatiles will promote the combustion of carbon monoxide 

coming from the charcoal remaining from the previous fuel 

load. 

This study will examine variations in volatility between 

different pieces of Douglas fir. The Douglas fir will be 

subjected to conditions similar to those used in the oven 

drying moisture measurement method. Measurements of both the 

carbon and energy content of evolved organics will be made as 

volatile organics are released. The overall change in energy 

content of Douglas fir will be determined by calorimetry and 

an energy balance conducted to verify the measurement of the 

volatile organics. An error analysis of the oven drying 

method will be performed.



CHAPTER 2 

LITERATURE REVIEW 

2.1 Douglas Fir 

The common name of Douglas fir is a misnomer since the 

wood is not a true fir.® A member of the Pinaceae family, 

related species include western hemlock (Tsuga heterophylla), 

ponderosa pine (Pinus’ ponderosa), slash pine (Pinus 

palustris), and yellow pine (Pinus strobus). The majority of 

Douglas fir comes from the Pacific northwest. Usually the 

wood is classified as coming from one of two areas, the 

coastal districts or mountainous regions. Coastal wood tends 

to be heavier, harder, and stronger than that from the 

6 mountain areas. Imported Douglas fir from the United Kingdom 

tends to be equivalent to the wood from the mountain areas. 

Douglas fir is characterized by a light reddish-brown 

color. Grains are typically straight, although sometimes wavy 

or spiraled. Color contrast between the earlywood and 

latewood (growth rings) is prominent.® The ratio of earlywood 

(fast growth) to latewood (slow growth) is the major 

determining factor in the density of the wood.



Douglas fir is primarily composed of long cells called 

longitudinal tracheids.’ These cells are 25-45 pm in 

diameter, and are about 100 times longer in length than in 

width and are roughly rectangular in cross section. They are 

hollow in the center and closed at both ends. As a tree 

grows, tracheids are added radially to the wood. Earlywood 

cells have larger cross sections and narrow walls compared to 

the latewood cells which are thick-walled with narrow centers. 

These features are detailed in Figure 1. 

Douglas fir is prone to the formation of longitudinal 

resin canals (Figure 2).? These canals form through 

separation of tracheids. Cells that surround the space fail 

to develop like the tracheid cells and are called epithelial 

cells. These cells secrete resin which fills the canal. 

Radial resin canals form in a similar manner but are less 

common than longitudinal canals. Resin canals also form as a 

response to injury. These canals, called traumatic resin 

canals, tend to be larger and often several exist 

tangentially. 

Resin is composed of a variety of compounds appearing to 

be built-up isoprene units (C;H,) .° The simplest and most 

volatile of the compounds are the monoterpenes. Monoterpenes 

are a class of molecules having different structures but the 

7



same formula, C,H,,. The chemical structure of common 

monoterpenes is shown in Figure 3. 

Monoterpenes are the major constituents of gum 

8 They are characterized by low boiling points, turpentine. 

typically 150 to 180°C, and appreciable vapor pressures at 

100°C. Monoterpenes comprise the majority of hydrocarbon 

emissions from veneer dryers (Section 2.3).° It is 

interesting to note that monoterpenes have no known 

10 biochemical functions. However, their penetrating odor and 

taste do serve to repel insects. 

Douglas fir is a softwood. Softwoods typically contain 

43% cellulose, 29% lignin, and 28% hemicellulose on an 

extractive free basis. Hardwoods typically contain 43% 

cellulose, 21% lignin, and 35% hemicellulose. Due to their 

higher lignin content, softwoods have higher energy content. 

Lignin has an energy content (higher heating value) of 27700 

kJ/kg, whereas holocellulose (cellulose and hemicellulose) has 

an energy content of 17500 kJ/kg.'' Published heating values 

for Douglas fir range from 19500 to 21500 kJ/kg.‘



2.2 Wood Moisture Content Measurement 

The American Society for Testing and Materials (ASTM) 

annual book of standards’ contains methods for determining the 

moisture content of wood and wood-based materials. Oven 

drying is listed as the primary method. In referring to oven 

drying, ASTM cautions "the term moisture content when used 

with wood-based materials can be misleading since untreated 

wood contains varying amounts of volatile compounds 

(extractives which are evaporated when determining moisture 

content)." The ASTM method also suggests that “if the 

specimen contains ’excessive’ volatiles, some judgement is 

required to determine if an alternate method should be used." 

Alternate methods listed include distillation, Karl Fischer 

titration, infrared (heating and absorption), microwave 

(heating and absorption), and nuclear magnetic resonance. 

An overview of moisture measurement techniques has been 

published by Skaar." He included a discussion of the 

advantages and disadvantages of the different techniques. 

Table 1 summarizes the different techniques and problems 

associated with each.



In discussing oven drying, Skaar mentions two main 

problems. The first is that high water vapor pressure inside 

the oven precludes the complete drying of wood. This problem 

is easily solved by using a vented oven. The second problem 

is loss of volatile organics resulting in measurement error, 

a focus of this study. 

An additional method, not mentioned by Skaar, involves 

the room temperature drying of wood." This gravimetric 

method replaces oven drying with desiccation. Advantages are 

those listed for the gravimetric method in Table 1 plus the 

fact that no heat is added to drive away volatiles. 

Disadvantages include limitation of the amount of water 

absorbed due to equilibrium with the desiccant and long drying 

times. 

10



2.3 Volatility of Wood 

The volatile nature of wood has been well demonstrated by 

the plywood industry. The characteristic blue haze associated 

with veneer (plywood) dryers is caused by the release of 

volatile constituents. Cronn, et al.’ characterized the 

emissions as “almost totally hydrocarbon in nature" and of 

concern because of "their potential for causing the production 

of particles or oxidant in the air downwind." Numerous 

studies have examined the environmental and health effects of 

these volatile emissions. %4:19-16.17 

Chief constituents of the volatiles arising during veneer 

drying have been identified.’ The veneer dryers studied used 

hot air to dry thin sheets of lumber. Temperatures for these 

dryers ranged from 160°C to 216°C. For the emissions study, 

a pump was used to draw dryer exhaust through a glass 

condenser located in an ice bath. The condenser captured 

condensible organics while a canister downstream captured 

exhaust gas for post-collection analysis. Analysis revealed 

that terpenes comprised over 96 percent of gaseous emissions 

for a variety of dryers and softwoods. The most abundant of 

these terpenes were a-pinene, f-pinene, A*-carene, and d- 

limonene. Six other terpenes were frequently identified. For 

11



a dryer drying Douglas fir, gaseous emissions accounted for 

82.3 percent of total (gaseous and non-gaseous) emissions. 

Terpenes comprised over 99 percent of the gaseous emissions.’ 

These data have been qualitatively supported by Fraser, et 

al."® cronn, et al.’ noted similarities between the blue 

haze associated with veneer dryer and foliage emissions that 

occur naturally; e.g., the characteristic blue haze associated 

with the Blue Ridge Mountains of southwest Virginia. 

12



2.4 Volatile Loss During Oven Drying 

Previous work conducted in the VPI Solid Fuels Combustion 

Laboratory by Todd, et al.,'% examined volatile loss from 

wood during oven drying. Two types of wood were examined; 

Douglas fir and an unknown species of oak. The Douglas fir 

had been air dried from its green state and then kept in a 

humidity controlled fuel conditioning room. The oak had also 

been air dried from its green state but was stored in room 

air. 

For each species, holes were drilled in the wood and the 

resulting chips were collected. These chips were stored in an 

air-tight jar. The contents of each jar was considered a 

sample and labelled as such. For testing, about 8 grams of 

chips were placed in an aluminum tube. The tube was then 

placed inside a preheated oven. Bottled air flowed across the 

top of the wood shavings and then into aé_ catalytic 

incinerator. The catalytic incinerator oxidized all carbon 

atoms present in the gas stream. An infrared CO, analyzer 

measured the concentration of carbon dioxide exiting the 

incinerator. By integrating the output of the CO, analyzer, 

the mass of carbon in the gas stream was calculated. The 

carbon loss for both oak and Douglas fir was expressed as a 

13



percentage, assuming that initially the wood contained 50.8 

dry percent carbon by mass. The results of these experiments 

are presented in Table 2. 

On average, 0.5% of the carbon initially present in the 

Douglas fir was released during drying. Oak released much 

less carbon, 0.05% on average. Additionally, the release 

percentages for Douglas fir varied more than for oak. The 

carbon release rate variations of Douglas fir were 

investigated. The release rate from wood having wide growth 

rings and wood having narrow growth rings was examined. For 

the samples examined, ring spacing was found to have no 

correlation to carbon release rates. One piece of wood that 

gave high release rates was redrilled and retested. This time 

the release rates were low. This finding indicated that the 

source of volatile matter was not uniform throughout a piece 

of wood. Finally, visual observation of "yellow resinous 

material" correlated with high carbon release. The material, 

in most likelihood, was resin. 

14



2.5 Oven Drying Effect on Energy Content 

Kryla conducted a series of experiments in which the 

heating values of air-dried and oven-dried wood were 

compared.*? Standard oxygen bomb calorimetry procedures were 

used to determine heating values. Two types of woods were 

compared, trembling aspen (Populus tremuloides) and white 

spruce (Picea glauca). Both woods were allowed to reach 

moisture equilibrium with a potassium carbonate solution prior 

to calorimetry. This wet basis equilibrium moisture content 

was estimated to be 6.8% for spruce, and 5.9% for aspen. The 

calorimetry results were converted to a dry mass basis in 

accordance with the estimated moisture equilibrium. Both the 

air-dried and oven-dried wood samples were allowed to 

equilibrate with the salt solution prior to calorimetry. For 

a wood particle size range of 2-3 mm, no_ significant 

differences in heating values were measured between air-dried 

or oven-dried wood. 

The experiment was repeated using smaller wood particles 

(less than 250 wm). The smaller wood particles were created 

by grinding larger 2-3mm particles which had been collected by 

hand. This time the oven-dried spruce exhibited a 2.3% 

decrease and the oven-dried aspen showed a 1.2% decrease in 

15



heating value compared to air-dried samples. The differences 

exhibited were attributed, at least in part, to volatile 

losses during oven drying. Kryla noted that the moisture 

content measurements necessary to create comparable data 

between the air dried and oven dried samples were erroneous 

since they were not corrected for volatile loss. This implies 

that measured differences, in part, have to be attributed to 

moisture content measurement error. Thus the effect of 

volatile losses during oven drying on energy values could not 

be fully evaluated. 

It was also observed that heating values measured for the 

smaller particles of spruce (both oven-dried and air-dried) 

were 4.5% lower than the values obtained for the 2-3 mm 

particles. In other work from this study, Kryla looked at the 

effect particle size had on measured heating value. This work 

concentrated only on particle sizes, using the same drying 

method (air-drying) for all samples. He attributed 

differences in measured heating value (between different size 

samples) to both volatile loss and fractionation. 

Fractionation refers to the tendency of different components 

of a chemically non-homogeneous substance (wood) to undergo 

size reduction more readily than other components. His 

volatile loss-fractionation theory was used to support two 

observations. The first was that ground wood on average 

16



exhibits lower heating values than unground wood. And second, 

that the smallest ground particles exhibited higher energy 

content then the largest ground particles. 

The fractionation part of the theory is supported by 

@1 He observed that when grinding white ash (Fraxinus Harris. 

americana), the lignin-rich components tended to generate more 

fine particles then the hemicellulose components. Since 

lignin has a higher heating value than hemicellulose,'! 

smaller wood particles are expected to have a higher heating 

value. 

Volatile loss during room temperature grinding would 

create a discrepancy with the data comparing air-dried and 

oven-dried wood. If grinding reduces the amount of volatiles 

present in wood, then it is contradictory that ground 

particles exhibit appreciable volatile loss during oven drying 

when the unground particles did not. The ground particles 

should have lost much of their volatile material during 

grinding, and thus had less volatile material to release 

during drying. No possible explanations of this discrepancy 

were discussed. 

17



2.6 Proximate Analysis 

Proximate analysis“ is an assay of the volatile matter, 

fixed carbon, and ash content of a fuel. Wood particles, 

small enough to pass through a 1.0 mm screen, are subjected to 

a series of different temperatures. Moisture content is 

ascertained by conventional oven drying at 103°C. Volatile 

matter is calculated by the mass of wood which gasifies during 

7 minutes at 950°C. Ash content is determined by burning a 

known amount of wood, keeping the final ignition temperature 

below 600°C. Any remaining material is considered ash. Fixed 

carbon is computed to be the summation of volatile matter and 

ash expressed as dry mass percentages and subtracted from 100. 

Typical dry mass basis proximate analysis results for 

Douglas fir are 86.2% volatile matter, 13.7% fixed carbon, and 

0.1% ash.“ The high volatile fraction and low fixed carbon 

fraction exist because wood is composed chiefly of functional 

organic groups and not of aromatic structures. Typical wood 

ash is composed of silicon dioxide (Si0,) and calcium oxide 

(Cao) .2 

The term "volatile matter" when referring to proximate 

analysis differs from the term "volatiles" in this study. 
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This study has operationally defined volatiles to be 

hydrocarbons with vapor pressures high enough to readily 

escape wood during oven drying at 103°C. Proximate analysis 

operationally defines volatile matter to be all substances 

driven off during heating to temperatures of 950°C. These 

operational definitions are different from each other. 

Volatility in this study will be much less than the volatility 

as defined by proximate analysis. 

19



2.7 Mechanical Changes 

Lumber is frequently dried from its green state by large 

dryers operating at temperatures from 90°C to 120°C. This 

process is referred to as high temperature drying. Many 

studies have examined changes in the mechanical properties of 

lumber caused by high temperature drying methods. 4.2 

The data from these experiments prove that drying wood under 

high temperatures alters the mechanical properties of the 

wood. Data from the experiments are presented in Table 3. 

The correlation of mechanical changes to the thermochemical 

properties does not appear to have been studied. 
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CHAPTER 3 

APPARATUS AND PROCEDURE 

3.1 Experimental Apparatus 

Apparatus (Figure 4) was constructed to make real time 

measurements of the amount of volatile organics released from 

Douglas fir at 103°C. Bottled air was passed over wood chips 

contained inside an aluminum canister. The canister was 

housed in a thermostatically controlled electric oven. The 

air was preheated to oven temperature prior to entering the 

drying canister. The air exiting the canister was split into 

two flows; one flow passed through a catalytic incinerator, 

the other bypassed the incinerator. Both flows travelled 

through heated lines and were alternately valved to a flame 

combustibles meter and an infrared CO, analyzer. The flame 

combustibles meter measured the chemical energy content (lower 

heating value) of the air stream and the CO, analyzer measured 

the carbon contained in the stream. Specific components of 

the apparatus are detailed in the following sections. 

Clean, dry, synthetic air (AIRCO, grade D breathing air) 

having a carbon dioxide concentration of less than 5 ppm was 

used during this experiment. The air was contained in a 

standard gas cylinder and was released through a Matheson 
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model 19 pressure regulator set to 26 psig. This pressure was 

sufficient to choke the flow through the throttling valve just 

downstream. A Matheson #603 rotameter was used to measure and 

monitor the air flow. 

Drying Canister 

The drying canister is shown in Figure 5. The canister 

is a pint size fuel bottle, commonly sold for camping use. 

The fuel bottle top was replaced with an aluminum screw top 

containing two Swagelock fittings. The bottled air entered 

and exited through these fittings. A porous stainless steel 

frit filtered the outlet stream, prohibiting small pieces of 

wood from being carried downstream. A Viton gasket provided 

an air-tight seal. 

Oven 

The oven was an American Scientific Products drying oven, 

Model Dx-38. The thermostat of the oven proved incapable of 

maintaining temperatures constant to + 2°C so the thermostat 

was replaced with an Omega series 920 temperature controller. 

Oven temperature was monitored by a K-type thermocouple, and 

a fan stirred the oven air to ensure thermal uniformity. 
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Balance 

Wet and dry wood weights were obtained with a Mettler 

AE163 balance. The readings from this balance were used for 

the moisture content calculations. The balance had a 

resolution of 0.1 milligram. 

Incinerator 

The catalytic incinerator is shown schematically in 

Figure 6. The incinerator contained equal parts of platinum 

and palladium coated alumina spheres. The incinerator was 

maintained at 442°C by an Omega model CN310 temperature 

controller. Temperature was monitored by a  K-type 

thermocouple. Heat was provided by electrical resistance 

heaters. Half of the original air stream entered a port in 

the side of the incinerator and passed through the catalyst 

pellets before exiting the bottom of the incinerator. By 

converting all carbon-containing molecules to carbon dioxide, 

the incinerator coupled with the carbon dioxide analyzer 

served as a carbon atom counter. 

This type of incinerator and CO, analyzer combination has 

been used as a carbon counter during wood stove testing. It 

was chosen over a flame ionization detector (FID) because of 

its ability to directly measure carbon concentration. A FID 

counts carbon atoms with different efficiencies, depending 

23



upon which organic molecule the carbon is a part of. Hada 

FID been used, the actual carbon concentration would have been 

calculated based on tenuous assumptions of the relative 

amounts of organic molecules contained in the sample stream. 

CO, Analyzer 

The carbon dioxide analyzer was a Horiba PIR-2000 

infrared type analyzer. The detector was capable of measuring 

carbon dioxide concentrations from 0 to 1500 ppm. Water and 

carbon dioxide have slightly overlapping infrared absorption 

characteristics, thus to avoid interference, the water from 

the air stream was condensed in a cold trap upstream of the 

analyzer. In-line filters protected the analyzer from 

particulates. Since both the flow and CO, concentration were 

measured in dry air, a moisture correction to the analyzer 

output was not needed. 

Combustibles Meter 

A flame-type combustibles meter, Control Instruments 

model FFA was used to determine the lower heating value of any 

volatile material released during wood drying. A platinum 

resistance thermometry device (RTD) monitored the temperature 

of a stable hydrogen diffusion flame inside of the meter. 

Volatiles that escaped from the wood were burned around the 
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stable hydrogen flame. The heating value of the volatiles was 

computed by comparing the increase in measured temperature to 

the increases found using known concentrations of methane and 

carbon monoxide. 

Since the wood released water in varying amounts 

throughout the oven drying process, the specific heat of the 

resulting air, water, and volatile stream was constantly 

changing. Changes in the specific heat of the sample stream 

affected the exhaust gas temperature inside of the flame 

combustibles meter. 

To counter the changing specific heat and to minimize the 

effects of sensor drift, the sample stream was multiplexed 

between raw and incinerated samples. The raw stream contained 

volatiles and water vapor whereas the incinerated stream 

contained a small amount of CO, and some additional H,O from 

the incineration of the volatiles. The two streams entering 

the combustibles meter (raw and incinerated) were identical in 

flow rate and temperature and virtually identical in specific 

heats. Therefore, differences in flame temperature during 

sampling of these two streams was attributed to energy 

released from the combustion of organic material. The small 

amount of H,0 present from the incineration of volatiles was 

calculated to cause, in the worst case, a 1.5% error in the 
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measured difference. This small error was neglected. The 

error was calculated by first law analysis using an assumed 

hydrogen mass fraction of 0.06 to estimate the difference in 

specific heats of the gas streams. 

Data Acquisition 

Output of the flame combustibles meter, CO, analyzer, and 

the drying tube inlet temperature were recorded every 45 

seconds by a Campbell Scientific model 21X micrologger. 

Immediately after recording data, the micrologger activated 

solenoid valves to switch the raw and incinerated flows 

between the CO, analyzer and flame combustibles meter. This 

process was repeated for the duration of the test. Thus the 

data logger recorded time resolved data and controlled the 

switching of the raw and incinerated flows. 

A 3-pen strip chart recorder continuously monitored the 

data. The flame combustibles meter output, CO, analyzer 

output, and the flow rate to the flame combustibles meter were 

monitored. By monitoring the strip chart recorder, the 

experimenter could ensure that the raw and incinerated flows 

remained equal and that the instruments were functioning 

properly. 
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Bomb Calorimeter 

A Parr Model 1241 Adiabatic Oxygen Bomb Calorimeter was 

used to measure the gross heat of combustion for both wet and 

dried wood. The bomb was pressurized with oxygen and the 

sample was ignited while the bomb was submerged in a water 

bath. The water bath was surrounded by a water filled jacket. 

Two thermistor probes sensed the temperature of the water in 

the jacket and bath. These probes were in a bridge circuit 

which activated solenoids allowing hot or cold water to flow 

into the water jacket. This continually matched the 

temperature of the jacket to that of the bath. This 

arrangement prevented heat transfer to or from the water bath. 

Gross heat of combustion was calculated from readings of a 

mercury-in-glass thermometer located in the water bath. 

Prior to testing, the calorimeter was standardized in 

accordance with ASTM method D3286.°" Under this procedure, 

ten 1 gram samples of benzoic acid were bombed to determine a 

calorimeter constant used to calculate heat of combustion from 

measured temperature rise. The procedure also verified the 

repeatability of the calorimeter. The calorimeter constant, 

W, was found to equal 10090 J/°C, exactly the same value 

obtained by Parr in their initial calibration. Data from this 

standardization procedure are included in Table 4. 
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3.2 Test Procedure 

3.2.1 Collection of Wood Samples 

Scrap pieces of Douglas fir 4x4’s from the _ fuel 

conditioning room located in the combustion lab were 

categorized by dry density. The volume of the wood pieces was 

computed by measurement of length, height, and width. The 

pieces were then weighed and their approximate moisture 

content determined with an electronic moisture meter. The dry 

wood density was computed using the measured volume and the 

moisture content as measured by the electronic moisture meter. 

Each piece of wood was classified in one of three density 

ranges: 

High Density 0.48 - 0.52 g/cn® 

Medium Density 0.42 - 0.47 g/cm 

Low Density 0.37 - 0.41 g/cm’ 

Five to seven pieces were obtained in each of the three 

groups listed. Each piece was drilled with a 1 inch spade bit 

to produce chips which were immediately placed in air tight 

jars in accordance to density classification. The drill bit 

speed was carefully controlled to avoid excessive heating 

during sample collection. For each density group, the chips 
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from each piece were weighed to determine a weighted dry wood 

density average. The shavings were mixed so that no sample 

from a single piece of wood could dominate any given test. 

This procedure of wood collection was performed on three 

separate occasions. The original source pieces were used in 

each case. Approximately two months passed between the first 

and second sampling, and one month passed between the second 

and third sampling. The source pieces were kept in a 

humidity-controlled fuel conditioning room throughout the 

collection process. Each sample collected was designated by 

two letters indicating density group and a number indicating 

the collection occasion. A summary of the wood collected 

appears in Table 5. 

All source pieces were Douglas fir 4x4 lumber obtained 

directly from a saw mill. The saw mill identified the pieces 

as originating in the coastal districts. All the wood had 

been air dried from its green state. Upon receipt, the pieces 

were placed in the humidity controlled fuel conditioning room 

located in the combustion laboratory. The relative humidity 

of this room is maintained so that the wood stored there has 

a moisture content between 19 and 25 dry percent. Periodic 

random sampling of the wood stored in this room assured proper 

conditioning. 

29



3.2.2 Drying Procedure Preparation 

All instruments were allowed at least one half hour to 

warm up. Ice and water were put in the cold trap. The Co, 

analyzer zero and span were adjusted using standard gases. 

The heated sample lines were brought up to temperature 

(120°C), and the oven was preheated to 103°C. The catalytic 

incinerator was checked to make sure that temperature was 

442°C. The empty aluminum canister was placed in the oven and 

the air flow was adjusted to 1.4 liters/min. The datalogger 

was activated to record data and control the cycling of the 

incinerated and raw flows. 

All rotameters were inspected to verify that flows were 

set to prescribed levels. Flow adjustments were made if 

necessary. The pressure gage upstream of the canister was 

read; if different from the expected value of 1.35 psig, 

appropriate corrective measures were taken. The experimental 

apparatus was now operating as it would during wood drying. 

Output from the CO, analyzer was monitored until the Co, 

concentrations had reached a steady background level (less 

than 5 ppm). The raw and incinerated CO, concentrations were 

the same to within 2 ppm. The small differences were 

attributed to changing flows through the catalytic incinerator 

but were not fully understood. Running the apparatus without 
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wood and verifying that CO, concentrations dropped to minimal 

levels (less than 5 ppm) ensured that any volatile material 

contaminating the inside of the canister or sample lines was 

driven off. 

At least one half hour of background measurements were 

taken at this time. These data were averaged and used to 

correct for the small amount of carbon contained in the 

bottled gas. Once the data had been recorded, the oven was 

turned off and the drying canister was removed. The data from 

these measurement were used to make zero corrections to the 

CO, analyzer and flame combustibles meter outputs. 
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3.2.3 Test Procedure 

The internal calibration procedure for the Mettler 

balance was performed. The empty drying canister, now at room 

temperature, was weighed and the weight was recorded. 

Approximately 18 grams of wood chips from one of the five 

sample groups were added to the canister and this weight was 

recorded. For both weighings, the canister was sealed with a 

plastic cap. Sealing the bottle prevented drying of the wood 

chips in room air. The 90 micron porous stainless steel frit 

and its housing were weighed together and their weight was 

recorded. 

Typically, 30 minutes elapsed while the oven cooled. 

Once the oven temperature had fallen below 40°C, the frit was 

returned to the oven. Connections to the housing were checked 

to be air tight. The canister was screwed onto the cap which 

remained inside of the oven. The test began as the oven door 

was shut and the oven was turned on. For the next fifteen 

hours the test was monitored to ensure that flow through the 

system remained constant. All pertinent data were recorded by 

the datalogger. The fifteen hour time interval was determined 

experimentally to meet the requirements of +0.05% accuracy as 

specified in the ASTM oven drying procedure.° 
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After fifteen hours, the datalogger was stopped and the 

drying canister was removed from the oven. The canister was 

immediately sealed with the plastic cap and allowed to cool. 

Upon reaching room temperature, the cap was momentarily 

loosened to relieve the vacuum created by cooling. The 

canister was then weighed, and this weight was recorded. The 

dried wood chips were then quickly transferred to another air- 

tight jar to await bomb calorimetry. The stainless steel frit 

was also weighed and its weight was recorded. 
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3.3 Bomb Calorimetry 

Both wet and dried wood samples were bombed using 

identical procedures. The samples were taken from their air- 

tight jars and were quickly loaded into firing capsules. 

Particle sizes were not altered from the various sizes 

obtained from drilling with the spade bit. The calorimeter 

operating procedures are outlined below; details are in the 

manufacturer’s instructions. @:29 

Approximately 1 gram of wood sample was placed in a 

firing capsule and tamped down. The weight of wood was 

determined with the Mettler AE163 analytical balance and 

recorded. The firing capsule was loaded in a stainless steel 

bomb. One milliliter of water was added to the bomb as a 

sequestering agent, and the bomb was pressurized to 30 

atmospheres with oxygen. 

The bomb was placed in 2000.0 grams of water and 

temperatures were allowed to equilibrate. Initial temperature 

readings were taken and the wood sample was ignited. The 

subsequent temperature rise of the water bath was recorded and 

the heat of combustion was calculated. 
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3.4 Quality Assurance 

The following steps were taken to ensure quality data: 

co, Analyzer: 

Calibrated with 5 standard concentrations. Zero and span 

adjusted daily using standard gas mixtures. 

Incinerator: 

Percent conversion of CO and CH, to carbon dioxide were 

checked periodically. Conversion efficiencies were 

near 90% for CH, and 100% for CO. These efficiencies 

were observed throughout the testing period. 

Balances: 

Output verified using standard weights. 

Strip Chart Recorder: 

Output verified with a Fluke digital multimeter. 

Flame Combustibles Meter: 

Bomb 

Flow 

Calibrated using known concentrations of methane and 

carbon monoxide in air. 

Calorimeter: 

Standardized according to ASTM Standard # D3286.°? 

Standardization data is presented in Table 4. Benzoic 

acid tablets run periodically as a standard. 

Measurement: 

The rotameter was calibrated using a Singer dry gas 

meter and a stopwatch. 

35



CHAPTER 4 

RESULTS AND DISCUSSION 

Prior to discussing the results of this study, the 

nomenclature used in these discussions needs to be explained. 

All tests are referenced to the wood samples tested. The wood 

samples are identified by two upper case letters identifying 

wood density, followed by a number representing which of three 

occasions the samples were collected, and finally by a lower 

case letter identifying replicate tests. For example, HD2b, 

identifies wood from the high density wood group, collected 

during the second collection process. The lower case b 

indicates the second test of that wood group, HDla being the 

first. 
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4.1 Volatile Evolution 

The amount of volatile organics released during oven 

drying varies greatly between pieces of wood. This finding is 

consistent with previous results of the carbon loss 

experiments of Todd, et al. (Section 2.4). For the five 

samples tested in this study, samples from the high density 

groups released approximately 10 times the amount of volatile 

material released by the low or medium density groups. Carbon 

release rates correlate with volatile release rates and are 

shown for the high density groups in Figures 7-10. Carbon 

release rates for the low and medium density groups would be 

barely discernable on the same graphs. 

Data on the total amount of carbon released during oven 

drying are presented in Table 6. The results are 

nondimensionalized by expressing the amount of carbon released 

as a percentage of the carbon contained in the wood prior to 

oven drying. This calculation is based on the assumption that 

Douglas fir contains 50.8% carbon on a dry mass basis. 

Comparing replicate tests (a & b) shows agreement to within 

0.034% carbon released. These data are presented graphically 

in Figure 11. 

37



After measuring large differences in carbon release 

percentages between the high and low density groups, two 

additional samples were taken from the same source pieces of 

wood. Part of these samples (HD2 and LD2) were sent to an 

outside laboratory for proximate analysis (Table 7). The 

remainder of the samples were dried in the apparatus of Figure 

4. The moisture content values measured by the outside 

laboratory were considerably lower than the values measured by 

the apparatus of this study, 11.44% versus 16.67% for the HD2 

sample, 12.65% versus 16.48% for the LD2 sample. This 

indicates that the samples tested by the outside laboratory 

were exposed to room air prior to moisture measurement. 

The oven dried samples (HD2 and LD2) were tested for 

carbon release and again showed a large difference in carbon 

release percentages. The proximate analyses, however, did not 

show any striking differences between the samples. In fact, 

the volatile content of the low density samples was measured 

to be slightly higher than the high density sample. These 

results indicate that proximate analysis is not a good 

predictor of the presence of highly volatile constituents. 

The carbon release percentages of the high density wood 

group are not exceedingly high compared to values obtained by 

Todd, et al. They found carbon releases as high as 1.4 
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percent of the carbon originally contained in the wood. Wood 

samples HD1, HD2, and HD3 were obtained on separate occasions 

from the same pieces of wood but show significant differences 

in the percentage of carbon released. This is evidence that 

the volatile material is not spread homogeneously throughout 

a piece of wood. 
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4.2 Energy Content of Volatiles 

The flame combustibles meter was used to measure the 

lower heating value of the volatile organics released during 

arying. The instrument was susceptible to zero drift. About 

forty hours worth of zero readings were used to estimate the 

measurement uncertainties resulting from zero drift. 

Data for the high density wood tests, are shown in 

Figures 12-15. Each point on the graph represents the average 

of fifty readings. The magnitude of the error bars was 

determined by adding the uncertainties predicted by the zero 

readings to each of average values shown on the graph and then 

dividing by the CO, concentration (to convert the values to a 

per kmol carbon basis). The uncertainties caused by zero 

drift are small when the carbon release rates are high, but as 

carbon release rates decay the uncertainties in measured 

heating value (on a per kmol carbon basis) become much larger. 

During the latter part of the test, zero drift errors are on 

the same order of magnitude as the signal. 

The low organic release rates of the low and medium 

density wood groups never generated sufficient signal to 

overcome the uncertainties caused by zero drift. Therefore, 

meaningful calorimetry data were obtained for the high density 

wood groups only. Because of the uncertainties from possible 
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zero drift errors, the data from the high density tests are 

limited to values obtained when the CO, concentration was 

greater than 60 ppm. This typically accounted for 60% of the 

carbon released during drying. 

Since the chemical species of the volatile organics were 

not known, the heating values of the volatiles were expressed 

on a per kmol carbon basis. For example; acetylene (C,H,) has 

a lower heating value of 1256 MJ/kmol, and since one mole of 

acetylene contains two moles of carbon the lower heating value 

of acetylene is equivalent to 628 MJ/kmol carbon. 

Data from the high density wood groups are presented in 

Figures 16-19. The figures show measured lower heating values 

near 350 MJ/kmol carbon decreasing to around 250 MJ/kmol 

carbon and becoming more scattered. Average values for the 

four tests ranged from 249 MJ/kmol carbon to 301 MJ/kmol 

carbon. The average of all four tests was 283 MJ/kmol carbon. 

The heating values obtained during this study were lower 

than would have been anticipated based on previously published 

9,20 information (assuming oven drying and veneer dryers produce 

similar emissions). Data comparing-oven dried and air-dried 

Aspen (Populus tremuloides)*°, and data on veneer dryer 

emissions’, indicate that the heating values of the evolved 
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organics would have been near 500 MJ/kmol carbon. This 

prompted additional checks of the accuracy of the flame 

combustibles meter. 

The output of the meter was checked using standard 

concentrations of methane and carbon monoxide. The average 

lower heating value measurements agreed to within 5 percent of 

known values. Next the possibility of volatiles condensing in 

the heated sample lines was investigated. Extra heat tape 

were added to the sample lines, and the lines were then 

wrapped in insulation. A test was run with the sample line 

temperature raised from the normal 120°C to 220°C. This test, 

test HD3, yielded measured energy values nearly identical to 

test HD2. Condensation was ruled out. 

Finally, since the calibrations had been performed in dry 

air and test measurements were made in moist air (water 

evaporating from the wood), the effect of water vapor was 

considered. The flame combustibles meter operates by sensing 

the temperature of a sample stream that has passed around a 

stable hydrogen flame. The presence of water vapor changes 

the specific heat of the gas stream and thus the output of the 

instrument. First law analysis predicted this water to cause 

errors of less than 1.5%. 
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To confirm the calculations, distilled water was placed 

in the drying canister and the oven temperature was varied to 

produce water vapor concentrations that simulated those 

occurring when oven drying wood. Since the presence of water 

vapor caused a decrease in the flame combustibles meter 

output, (i.e. lower exhaust stream temperatures) the vapor 

concentrations occurring during wood drying could be 

approximately reproduced by varying oven temperature to cause 

decreases in the flame combustibles meter output similar to 

those decreases observed during testing. The lower heating 

value of standard concentrations of methane were measured 

throughout this process, and the average of the values matched 

known values to within 2 percent. In conclusion, no reason 

to doubt the flame combustible meter measurement was found. 

The measured lower heating values are 50% of the lower 

heating value of terpenes. They constitute 67% of the heating 

values of the basic sugar units comprising cellulose. By 

° of terpenoids, (oxygenated examining the heating values? 

terpenes) a reduction of between 6 and 7 percent in heating 

value on a per kmol carbon basis is observed for each oxygen 

added to the basic C,H, molecule. Using this information, 

a hypothetical molecule having a formula of C,.H,,0, would be 

expected to have a lower heating value equal to the average 

283 MJ/kmol °C measured by the flame combustibles meter. 
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The hypothetical molecule, C,.H,,0,;, by composition and 

heating value indicates an acid. Acids are known to be 

present in wood. Resin acids are typically diterpenes having 

20 carbon atoms.® Typically these acids are lightly 

oxygenated, having only two oxygen atoms. The acids are 

considered non-volatile and the lower heating values are 

nearly equivalent to terpenes on a per kmol carbon basis. 

Both Browning® and Wenzl*' mention that when seasoning 

wood the resin acids, resin fats, and terpenes tend to oxidize 

and enzymatic hydrolysis occurs. Wenzl>*' notes that these 

processes take place much more rapidly during storage in the 

form of chips. 

Considering the number of different organic components 

that could be present in wood or that could form based on 

seasoning or seasoning environment, the selection of one 

molecule which exhibits both the measured energy content and 

is likely to exist in wood is not probable. What can be 

discerned, based on measured heating values, is that whatever 

volatiles escaped the wood during drying were on average 

heavily oxygenated. 

Examining published data on the lower heating value of 

low molecular weight acids shows that malonic acid (C,H,0,) 
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has a lower heating value of 258 MJ/kmol carbon. Acetic acid 

(C,H,0O,) has a lower heating value of 394 MJ/kmol carbon. 

Both of these acids are highly volatile. Using the average 

measured heating value of 283 MJ/kmol carbon from the 

combustibles meter and interpolating between these two acids 

would predict an oxygen to carbon molar ratio of 0.8. 

Considering the heating value measurements indicating 

that the volatiles were heavily oxygenated, the references on 

the oxidation and breakdown of known extraneous components 

during seasoning, and the high volatility of acids exhibiting 

high oxygen contents, the use of C,H, .0) 7 as a model 

molecule appears appropriate. This model volatile has an 

oxygen concentration equal to the average of the two molecules 

previously discussed. 
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4.3 Moisture Content Measurement 

As noted earlier, volatiles released during drying cause 

moisture content measurements to be erroneously high. Data 

obtained from the CO, analyzer, coupled with the model 

molecule developed from energy measurements, allow for the 

moisture content measurement to be corrected for volatile 

loss. 

Both measured and corrected values for moisture content 

are presented in Table 8. The three high density wood groups 

experienced the highest carbon loss and therefore the largest 

corrections. Corrections for these samples ranged from 0.24 

to 0.44 dry basis percentage points (1.5 to 2.1% of measured 

values). Corrections to the low and medium density groups 

were less than 0.07 dry basis percentage points (0.35% of 

measured value). 

46



4.4 Calorimetry Results 

Bomb calorimetry was performed to measure the higher 

heating value of both the oven dried and the wet chips for 

each sample group. Oven drying moisture measurements, 

corrected for volatile organic losses, were used to report the 

higher heating value of the wet wood on a per dry mass basis. 

A correction was made to the measured heating value of the wet 

chips to account for heat of wetting. Heat of wetting is a 

measure of the excess binding energy that exists between water 

molecules and the wood substrate beyond the binding energy 

that exists between water molecules. The correction was based 

12 (Appendix A.4). These on empirical data presented in Skaar 

calculations permitted the heating value of the wet chips to 

be directly compared to the heating value of the dry wood 

chips. 

The change in the higher heating value of wood resulting 

from volatile organic losses can be shown by subtracting the 

heating value of the oven-dried wood chips from the heating 

value of the wet wood chips (both heating values on a dry mass 

basis). A decrease in energy value (negative change) 

indicates that, on average, the lost organics had higher 

energy contents than the wood. An increase in heating value 
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(positive change) indicates that, on average, the volatiles 

had lower energy contents than the wood. The changes in 

energy content resulting from volatile organic losses is 

presented in Figure 20. The asterisks indicate the change 

expected based on flame combustibles meter data. The basis 

for the error bars is discussed in Appendix A.4. 

For four of the five wood samples, bomb calorimeter 

measurements indicated that oven drying slightly reduces the 

heating value of wood. The fifth measurement showed a slight 

increase in energy value. The average of the five data points 

indicates that oven drying reduces the energy content of 

Douglas fir by just over 0.1%. Had this data been the only 

information available, the results would indicate a slight 

decrease in heating value caused by oven drying (with some 

scatter in the data created by inaccuracies in the 

measurement). But, when linking the carbon loss data from the 

incinerator-CO, analyzer combination to the calorimetry data, 

disparities emerge. If both the CO, analyzer and the bomb 

calorimeter are to be believed, the higher heating value of 

volatiles escaping the wood had to have ranged in energy 

content from -1000 to 3700 MJ/kmol carbon to produce this 

calorimetry data. The latter of the two number represents 

four times more energy than that available from methane, the 

former is a distinct impossibility. 
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The choice whether to believe the CO, analyzer or the 

bomb calorimeter is simple. The CO, analyzer is an accurate 

instrument operating well within range. The instrument was 

designed to measure small signals. The bomb calorimeter is 

also a very accurate instrument. However, using this 

instrument to measure small differences in large values is not 

practical. Based on flame combustibles meter data, the 

expected change in energy content of oven dried wood ranges 

from 0.02 to 0.14 percent. Note in Figure 20, the error bars 

for the bomb calorimetry data from test HD2 represent 1% of 

the higher heating value of the wood. Thus, it was concluded 

that the bomb calorimeter lacked the sensitivity needed to 

measure the small changes in the heating value of Douglas fir 

caused by volatile emissions during oven drying. 
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4.5 Effects on Wood Heater Testing 

The obvious implication of volatile loss during oven 

drying is an erroneous moisture content measurement. Most 

stack loss methods for measuring woodstove efficiency use 

moisture content values to determine the energy input to the 

stove and to calculate latent and sensible losses. The 

sensible loss is defined as the heat transfer which would 

occur if the stack gases had been cooled to room temperature, 

disregarding phase changes. The latent loss accounts for the 

latent heat of vaporization for water. 

Suppose that the moisture content of the fuel wood was 

24.50%, but was measured to be 25.00% due to volatile loss 

while drying (2.0% error). Based on the _ following 

assumptions: 

hhv fuel = 20.5 MJ/kg 

carbon mass fraction in fuel = 0.508 

hydrogen mass fraction in fuel = 0.063 

stack CO, concentration = 10.0% 

stack temperature = 150°C 

ambient temperature = 25°C 

combustion efficiency = 100% 

the calculated overall woodstove efficiency would be 81.41% 

whereas the actual efficiency would be 81.48%, a 0.07 
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percentage point change. Thus, the effect of small errors in 

the moisture content measurement on energy efficiency is 

negligible. 

Frequently emission rates for wood heaters are published 

as particulate and carbon monoxide emission factors. Emission 

factors are calculated by dividing the emission rate by the 

dry mass burn rate. A 2 percentage point overestimation of 

moisture content results ina 2% decrease in emission factors. 

Less obvious than the errors involved in calculations 

related to woodstove testing is the possible effect the 

presence of highly volatile organics will have on stove 

performance. For example, most non-catalytic stoves need some 

form of secondary combustion in order to meet emissions 

requirements. Secondary combustion allows a stove a "second 

chance" to fully burn any combustibles which are not burned 

near the wood surface. Organic gases which do not fully 

oxidize in primary intake air near the wood surface burn as 

they reach secondary intake air. This air is typically 

provided through small jets near or around the top of the 

combustion chamber. 

During and immediately after refueling, high emission 

rates of particulate matter and carbon monoxide occur. If the 
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newly added fuel contains components that will readily gasify 

and allow secondary combustion to continue, these periods of 

high emissions will be shortened. The same analogy of fuel 

volatility applies to catalytic stoves as well. In these 

stoves, rapid volatilization will help keep the woodstove 

catalyst active. 

Data from the oven drying experiments indicates that 

highly volatile components are present in vastly different 

amounts from one fuel piece to another. It is these sorts of 

differences which may contribute to scatter in wood heater 

test data despite standardized fueling protocols. 
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CHAPTER 5 

CONCLUSIONS 

An apparatus was constructed to investigate the loss of 

volatile organic material from wood during oven drying. 

Douglas fir chips were placed in a steady stream of dry air at 

103°C. Volatile organic material escaping from the wood was 

entrained into the air stream. The stream was then analyzed 

for carbon content and heating value. These data were used to 

estimate the mass of volatile material lost and to postulate 

the chemical nature of the organics. 

A primary focus of this study was to investigate 

differences in the low temperature volatility of fuelwood used 

in scientific testing. Different pieces of Douglas fir, all 

conforming to the requirements of standard wood heater test 

procedures used in the Unites States and Canada, were tested 

in the apparatus. The wood samples were classified into one 

of three density groups, high (0.48-0.52 g/cm*), medium (0.42- 

0.47 g/cm*®), or low (0.37-0.41 g/cm’). The high density wood 

group released an order of magnitude more volatile material 

than either the low or medium density groups. Assuming the 

wood initially contained 50.8% carbon, the high density group 

released as much as 0.35% of its initial carbon. The carbon 

release percentages for the samples considered ranged from 
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0.02% to 0.35%. Testing multiple samples from the same pieces 

of wood showed the concentration of highly volatile material 

to vary within a single piece of wood. 

Proximate analysis was performed on two wood samples by 

an independent laboratory. The volatility measurement 

performed in their analysis did not show. significant 

differences between the density groups. Parts of the same 

samples were tested in the apparatus described above. These 

samples again showed an order of magnitude difference in the 

amount of organic volatiles released. From this data, it was 

concluded that proximate analysis is not a good predictor of 

differences in low temperature volatility which exist in 

Douglas fir. 

The average lower heating values of the evolved volatiles 

was measured to be 283 MJ/kmol Carbon, 34% less energy than 

Douglas fir as a whole. Based on this data, the volatiles 

were believed, on average, to be acidic compounds with high 

oxygen mass fractions. 

A second focus of this study was to investigate errors in 

wood moisture content measurement caused by volatile losses 

during oven drying. The experimental apparatus conformed to 

the conditions prescribed by standard oven drying procedures 
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for moisture content measurement. Using the carbon loss data 

coupled with an assumed oxygen content from the energy data, 

moisture content errors ranging from 0.02 to 0.44 dry basis 

percentage points (0.2% to 2.0% of measured values) were 

estimated. These moisture content errors would create errors 

in calculated woodstove efficiencies of only 0.2 percentage 

points. 
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CHAPTER 6 

RECOMMENDATIONS 

The apparatus used in this study could be used to 

classify wood based on levels of low temperature volatility. 

Standard emission and efficiency testing could then be 

performed using wood with various levels of low temperature 

volatility. This arrangement should provide a more 

quantitative analysis of the effects on wood heater test data 

caused by low temperature volatility variations. If low 

temperature volatility is found to be a major contributor to 

test data scatter, work on a non-destructive volatility test 

should begin. A non-destructive test will be vital if low 

temperature volatility restrictions are added to wood heater 

test procedures. 

Identification of the chemical species that evolve during 

oven drying would probably verify or invalidate the energy 

content measurements made in this study. A combination of gas 

chromatography followed by mass spectrometry may be 

appropriate. 
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CHAPTER 7 

TABLES AND FIGURES 
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| TABLE 1: Moisture Content Measurement Methods’ | 

FP P|] 

  

  

  

  

  

          

Method Principle Advantages Disadvantages 

Oven Drying Wood oven dried Low cost, Inaccuracies 

(Gravimetric) until constant Simple due to volatile 
weight obtained apparatus organic losses, 

time consuming, 
destructive 

Distillation Wood heated in More accurate Inaccuracies 
presence of solvent than oven due to 
which will retain drying for volumetric 
volatiles in wood water 

solution containing measurement, 
volatiles destructive 

Karl Fisher Water content Endpoint Not practical 
Titration measured by determined for large 

titration with Karl electrically, samples, 
Fisher reagent yielding good particularly 

accuracy those with high 

moisture 

content, 
destructive 

Nuclear Utilizes electric Precise Very high 

Magnetic dipole of water to measurement initial cost 
Resonance "count" water in ai short 

molecules time, non- 

destructive 

Electrical Utilizes electrical Inexpensive, Affected by 
Meters resistance Immediate wood density, 

variation of wood readings, temperature, 

with moisture non- and grain 

content destructive orientation 

Neutron / Measures radiation Good for on- For thin 

Beta Rays absorbed by wood Line samples only, 
monitoring of density 

veneers and variations 

paper cause 
inaccuracies     
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TABLE 2: Carbon Loss During Oven Drying’’ 

Carbon Loss Test 

Number 

O
D
O
n
N
 
O
U
 

28 

30 

31 

32 

Wood 

Species 

Oak 

Oak 

Oak 

Oak 

Oak 

Oak 

Oak 

Oak 

Oak 

Oak 

Oak 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Douglas 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Fir 

Wood 

Batch 
o
o
 

oOo
 

o
 

0
 
0
0
 

a
A
a
a
a
n
 

a
o
a
w
n
w
a
n
w
 Dd

 
m
m
 

105 

115 

88 
94 

94 
104 

106 

106 

106 
106 
106 

104 

105 
104 

104 

104 

102 
102 

103 

103 
103 

103 

103 

103 

103 

104 

Temperature 
Moisture 

Content 

18.1 

18.4 

18.1 

17.3 

17.1 

CK of Cc 

0.064 

0.082 

0.045 
0.049 

0.045 

0.050 

0.054 

0.055 

0.060 
0.054 
0.054 

0.889 

0.563 
0.914 

0.567 
0.543 

0.465 
0.385 

0.091 

0.096 
0.050 

0.069 

0.144 

0.899 

1.392 

0.972 

in wood) 
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Mechanical Properties of Lumber 
TABLE 3: High Temperature Drying Effects on 

  

  

  

  

  

          

Wood Researcher Drying Findings 

Type Parameters 

Douglas Gerhards<* 110°C 19 hrs. 12% decrease static 

Fir 98°C 4& hrs. strength, 90% decrease in 

90°C 3 hrs. duration of sustaining 

constant toad for 3 months, 
comparable durations on 90% 
Loading 

Douglas Kozlik@> Compared drying 11% reduction in tensile 
Fir at 110°C to strength for lumber 

drying at 77°C containing small knots, 22% 
decrease in tensile strength 

for lumber containing large 

knots 

Jack Huf fman®® 116°C until 12- [2.2 # 2.1% reduction in 
Pine 14% Moisture Modulus of Elasticity, 13.5 + 

Content 6.5% reduction in Modulus of 

Rupture 

Balsam Huf fman®® 116°C until 12> 1.1 + 2.6% reduction in 
Fir 14% Moisture Modulus of Elasticity, 10.2 ¢£ 

Content 6.4% reduction in Modulus of 

Rupture 

Eastern Huf fman° 116°C until t2- 1.1 + 1.8% reduction in 

Spruce 14% Moisture Modul us of Elasticity, 11.0 +¢ 
Content 4.9% reduction in Modulus of 

Rupture 
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TABLE 4: Bomb Calorimeter Standardization Data 
Benzoic Acid Standard, hhv = 26.452 MJ/kg 

Measured 
Run Higher Heating Percent 

Number Value (MJ/kg) Error 

1 26.449 -0.01% 

2 26.487 0.13% 

3 26.446 -0.02% 

4 26.435 -0.06% 

5 26.442 -0.04% 

6 26.492 0.15% 

7 26.405 -0.18% 

8 26.479 0.10% 

9 26.498 0.17% 

10 26.446 -0.02% 
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| TABLE 5: Summary of Wood Collected | 

  

  

        

Group Density Number of 4x4 | Average Density 
Number | Classification | Source Pieces (dry g/cm’) 

HD1 High 5 0.49 
HD2 High 5 0.49 
HD3 High 5 0.49 

MD1 Middle 7 0.44 

LD1 Low 6 0.39 
LD2 Low 6 0.39     
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| TABLE 6: Percent of Carbon Released During Drying | 
7 

  

    

Wood Sample Percent Carbon 
Group Released (3%) 

HDla 0.345 

HD1b 0.354 

HD2 0.202 

HD3 0.293 

MDla 0.022 
MD1b 0.031 

LDla 0.021 
LD1b 0.054 

LD2 0.047     
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TABLE 7: Proximate Analysis Results 
All values on dry basis 

  

a 
Wood Group HD2 LD2 

% Moisture Content 11.44 12.65 
% Ash 0.06 0.09 

% Volatile 86.08 86.25 

% Fixed Carbon 13.86 13.66 

hhv (kJ/kg) 20469 20380         
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TABLE 8: Corrected and Uncorrected Moisture Content 
Measurements 

ASTM Corrected 
Volatile Moisture Moisture 

Wood Wet Mass Dry Mass Loss Content Content 
Group (g) (9) (g) (4) (%) 

MDia | 19.3276 | 16.2461 0.0037 18.97 18.94 
MD1Ib | 17.8222] 15.9346 0.0047 18.54 18.50 

LD1b 18.2718 15.2482 0.0084 19.83 19.76                 

65 

Corrected for volatile organic losses during oven drying



  

                      

Figure 1: Radial File of Tracheids’ 
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(Courtesy Ripon Microsiides Laboratory) 

Figure 2: Longitudinal Resin Canals’ 
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(IV) 
A*-Carene, 

b.p. 168-9°C./705 mm. 

Figure 3: Chemical 

(II) (III) 

B-Pinene, Camphene, 
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Figure 7: Carbon Release Rates, Wood Group HDila 
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Figure 9: Carbon Release Rates, Wood Group HD2 
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Figure 10: Carbon Release Rates, Wood Group HD3 
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APPENDIX A 

CALCULATIONS 

A.1 CO, Analyzer Data 

The CO, analyzer provided a linearized voltage output 

proportional to the volumetric percentage of carbon dioxide 

contained in the exhaust gas stream. Carbon release rates can 

be calculated from the analyzer data, volumetric air flow 

rate, and the ideal gas law. 

CO2% Pamb 
Mearbon = Varr 100 “ce Rr, 

u 

The volatile organic release rate can be estimated from the 

carbon release rate by multiplying by the assumed ratio of the 

average molecular weight of the organic compounds to the 

amount of carbon contained in the average organic molecule. 
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A.2 Moisture Content Measurements — 

For each sample of oven dried wood, a dry basis moisture 

content percentage was calculated based on the initial wet 

mass and final dry mass of the wood. 

m-m 
MC = 100 —™ aw 

May 

The value of moisture content calculated with this 

equation is identically the moisture content as determined by 

the ASTM oven drying procedure. It is this value that a 

woodstove tester would use in all pertinent calculations. 

Any volatile organic losses that occurred during drying 

causes the ASTM moisture content value to be erroneously high. 

Using data from the carbon counting incinerator-CO, analyzer 

system, the mass of carbon contained in the lost volatiles 

could be calculated by: 

CO2% =n avg 
carbon aiz 100 Cc 

where, using the ideal gas law, 

_ Pamb air & 
Nair = 

R, Pamb 
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Data from the flame combustibles meter were used to 

estimate the average oxygen and hydrogen content of the 

evolved organics. This estimation procedure is discussed in 

section 4.2. Using the measured carbon mass, combined with 

the estimated hydrogen and oxygen masses, a corrected moisture 

content calculation becomes: 

Thaw ~ (MaytMyo1 ) 

May*tMyo1 

MC. = 
Cc 
  

This equation improves upon the ASTM equation by 

distinguishing the mass of water lost during drying from the 

mass of volatiles lost. 
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A.3 Energy Content of Volatiles 

The energy content of volatiles released during drying 

was calculated on a per kmol combustible carbon basis. Raw 

data from the flame combustibles meter provided the lower 

heating value (lhv) of the exhaust stream (bottled air + 

volatiles) in kJ/kmol exhaust gas. Since the organic 

volatiles were the only combustible materials in the exhaust 

stream, the flame combustibles meter readings could be 

converted to a per kmol carbon basis using the CO, analyzer 

data. 

100 LAV 
1BVyo1 = —Gong 

For example, suppose a gas stream contained 0.10% 

acetylene (C,H,) and the balance was composed of nitrogen and 

oxygen. Output from the combustibles meter would show the gas 

stream to have a lower heating value of 1.26 MJ/kmol. The 

acetylene contains two mole of carbon for each mole of 

acetylene so the CO, analyzer would measure an incinerated CO, 

concentration of 0.20%. Using the equation above, the 

computed energy value of the acetylene would be 627 MJ/kmol 

carbon. Multiplying by the number of moles of carbon per mole 

of acetylene shows the heating value of acetylene to be 1254 

MJ/kmol. 
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This manner of viewing the combustibles meter data is 

particularly useful when the combustible materials are of 

unknown chemical species. Their total energy content is 

measured and information on the chemical composition of the 

unknown species can be deduced. 

Two blank oven drying tests were performed. These tests 

were duplicates of wood drying tests except that no wood was 

placed in the drying canister. Readings from these tests 

showed that the flame combustibles meter zero output could 

drift appreciably throughout the test. Based on the observed 

drift for the two blank tests, a drift uncertainty of +4 

kJ/kmol exhaust gas was used to estimate the uncertainty in 

the flame combustible meter output. 

  

Lhv.,+ ZDC 
F CMerror ~ COs 

100 

During the initial stages of an oven drying test, 

volatile release rates were high and the error from zero drift 

was small compared to the measured signal. As the test 

progressed and the volatile release rates slowed, the zero 

drift error became the same order of magnitude as the measured 

Signal (Figures 12-15). 
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Since the lower heating value of volatile organics 

escaping wood is measured, and the mass of the volatile 

organics can be estimated from the carbon loss measurements, 

the higher heating value of the organics can be approximated 

by: 

nH MW, 
LhAv,,.3+————_"h 

vol 

hhv. vol fg 

This conversion is necessary in order to compare data 

from the flame combustibles meter, which exhausts water as a 

gas, and the bomb calorimeter, which exhausts water in liquid 

form. Using the higher heating value of the volatiles, the 

change in the higher heating value of the wood resulting from 

volatile evolution can be calculated by: 

Mgyhh Vywood ~“Myo1 hh Vvol 

May~Myo1 

  Ahhv = 

This equation allows for direct comparison between flame 

combustible meter measurements and bomb calorimetry 

measurements. 
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A.4 Bomb Calorimetry 

Wood samples were burned inside a stainless steel bomb 

submerged in a water bath. Heat of combustion was calculated 

from the mass of dry wood burned and the temperature rise of 

the water bath. The dry mass of wood was calculated based on 

oven drying moisture measurements, corrected for volatile 

loss. Corrections were made for the heat of formation of 

nitric acid (e,) and for the heat of combustion of the fuse 

wire (e,) used to ignite the wood. 

BBV, ood Mg 
w 

  

The nitric acid heat of formation proved to be negligible and 

the correction was discontinued. The sulphur content of 

Douglas fir is negligible so no correction for sulfuric acid 

formation was performed. 

The energy values calculated for the wet wood chips were 

corrected for heat of wetting. This correction accounted for 

the excess binding energy that exists between water molecules 

and the wood substrate beyond the binding energy between water 
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molecules. The heat of wetting was calculated by integrating 

an empirical relation’ for the differential heat of sorption, 

Q,. 

HW = fo d(MC,) 

where: 

OQ, = 213.7 a 712-4MC, 

Calorimetry runs were repeated three times for each wet 

and oven-dried wood sample. The standard error of measurement 

was calculated based on scatter present in the data.* 

  

For some wood groups, the standard error of measurement 

for the wood samples (N=3) was found to be less than the 

standard error of measurement of benzoic acid samples (N=14). 

Since wood is chemically non-homogenous and the benzoic acid 

tablets were chemically homogenous, the standard error of 

measurement results may be fortuitous. This was attributed to 

the small number of data points available for the wood 

samples. 
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To better estimate the possible errors in measurement, 

the following uncertainties were assigned: 

Water bath temperature +0.002°C 

Sample dry basis moisture +0.05 dry basis % 

Mass of water in bath +1.0g 

Length of fuse burned +0.2 cm 

The maximum error in heating value resulting from these 

uncertainties was ascertained by taking the square root of the 

sums of the squares of the errors resulting from each 

uncertainty above. This error was used to predict error in 

the measurement of heating value. The standard error was 

assigned to represent errors resulting from the non- 

homogeneity of wood. The square root of the sum of the 

squares of these two errors was used to represent the total 

error in heating value measurement. It is this total error 

that is represented by the error bars in Figure 20. 
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A.5 Woodstove Efficiency Calculations 

Erroneous moisture content measurements directly affect 

the calculated overall efficiency of a woodstove. The 

calculations presented here are excerpted from earlier work by 

Jaasma and Shelton**, and apply to a stack-loss method. 

Of = (1-SE*LE*CL) x 100 
Bin 

where: SL = Sensible Losses 

LL = Latent Losses 

CL = Chemical Losses 

E;, = Energy input 

An erroneous moisture content measurement would directly 

affect the calculation of energy input, sensible losses, and 

latent losses. The chemical loss calculation is not affected 

by erroneous moisture measurements. 

The sensible loss is defined as the heat transfer which 

would occur if the stack gases were cooled to ambient 

temperature, neglecting any phase changes. 

SL = (Mas Cas + Myx29CH20) (TS - Tamp) 
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The mass of water in this equation is calculated from the 

moisture content of the fuel and the hydrogen content of the 

dry wood. 

The latent energy loss accounts for the latent heat of 

vaporization of water. 

And finally, the energy input is calculated from the 

higher heating value of the fuel. 

E, in = MgyADVyood 

Using data for a typical woodstove (given in section 

4.5), a 2% overestimation of moisture content would cause 

sensible losses to be 0.33% low, latent losses to be 0.25% 

high, and the energy input to be 0.40% low. These errors 

would result ina 0.08% error in the overall efficiency of the 

woodstove. 
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