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Abstract

This work is the study of mathematical modeling of heat and mass transfer in
passively aerated compost. Composting was studied in enclosed, passively
aerated, cylindrical vessels. A smoke tracer flow meter was devised to measure
airflow though the passively aerated compost. The total estimated pressure loss
across the smoke tracer flow meter was 0.10 Pa, which had negligible influence
on airflow measurement, and the responses of the flow meters were very linear
in the calibration range (R*=0.98). Compared with other flow meters used in
similar experiments, the smoke tracer flow meter had the advantages of very low
pressure loss, low cost, and robust performance under humid conditions.

An analytical model for the prediction of airflow rate in passively aerated
compost was developed based on Darcy’s law. The model related the physical
characteristics (permeability) and temperature of the compost with the predicted
air flow, and the compaction which occurs during composting was also taken
into account in the application of the model. The calculated airflow values were
not significantly different from the measured values (p = 0.97).

A novel mathematical model was proposed for the statistical comparison of
temperature histories from composting trials, based on a modified Gompertz
function that includes nonlinear, time-correlated effects. Methods were
developed for the estimation of initial values for the model parameters. The
model and methods were shown to be useful tools for the statistical comparison

of time series temperature data in composting.
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Microbial growth and the accompanying rate of substrate consumption were
modeled using modified first-order kinetics. Microbial kinetic rate constants
were found to follow a sigmoid relationship with free air space (FAS), with
correlation coefficients (R%) of 0.97 for the mesophilic stage and 0.96 for the
thermophilic stage. Temperature histories and airflow measurements from an
independent trial using compost with FAS of 0.57 were used to assess the
model’s performance. Simulation results indicate that the model could predict
the general trend of temperature development. A plot of the residuals shows that
the model is biased, however, possibly because many parameters in the model

were not measured directly but instead were estimated from literature.
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Chapter 1 Introduction

1.1 Concept and evolution of composting techniques

Composting is generally defined as the biological decomposition of organic matter
under controlled conditions (Haug, 1993; Epstein, 1997). It is a common technology
believed to have been used since ancient times to recycle farm residuals, such as
poultry manure and straw (Rynk, 1992). A “traditional” method of composting,
which is still in use in the urban areas of the developing world, involves simply
stacking the material in piles or pits to decompose over a long period, with little
agitation and management (FAQO, 2006). Anaerobic decomposition takes place under
such conditions, since aerobic conditions cannot be maintained without turning or
aeration, and this often results in the generation of offensive odors.

To improve efficiency and reduce odor generation, “rapid” composting methods have
been developed to keep the process aerobic. "Aerobic" is generally taken to mean
that oxygen concentration is maintained at >5% (Haug, 1993). The microorganisms
that thrive under aerobic conditions and, in particular, aerobic thermophilic bacteria
are the most efficient decomposers. Aerobic microbes grow faster than anaerobic
ones and generate more heat as they digest organic matter, which is important in
neutralizing many pathogens that might otherwise persist in compost. As a result,
aerobic composting is usually adopted for organic material recycling in modern
waste management. Hereafter in this study, “composting” is used to refer to aerobic

composting.
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Composting has found applications in many fields including municipal and
agricultural waste management and bioremediation of environmental pollution.
Research has indicated that the composting process and the use of mature compost
also provides an inexpensive and technologically straightforward solution for
managing hazardous industrial waste streams and for remedying soil contaminated
with toxic organic compounds (e.g., solvents and pesticides) and inorganic
compounds (e.g., toxic metals) (Civilini et al., 1996; Diaz et al., 1996; Miller and
Clark, 1998). The addition of mature compost to contaminated soil accelerates
microbial degradation of organic contaminants (Hupe et al., 1996), improves plant
growth (Hoitink et al., 1996), and promotes plant establishment in toxic soils (EPA,

1997).

1.2 Current understanding of the composting process

Composting is a microbial process. The microorganisms needed for composting are
normal flora of the natural environment. They are present in compost feedstock as
well as in the water, air, and soil. The high diversity of microorganisms normally
present makes it possible to maintain an active microbial population during the
dynamic chemical and physical processes of composting, such as shifts in pH,
temperature, water, organic matter, and nutrient availability.

Since heat is given off as a by-product of the microbial breakdown of organic

material, the temperature of the substrate is a good indicator of microbial activity in
the composting system and can be used to assess the progress of the decomposition.

As a rule of thumb, a well-constructed aerobic composting system will heat up to
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above 40°C within two to three days. A typical temperature curve for an unturned

pile is shown in Figure 1.

1

.4——-— High rate stage ——>§<—Curing——>

60
6 Thermophilic
o]
O
p -
2
E 40 Y T . AR
o)
o
E
|9 Mesophilic

phase

N
o

1 1 1 | I

0 2 4 6 8 10
Time (Days)

Figure 1-1 Schematic of typical temperature vs. time curve
Temperature plays a dual role in composting process. On one hand, it is the result
(and therefore an indicator) of microbial activity. On the other hand, it is a selective
agent in determining the microbial population present at any given stage of the
composting process. At the start of composting, when the feedstock is mixed, the
temperature of the substrate is usually close to that of ambient. The readily available
organic substanceé in the feedstock, such as sugars, proteins, and fats, are rapidly
consumed by the fastest growing mesophilic microorganisms. The heat released by
the microbial activity begins to raise the temperature within the pile. When the

temperature of the compost pile goes above 40°C, thermophiles (40-65°C) begin to
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dominate and the composting proceeds to the second phase. Cellulose and other less
biodegradable substances are broken down. Humic substances accumulate as
decomposition proceeds. The thermophilic population continues generating more
heat during decomposition of the remaining organic matter. The higher temperatures
ensure rapid organic matter processing while simultaneously providing optimal
conditions for the destruction of human and plant pathogens, as well as weed seeds.
Temperature can remain high for days or weeks depending on the characteristics of
the substrate and turning of the substrate is usually used to help keep the aerobic
condition (Haug, 1993, p282).

When easily degradable organic material in the substrate is depleted, microbial
activities are reduced. As a result, less heat is generated and the temperature of the
composting pile declines gradually. The composting process comes to the curing
phase in which the compost gradually comes to mature. The duration of the curing
process varies from weeks to months. Although a plant growth bioassay is thought to
be the best way to determine the maturity of the compost (Wang et al., 2004), a

respiratory test (Gomez et al., 2006) can also be employed.

1.3 Microbial community dynamics during composting

During the first phase, mesophilic bacteria and fungi predominate. Most of these
organisms can also be found in topsoil. The heat released by the microbial activity
begins to raise the temperature within the pile. As the temperature of the compost
pile reaches the 40°C thermophilic threshold, the activi';ies of the mesophilic
organisms cease, then vegetative cells and hyphae die and eventually lyse, until only

heat resistant spores survive.
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During the second phase, the thermophiles, comprising a number of bacterial species,
actinomycetes, and fungi, begin to dominate the microbial community. The optimum
temperature for these microorganisms is between 50 and 65 °C, and their activities
terminate at 70 — 80 °C (Kutzner, 2000). Bacillus spp. and other facultative
thermopiles survive this high-temperature process (Strom, 1995). The diversity of
bacilli species is fairly high at temperatures from 50-55°C but decreases dramatically
at 60°C or above. When conditions become unfavorable, bacilli survive by forming
spores, which are ubiquitous in nature and become active whenever environmental
conditions are favorable. At the highest compost temperatures, bacteria of the genus
Thermus have been isolated (Beffa et al., 1996).

During the curing stage, the temperature declines again toward ambient, and the
fungi and actinomycetes proliferate on the remaining, less degradable organic matter

such as chitin, cellulose, and lignin (Kutzner, 2000).

1.4 Current status of compost modeling

Although the scientific basis of composting, including the fundamental principles of
the physical, chemical, and biological aspects, has been understood, engineering
design and operation of composting systems is still mostly based on trial and error,
which is limited to specific substrate and pre-determined operational variable values
such as pH, moisture content, aeration rate, and so on (Haug, 1993). Moreover, trial-
and-error methodology can neither guarantee the robust design of an optimal
configuration, nor can it be used for the real-time estimation of the progress and
performance of a process. With an appropriate mathematical description of the

composting process, however, such process monitoring and control can be achieved.
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The basic strategy in the current practice of mathematical modeling of composting is
to “couple empirically-derived substrate degradation kinetics with mass and energy
balances” (Higgins and Walker, 2001). In a typical model, the description of the
compost ecosystem is simplified and the parameters of microbial kinetics are
determined by empirical estimations from experiments or from literature (Hamelers,
2004). The dynamic process model documented by Haug (1993), for example, and
other studies reviewed by Mason (2006) were all based on the same approach. The
application of this methodology is limited by measurement techniques and
demanding experimental requirement, and so new methodologies stressing on fewer

and identifiable model parameters is being explored by researchers (Hamelers, 2004).

1.5 Current modeling for passively aerated composting

Most composting models developed to date deal with forced aeration (Mason, 2006).
Forced aeration systems have the advantage of high rate and good control of process
variables, but generally involve large capital investments and operating costs,
including maintenance and operator training (Haug, 1993). Passive aeration systems
that rely on natural convection are more economical than active (i.e. forced) aeration
systems in terms of initial capital investment, operation, maintenance, and operator
training costs (Haug, 1993). Given an appropriate configuration, passive aeration can
result in similar process rates (Fernandez and Sartaj, 1997) and compost quality
(Solano et al., 2001). Passive systems can also be operated in cold climates (Lynch
and Cherry, 1996a; McCartney and Eftoda, 2005).

In actively aerated systems, aeration typically takes place only during the high rate

phase of the composting process which typically last one week to one month. Passive
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aeration is used during the following curing phase, which usually lasts several
months. Little attention however, has been paid to the curing phase even though this
is an important part of the complete process (Haug, 1993). Good control of the curing
process is necessary to guarantee a consistent end product of good quality, which is
crucial for the potential application of compost in high value industries such as
horticulture.

Mathematical descriptions of passively aerated systems are very limited, while
mathematical models for actively aerated systems have been well documented (Haug,
1993). A typical mathematical model for an actively aerated compost system
generally consists of a biodegradation model, which predicts the mass changes due to
microbial activity, and a temperature model, which predicts the temperature profile
developed in the compost bed. Modeling passively aerated systems also requires an
airflow model which can predict the passive air movement through the compost bed,
because aeration is not controlled by blowers or fans as in actively aerated systems.
In passively aerated systems, however, the airflow rate is driven by natural
convection, making it difficult to accurately estimate the supply of oxygen to the
compost and the removal of excess heat and moisture without an appropriate
mathematical model.

There are two published models of the airflow though passively aerated compost, and
both were developed using similar methodology, i.e., analyzing the airflow based on
the understanding of the fundamental mechanisms involved. The model proposed by
Lynch and Cherry (1996b) treated compost as a porous medium and Darcy’s law was

employed to estimate the vertical velocity of air going through the compost pile.
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Validation of the model was not demonstrated in the paper, however, possibly
because of the difficulty of measuring airflow in actual windrow composting
systems. Barrington et al. (2003) used least-squares regression to relate the Grashof
number — the ratio of buoyancy to viscous forces — to the measured airflow rate in
passively aerated compost, but no mechanistic explanation of the relationship was
proposed. No further mathematical modeling effort on passively aerated compost has

been reported since these two studies.

1.6 Research gaps and the scope of this research

The first challenge in the study of passively aerated composting is the measurement
of airflow rate. Measuring the often low and highly variable flows in a passive
aeration system is more challenging than measuring the forced airflow of an active
system, especially in experimental or pilot-scale vessels of limited volume. The
instrument used must be accurate at low flow rates, introduce very little pressure loss,
remain effective and accurate over wide ranges of temperature and humidity, and be
amenable to automation so as to effectively track fluctuations in fhe flow rate over
time. As a research instrument, it should also be inexpensive and robust in laboratory
and field environments.

A second challenge in the estimation of airflow rate in passively aerated composting
systems is the development of a practical mathematical model that represents the
natural convective movement of air, which is the driving force in such systems. The
model should accurately portray the underlying physical processes and the values of
the required input variables should be easy to measure. The model should be simple

enough for practical application while still capturing the essence of the phenomenon.
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As there is no steady, externally driven air flow through passively aerated compost,
heat production is different at different locations in the compost bed and is strongly
related to the airflow development. As a result, the microbial growth rates at different
locations are also different, suggesting the need for a method to estimate the values
of the microbial kinetic constants at different locations.

Although the ultimate goal of this work was to develop a general model which can be
applied to any passively aerated composting system, a practical objective was to
develop an empirical model suitable for a specific substrate, based on previously
developed mathematical models of forced-aeration composting (Liang et al., 2004).
Substrate free air space (FAS) was chosen as the primary variable for the empirical
estimation of biodegradation kinetics in this work due to the significant effect of FAS
on airflow development (Lynch and Cherry, 1996b; Barrington et al., 2003) and the
important role of airflow in composting (Haug, 1993). A one factor (FAS) ANOVA
experiment was designed and conducted to derive an empirical relationship between
FAS and biodegradation kinetics (kmax). Full details of the experiment are provided in
Chapter 5, but four levels of FAS were used in replicated vessels in which
temperature was measured as an indicator of biological activity. Data from these
experiments required the development of a statistical method test for significant
difference among treatments.

The work discussed in this thesis was aimed to address the aforementioned issues and
is presented in a paper format. Each chapter concentrates on one topic as listed
below:

e Measurement of airflow in passively aerated compost systems
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e A practical model to predict airflow development

e A rigorous way of significance test among treatments

o Empirical relationship between FAS and biodegradation kinetics (Kiax)
Chapter 1 provides a general literature review for this work. Chapter 2 deals with the
measurement airflow in passively aerated compost systems. Chapter 3 describes an
analytical model for the prediction of airflow velocity. A method of significance
testing among treatments is proposed and discussed in Chapter 4. In Chapter 5 an
empirical relationship between substrate FAS and biodegradation kinetics (kmax) is
presented, and then used to simulate temperature development in a passively aerated
compost system. All the conclusions are summarized in Chapter 6, together with
recommendations for future work. Data used for this thesis and the source code for

the numerical model and statistical analysis are printed in the appendices.
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Chapter 2 Airflow measurement in passively aerated compost '

2.1 Introduction

Composting is often used in waste management systems to treat organic material
because of the high degradation rate, low odour generation, and efficient space
utilization that can be achieved. Composting is a biological process that must be kept
aerobic in order to realize these advantages. The aeration of compost promotes
microbial activity by providing oxygen and removing carbon dioxide, ammonia, and
excess moisture and heat (Haug 1993). Resistance to airflow varies with the airflow
rate and material properties of the compost (Barrington et al. 2002; Veeken et al.
2002). In actively aerated systems, this resistance is overcome by a pump which
draws or blows air through the compost, while in passively aerated systems the
driving force is natural convection (Richard 1993; Fogiel et al. 1999).

Initial capital investment and operation, maintenance, and operator training costs are
higher for active aeration systems as compared to passive aeration systems (Haug
1993). Passively aerated systems can provide the same process rate as active aeration
systems (Fernandez and Sartaj 1997; Solano et al. 2001), and both types of system
can operate all year, even in temperate climates (Lynch and Cherry 1995). The
quality of compost produced by passive aeration is “remarkably similar” to the
product of an active aeration system (Solano et al. 2001). Passive aeration can

therefore be considered suitable not only for small-scale applications, but also as a

T A version of this chapter has been published as: Yu, Shouhai, O.G. Clark, J.J. Leonard. 2005.
Airflow measurement in passively aerated compost. Canadian Biosystems engineering. 47(6):39-45
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less expensive alternative to active aeration for large-scale processing (Lynch and
Cherry 1995; Rynk 1992).

The primary difference between active and passive aeration systems, aside from cost,
is that an active system generates a consistently high airflow rate. The airflow rate in
a passive system is generally lower and more variable because it is driven by the heat
from microbial activity. When microbial activity is low, e;t the start of the process, for
instance, then the airflow rate is also low. This variable flow rate in passive aeration
can be advantageous, conserving process heat and driving off less nitrogen from the
compost. Passive aeration, as a result, is more energy efficient and has been shown to
produce compost that is richer in nitrogen than actively aerated compost (Solano et
al. 2001).

Measuring the potentially low and variable flows in a passive aeration system is more
challenging than measuring the forced airflow of an active system, especially in
experimental or pilot-scale vessels of limited volume. The instrument used must be
accurate at low flow rates, introduce very little pressure loss, remain effective and
accurate over wide ranges of temperature and humidity, and be amenable to
automation so as to effectively track fluctuations in the flow rate. As a research
instrument, it should also be inexpensive and robust in laboratory and field
environments.

Perhaps because of the aforementioned challenges, there is less published literature
about passively aerated composting systems than about actively aerated systems.
Fogiel et al. (1999) measured the airflow at the inlet to a compost vessel using a

thermal flow meter. Veeken et al. (2002) measured the exhaust flow with a thermal
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flow meter. Barrington et al. (2003) measured the exhaust flow with an orifice plate.
Orifice plates and thermal flow meters (or hot-wire anemometers) each have
advantages and disadvantages. The orifice plate is the most commonly used flow
sensor, but creates a large non-recoverable pressure loss due to turbulence around the
plate (Foust 1980). Thermal meters have a low head loss but accurate measurements
require knowledge of the temperature, thermal conductivity, and specific heat of the
air current. The physical properties of compost exhaust air can vary substantially,
since it is often saturated and the temperature can vary from 30 to 70°C, making the
measurements taken with a thermal meter difficult to interpret (American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 2001, Baker
1991). Both types of instrument are more accurate at high flow rates rather than at
the low flow rates often encountered in passively aerated composting systems.

The objective of this study was to devise, test, and demonstrate an alternative
instrument suitable for measuring airflow in passively aerated compost systems.
Several possible methods were considered during preliminary work, including a hot-
wire anemometer, a bubble meter, an ultrasonic airflow meter, and a smoke tracer
airflow meter. The hotwire anemometer was considered because of its convenience
and popularity, but was found to be too unstable at low flow rates. The bubble meter
generated too much flow resistance, was finicky to operate, and was potentially
difficult to automate. The smoke tracer and ultrasonic meters were therefore chosen

for further development and comparison.
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2.2 Materials and methods

2.2.1 Smoke tracer meter

Airflow can be measured by injecting a tracer element, such as smoke, into an air
stream passing through a uniform conduit (a round pipe in this case) and using
sensors to detect its passage at two points along the conduit. The apparent air speed
(v) and volumetric airflow rate (Q) can thereby be calculated from the time interval
between the arrival of the smoke at the first and the second detectors (Af), the
diameter of the pipe (D), and the distance between the two sensor pairs (L),
according to Equations 1 and 2, respectively. This method causes negligible pressure

drop or disturbance of the air stream.

L

y=— 1
y (1
T ., L (#n-D* )1

=Zpti= L|— 2

ey [ 4 jAt ®

In this study, the chosen tracer element was sulphuric acid aerosol generated by a
commercially available airflow tester (Flow Check, Draeger Canada Lid.,
Mississauga, ON). The white aerosol smoke forms when moist air passes through the
tester. The density of the aerosol varies with humidity of the air, but is of
approximately neutral buoyancy and is carried in the air stream without influencing
the flow pattern. Paired infra-red light-emitting diodes and photodetectors (QED123
and QSD123, Fairchild Semiconductor Corp., South Portland, ME) were installed at
two points 200 mm apart in the walls of a 33-mm (inside diarheter) polyvinyl

chloride (PVC) pipe to detect the passage of the smoke (Figures 2-1 and 2-2).
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Infrared technology has been widely applied and the transducer pairs are inexpensive
and readily available. Smoke was injected into the inlet of the PVC pipe so that it
was carried by the air current and passed the detectors sequentially. The smoke
blocked the infra-red light beam as it passed between each transducer pair and

reduced the output voltage signal from the detector (Figure 2-2).

2.2.2 Ultrasonic meter

A time-of-flight ultrasonic airflow meter was also constructed for use in this study
(Brown 1991). A pair of ultrasonic transceivers (QK168, QK:its Ltd., Kingston, ON)
was installed in a PVC pipe as shown in Figure 2-3. Each transceiver can both send
and receive ultrasonic signals. The time for the ultrasonic waves to travel from the
upstream transceiver to the downstream one (¢;) can be calculated using Equation 3,
and the time to travel the reverse path (#,) using Equation 4. The effect of the air
speed is proportional to the time difference (Ar) between the two flights (Equation 5),
and the corresponding volumetric flow rate (Q) can be found using Equation 6.

Ax
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Since the speed of sound in air (vy) is influenced by temperature, the flow meter is

sensitive to temperature change. If the temperature of the measured air stream varies
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substantially, then the speed of sound used in Equations 3-6 should be adjusted
accordingly (Brown 1991, Reese 2000) by the use of Equation 7. That was not a
concern in this study, where temperature of the inlet air stream measured with the
ultrasonic meter in the experiment (about 15°C) varied by only a few degrees from
the calibration temperature (about 20°C). According to Equation 7, a 5°C difference
in temperature results in error of less than 1%.

v, =331.5+0.60-T )

2.2.3 Calibration

The meters were calibrated in the laboratory and the sensitivity of the sensor circuits
was adjusted in order to optimize their response. As shown in Fig.2-4, compressed
lab air (550kPa) was filtered and warmed to ambient temperature before entering the
calibration system. A precision mass flow controller (Mass-Flo®, 1179A24CS1BV,
MKS Instrument, Wilmington, MA) was controlled by a computer to deliver the
airflow (MKS Instruments 2002). A primary gas flow calibrator (DryCal®, DCL-H
Rev. 1.08, Bios International Corporation, Butler, NJ) was used as the standard to
determine the volumetric airflow rate during calibration (Middendorf et al. 2001) and
as the basis for the computer control of the air delivery system. The corresponding
output signals from the experimental airflow meter were logged automatically. After

the data were conditioned offline to determine the measured airflow rates, linear
regressions were performed to determine the relationship between the airflow rates
measured by the primary gas flow calibrator and the experimental airflow meters

(Equations 2 and 6). Two independent calibrations of the two meters were conducted
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and each calibration was performed with duplication. Data from these two

independent calibrations were pooled for subsequent regression analysis (Figure 2-5

and 2-6).

2.2.4 Pressure loss

Pressure loss across a flow meter is influenced by the effective diameter of the flow
meter. For steady flow, pressure loss (AP,) caused by a change in the diameter of a
pipe, as in the smoke tracer flow meter, can be estimated with Equation 8, where K
(contraction-loss coefficient) = 0.55 for a large reduction in diameter, v is the
velocity in the conduit of smaller diameter, and o (flow regime correction factor) =
0.5 for laminar flow (Geankopolis 1993). The maximum speed recorded in this trial
was 0.30 m s, According to Equation 8, the pressure loss due to the diameter change

from the compost vessel to the smoke tracer flow meter was about 0.06 Pa.

2
AP=K, 2 (8)
20

The pressure drop due to friction losses in the tube of the smoke tracer meter (AFPy)
was calculated using the Darcy-Weisbach equation (Equation 9), and was estimated
to be approximately 0.04 Pa (Geankopolis 1993). The total estimated pressure loss
across the smoke tracer flow meter was therefore about 0.10 Pa.

L
AP, =2fp—v? ©)

The ultrasonic airflow meter was installed in the walls of the existing air inlet pipe
and did not appreciably disrupt the airflow, and so caused only negligible pressure

loss.
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2.2.5 Application

Both the smoke tracer and ultrasonic meters were used in a composting trial
conducted in a passively aerated, cylindrical, polyethylene vessel, 0.9 m in height
and 0.6 m in diameter (Figure 2-7). The vessel was insulated and an expanded metal
floor was installed 0.10 m from the bottom of the vessel to create an aeration plenum.
Fresh dairy manure was mixed with air-dried ground straw, sawdust, and woodchips
to obtain a carbon to nitrogen ratio of 35:1 and a free air space of 70%. Carbon and
nitrogen content in the substrate were analyzed (Norwest Labs, Edmonton, AB)
before and after composting. The initial moisture content of the prepared mixture was
78% (wet basis). At the beginning of the experiment, the depth of the compost in the
vessel was 0.50 m. During the trial, the outlet airflow rate was measured using the
smoke tracer meter. The performance of ultrasonic devices is inhibited by high
relative humidity, so the ultrasonic meter was used to measure the airflow rate only at

the inlet.

2.3 Results and discussion

The responses of the flow meters were very linear in the calibration range, as
indicated by the correlation coefficients (R?) of 0.98 and 0.99 for the smoke tracer
and ultrasonic flow meters, respectively (Figure 2-5 and 2-6). Despite its linear
response, the measured output voltage from the ultrasonic meter changed very little
with increasing flow rate, showing low sensitivity at low airflow rates. The smoke
tracer flow meter, for its part, exhibited greater variation at high airflow rates than
did the ultrasonic device. The relatively low sampling rate (about 6 Hz), limited by

the slow clock speed of the computer used in the trial, was a major contributor to
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this. At a relatively high airflow rate of 21 L min™', while the average measured flow
rate was 20.4 L min™ (SD = 5.3 L min™), the mean rounding error caused by the
sampling rate would have been 8.3 L min™, or 41% of the flow rate. The mean
rounding error in the measurement of the transport time for the aerosol is expected to
be 2 of the sampling period, resulting in a systematic overestimate of the transport
time and subsequent underestimate of the air flow rate. This source of error is
inversely proportional to the sampling frequency, which could easily be greatly
increased with current hardware.

The temperature history at different locations in the compost vessel and the flow rate
of air through the compost vessel are shown in Figure 2-8 and 2-9, respectively, for
the experimental trial. The temperature in the top layer of the compost (0.5m)
followed a typical curve for composting, increasing exponentially to about 65°C
during the first 30 h of the trial and then gradually declining to about 40°C over the
remaining 150 h. The airflow rate followed the same general pattern (Figure 2-9),
with a few hours lag time, increasing to a maximum at about 40 h and then gradually
declining. This illustrates how buoyancy influenced the convective airflow through
the vessel as air was warmed by microbial activity in the compost bed.

The vertical temperature gradient illustrated in Figure 2-8 was the result of heat and
mass transfer processes in the compost. The airflow through the compost was
unidirectional, as indicated in Figure 2-7, passing through the compost from bottom
to top and removing heat, moisture, and other volatile compounds. While heat
production during composting is almost completely derived from biological activity

(Finstein and Morris, 1975), thermal energy is lost mainly as latent heat due to the
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vaporization of water (VanderGheynst et al. 1997). When the relatively cool, dry
ambient air was drawn into the bottom layer of compost (0.0 m), the resultant heat
transfer kept the compost there at mesophilic temperatures. Upon reaching the
middle layer (0.3 m), the air had already been warmed and moistened and, as a result,
biological heat generation during the active composting phase was sufficient to
maintain thermophilic temperatures. Upon reaching the top layer (0.5 m), the oxygen
content in the airflow had been reduced by microbial activity in the lower layers
(Ekinci et al. 2006) and carbon dioxide, ammonia and volatile organic concentrations
had been increased. Microbial activity in the substrate was therefore inhibited, while
the still unsaturated airflow continued to evaporate moisture from the substrate,
shifting heat energy from sensible to latent form and depressing the temperature.
The volumetric and dry mass flow rates at the vessel inlet and exhaust are compared
in Table 2-1. Conversion from volumetric to equivalent dry mass flow rate was done
using standard psychrometric relationships (Equations 10 and 11, ASHRAE 2001),
based on the assumptions that exhaust air was saturated (100% relative humidity) and
that the inlet and exhaust pressures were atmospheric (101.3 kPa).

v=v, +UV, (10)

u=o/(1+(1-9¢) W, /0.62198) (11)
The average ambient relative humidity in the laboratory was 56.4% (SD = 5.7%) and
the average ambient temperature was 23.3°C (SD = 2.2°C). The exhaust flow rate,
measured with the smoke tracer flow meter, was consistently higher than the inlet
flow rate, measured with the ultrasonic meter. The exhaust flow peaked at about 16 g

dry air min™ (gda min™) (19 L min™") and then declined to about 9 g da min” (9L
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min™') by the end of the trial. At the inlet, the measured flow peaked at about 11 g da
min™ (10 L min™") and then declined to about 7 g da min™ (6 L min™"). According to
the stoichiometric analysis descibed by Haug (1993), more gas is expected in the
exhaust since more CO, and NH3 are generated during the oxidation of the substrate
and the magnitude of the difference depends on the composition of the substrate and
the final composted product (Haug 1993, pp 261-286). Nutrient balances in this
study, based on analysis of the compost at the start and end of the trial (Table 2-2),
illustrate the loss of carbon and nitrogen during composﬁng and the potential
difference this could make between inlet and exhaust airflow. The data shown are
based on the concentrations of two composite samples before and after composting.
Comprehensive material balances were not performed since this was beyond the
scope of this study.

The smoke tracer flow meter appears to be best suited to laboratory studies of this
kind when evaluated according to the criteria stated in the introduction. Unlike the
ultrasonic meter, the smoke tracer meter is robust in the presence of high humidity,
temperature, or pressure changes in the air stream. The smoke tracer meter accurately
measures small changes in airflow at low flow rates and causes negligible pressure
loss, especially if the inside diameter of the body of the flow meter is the same as that
of the exhaust duct. In this study, the smoke injection and the determination of the
exact time at which the voltage drops occurred at each sensor were done manually,
but both of these operations could easily be automated at little cost to increase the
accuracy of the measurements. The magnitude of the voltage change from the

phototransistor that was used is reduced at higher temperatures, although the transit
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time of the tracer smoke is not affected by air temperature. This change in sensitivity
could be compensated for by adjusting the value of the §ariable resistor in series with
the phototransistor (Figure 2-2). A modulated signal might also be used to minimize
the effect of temperature change on the sensitivity of the circuit. The accuracy of
output of the ultrasonic meter, by contrast, is affected by temperature change, as
described previously. The simple components of the smoke tracer flow meter (Figure
2-1) made it easy to build and the cost was low compared with that of any available
commercial air flow meter. Any general-purpose analogue-to-digital conversion
module could be used as a data logging system. The ultrasonic meter, by comparison,
requires much more complex components for the ultrasonic transmission and
reception and cannot be connected to computer readily (Becker 2003). To adapt the
smoke tracer flow meter for use with piles of compost or windrows, a flux chamber

(Frechen et al. 2004) could be employed.

2.4 Summary and conclusions

A smoke tracer flow meter was devised to measure airflow though passively aerated
compost. Compared with other flow meters used in similar experiments, the smoke
tracer flow meter had the advantages of very low pressure loss, low cost, and robust
performance under humid conditions. The device was proven in an actual experiment
to effectively measure the flow rate of warm, moist exhaust air from passively
aerated compost. Further work could be done to completely automate this device. By
comparison, an ultrasonic airflow meter had better linear response (R2 =0.99) but

was shown to be poorly suited to this kind of experimental work due to its low
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sensitivity at low flow rates and high sensitivity to changes in temperature and

humidity.

2.5 References

American Society of Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE). 2001. Psychrometrics. In Handbook of Fundamentals, ed. ASHRAE,
6.1-6.17. Atlanta, GA: ASHRAE.

Baker, W.C. 1991. Thermal mass flowmeters and controllers. In Flow measurement
— Practical guides for measurement and control, ed. D.W. Spitzer, 335-346.
Research Triangle Park, NC: Instrument Society of America.

Barrington, S., D. Choiniére, M. Trigui and W. Knight. 2002. Compost airflow
resistance. Biosystems Engineering. 81(4): 433-441.

Barrington, S., D. Choiniere, M. Trigui and W. Knight. 2003. Compost convective
airflow under passive aeration. Bioresource Technology. 86(3): 259-266.

Becker J. 2003. Everyday Practical Electronics. January 2003. 44-51

Brown A.E. 1991. Ultrasonic flowmeters. In Flow measurement - Practical guides
Sfor measurement and control, ed. D.W. Spitzer, 415-442. Research Triangle Park,
NC: Instrument Society of America.

Ekinci K., HM. Keener, and D. Akbolat. 2006. Effects of feedstock, airflow rate, and
recirculation ratio on performance of composting systems with air recirculation,
Bioresource Technology. 97(7): 922-932

Fernandez, L., and M. Sartaj. 1997. Comparative study of static pile composting
using natural, forced and passive aeration methods. Compost Science and
Utilization. 5(4): 65-77.

Finstein M.S., and M.L. Morris. 1975. Microbiology of municipal solid waste
composting. Advances in Applied Microbiology. 19: 113-151.

Fogiel, A.C., R.D. von Bernuth, F.C. Michel Jr., and T.L. Loudon. 1999.
Experimental verification of the natural convective transfer of air through a dairy
manure compost media. ASAE Paper No. 99-4053. St. Joseph, MI: ASAE.

Foust, A.S., L.A. Wenzel, C.W. Clump, L. Maus, and L.B. Andersen. 1980.
Principles of Unit Operations, 560-562. New York, NY: John Wiley and Sons.

=25 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Frechen FB, M. Frey, M. Wett and C. Loser. 2004. Aerodynamic performance of a
low-speed wind tunnel. Water Science & Technology. 50(4): 57-64.

Geankopolis, C.J. 1993. Design equations for laminar and turbulent flow in pipes. In
Transport Processes and Unit Operations, 3" edition, 83-100. Englewood Cliffs,
NJ: Prentice Hall.

Haug, R.T. 1993. The Practical Handbook of Compost Engineering. Boca Raton, FL:
Lewis Publishers.

Lynch, N.J., and R.S. Cherry. 1995. Design of passively aerated compost piles:
Vertical air velocity between the pipes. The Science of Composting, ed. M. De
Bertoldi, P. Sequi, B. Lemmes and T. Papi, 973-982. Glasgow, UK: Blackie
Academic and Professional.

Middendorf P.J., D.L. MacIntosh, L.V. Tow, and P.L. Williams. 2001. Performance
of electronic flow rate meters used for calibration of air sampling pumps.
American Industrial Hygiene Association Journal. 62(4): 472-476.

MKS Instruments. 2002. Bulletin 1179A-6/02.

Reese, R.L. 2000. University physics. 553. Pacific Grove, CA: Brooks/Cole.

Richard, T.L. 1993. Municipal solid waste composting: Biological processing. MSW
Composting Fact Sheets, No. 2. Ithaca, NY: Cornell Waste Management
Institute.

Rynk, R. (ed.) 1992. On-Farm Composting Handbook. NRAES 54, 24-42. Ithaca,
NY: Natural Resource, Agriculture, and Engineering Service.

Solano, M.L., F. Iriarte, P. Ciria, and M.J. Negro. 2001. Performance characteristics
of three aeration systems in the composting of sheep manure and straw. Journal
of Agricultural Engineering Research. 79(3): 317-329.

VanderGheynst, J. S., L. P Walker, and J.Y. Parlange. 1997. Energy Transport in a
High-Solids Aerobic Degradation Process: Mathematical Modeling, Validation
and Analysis. Biotechnology Progress. 13(3): 238-248.

Veeken, A., V. de Wilde, and B. Hamelers. 2002. Passively aerated composting of
straw-rich pig manure: Effect of compost bed porosity. Compost Science and
Utilization.10(2): 114-128.

-26 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2-1. Airflow rates as measured at the inlet and outlet of the compost vessel

_LZ-

Inlet flow rate’ Outlet flow rate”
(Ultrasonic flow meter) (Smoke tracer flow meter)
Time  Volumetric basis  Dry mass basis Volumetric basis  Dry mass basis  Temperature Difference
h L min™ g da min ™' L min™ g da min™ °C g da min™
42 1.9 (1.9) 2.2 (2.2) 4.2 0.2) 4.3 0.2) 44 2.0
63 9.5 (1.9) 11.1 (2.2) 19.2 3.7) 16.1 3.1 61 5.0
92 7.6 (1.1) 8.9 (1.3) 13.1 (2.0 12.1 (1.8) 53 3.2
116 n.d} n.d. 11.8 (1L.1) 114 (1.0) 49 n.d.
176 5.7 (1.9) 6.7 (2.2) 8.5 (1.1) 8.8 (1.1 42 2.1
225 5.7 (1.9) 6.7 2.2) 9.8 (1.7) 10.5 (1.8) 37 3.8

"uoissiwiad noyum paugiyosd uononpoidas sayung “Joumo WbuAdoo sy Jo uoissiwiad yum peonpoiday

" Mean value with SD in parentheses. Mean inlet air temperature was 23.3°C and mean relative humidity was 56.4%.
* Mean value with SD in parentheses. Outlet air was assumed to be saturated.
: gda min'  Grams of dry air equivalent per minute

Thd No data



Table 2-2. Total carbon and nitrogen balance per vessel during composting

Initial Final Difference  Produced gas
g g g gdamin®?
Carbon 3510 2470 1040 1.27
Nitrogen 195 140 55 0.022

" Assumed complete conversion of lost C to CO; and lost N to NH;
during high rate stage (50-100 h).

¥ gda min'  Grams of dry air equivalent per minute
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the standard error (n = 20).

-33.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



y=x
5 i
2 201 RPogg9 ,/{
L 7’
£ ,
s 4
=2 15 e
g —~ i/
5 'S ‘
S £ 7
= 47T /{/
-5 ~ P
>
7/
LD { Y,
< /
© 5 F //
= /
5 ’
2 |}
O L L [l 1
0 5 10 15 20

Flowrate by primary calibrator (L min™)

Figure 2-6.  Calibration data for the ultrasonic airflow meter. Error bars indicate the

standard error (n = 12).

.34 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ﬁ Outlet
40 mm

-«— Smoke tracer airflow meter

722

T

W///

O

Insulated vessel wall

JMAMMIIMINSIININY
MM

MIKN

Compost

Nlnmmmmmmmmmmumiann ity
\

_
DAHIIMIHIHIHHHIHIHIITIHHIHIH:HMHIHTHHITHIM

Ultrasonic airflow meter

2

5mm

N
NN
S

£

_| Inlet

L

1

f I-—o.es m—»l 2

o

Schematic of passively aerated compost vessel

Figure 2-7.

-35-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70 r

{ m0.0m A03m e0.5m
60 | I 2o .
o
Sol § Tty ¢ j
5 ¢
T ¢
8 40 | li . 2 ;
: t | !
= ¢
30 i
20 1 L L [
0 50 100 150 200
Time (h)

Figure 2-8.  Temperature history at 0, 0.3, and 0.5 m from the bottom of the

compost bed. Error bars indicate the standard error (n = 2).

=36 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20 r i ®m  Smoke meter 170
( e Ultrasonic meter
— o\ — — Outlet temperature 1 60
".'C / N \\
- — 15 = I ——
£ ] S~ 4 50 8
= ~
(4] / i ~ < ‘ 9__)
o T S
o210 “I g
2 ) {30 €
< 2
[ ] et
Q
5 14 20 =
fre= 5 F L 5
= O
<L
4 10
0 1 L L 1 0
0 50 100 150 200 250

Time (h)

Figure 2-9.  Air flow rate (equivalent mass of dry air) measured at the vessel inlet
(ultrasonic meter) and outlet (smoke tracer meter). Dashed line
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_37-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3 Mathematical model of vertical airflow '

3.1 Introduction

Composting is generally defined as the aerobic degradation of organic matter by
microorganisms under controlled conditions. Aeration is critical in composting
because it supplies oxygen, and removes carbon dioxide, excess heat and moisture
from the compost (Haug, 1993, p261). The benefits of composting, e.g. high
degradation rate, low odour generation, and efficient space utilization, cannot be
achieved without appropriate aeration. Composting systems can be categorized into
two types according to the aeration strategies employed: actively aerated systems and
passively aerated systems. In actively aerated systems, mechanical means are used to
draw or blow air through the compost, while in passively aerated systems the driving
force is natural convection resulting from temperature differences (Fogiel et al.,
1999).

Passive aeration systems are more economical tﬁan active aeration systems in terms of
initial capital investment, operation, maintenance, and operator training costs (Haug,
1993). Passive and forced aeration systems have been shown to result in similar
process rates (Fernandez and Sartaj, 1997) and compost quality (Solano et al., 2001),
and both can be operated in cold climates (Lynch and Cherry, 1996a; McCartney and

Eftoda, 2005).

' A version of this chapter has been submitted for publication as: Yu, Shouhai, O.G. Clark, J.J.
Leonard. 2006. For the optimization of solid state fermentation: analytical modet of vertical airflow.
Biosystems Engineering (in review).
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Mathematical descriptions of passively aerated compost systems, however, are very
limited, probably due to the focus of the research interest. Actively aerated systems,
however, have been well described mathematically (Haug, 1993). The lack of an
adequate mathematical description of heat and mass transfer in passively aerated
compost makes such systems difficult to predict and control. Effective system design
and optimization is also difficult, which is a barrier to the adoption of passively
acrated composting. One critical obstacle to modeling passively aerated systems is a
mathematical description of airflow. In actively aerated systems, airflow rate is
prescribed by pumps or fans. As a result, the supply of oxygen to the compost and the
removal of carbon dioxide, ammonia, heat, and moisture can be estimated with
reasonable accuracy. In passively aerated systems, however, the airflow rate is driven
by natural convection. Natural convective airflow is difficult to estimate accurately
without an appropriate mathematical model because it is often relatively small and
highly variable (Yu et al., 2005).

The more general problem of natural convection through porous media has been
extensively studied in other areas of research, and this work has been well
summarized by Nield and Bejan (1999). Attention has focused on specific
configurations such as homogenous porous media adjacent to regular shaped heating
sources (Nield and Bejan, 1999, chapter 5) or natural convection within enclosed
porous media (Nield and Bejan, 1999, chapter 6, 7). Passively aerated composting,
however, usually takes place in an open system with a very heterogeneous, self-
heating substrate, making it very difficult to adopt any of the mature theories

summarized by Nield and Bejan (1999).
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An alternative is to start with a simple analysis to illustrate the mechanisms involved.
Lynch and Cherry (1996b) proposed the first analytical model for the description of
airflow through passively aerated compost, employing Darcy’s law to estimate the
vertical velocity of air through the porous compost pile. The model was based on the
understanding that natural convection is driven by buoyancy derived from a
temperature gradient. The influence of the substrate permeability was discussed in
detail, and windrow geometry was included as a model parameter. Verification of the
model was not demonstrated in the paper, however, possibly because of the difficulty
of airflow measurement in actual windrow composting systems.

Barrington et al. (2003) took advantage of classical heat and mass transfer theory. The
measured temperature and psychrometric properties of the air were used to calculate
the Grashof number (Geankoplis, 1993), and a relationship between the Grashof
number and the measured airflow rate was determined empirically using least-squared
regression. The relationship between the Grashof number and the airflow rate was
found to be linear or quadratic, depending on the structural characteristics of the

substrate. No theoretical explanation of the nature of this relationship was proposed.

3.2 Objective

A practical mathematical model that can accurately predict the airflow development in
passively aerated composting systems is required for system design and optimization.
The model should accurately portray the underlying physical processes and the values
of the input variables required to use the model should be easy to measure. The effect

of compaction of the material on its permeability during composting should be
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considered in the application of the model. The objective of this work was to derive

such a model and to test it using experimental temperature and airflow data.

3.3 Model development

3.3.1 Physical model

The physical model used in this study consisted of dairy manure and straw composted
in an enclosed, insulated, passively aerated composting vessel, 0.9 m in height and 0.6
m in diameter. An aeration plenum was created using an expanded metal floor
installed 0.10 m from the bottom of the vessel. As demonstrated in previous work
(Lynch and Cherry, 1996b; Barrington et al., 2003), convective airflow is the primary
mode of oxygen supply in passively aerated systems. The cylindrical physical model
selected for this study embodies the key feature of convective airflow, which is the

vertical movement of the air due to buoyancy.

3.3.2 Conceptual model

The compost bed in the vessel was considered to consist of layers, each having
homogeneous physical and chemical properties (Figure 3-1). Microbial activity in
each layer consumed oxygen (O,) and released carbon dioxide (CO»), heat, and
moisture (H20). The airflow through the compost was considered to be uniform and
unidirectional from bottom to top, removing heat, moisture, carbon dioxide, and
volatile compounds.

The following assumptions were made for the development of the model equations:
1.  Each layer was physically and chemically homogeneous in all respects.

2. Air was incompressible.
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3. Air entered the bottom layer of compost uniformly, and airflow was uniform
through each layer.
4. The mass flow rate of dry air was constant throughout the compost bed. The
influence of oxygen consumption and carbon dioxide generation were negligible.
5. Air traveled through the compost bed in the vertical direction only.
6.  The temperature of the air leaving each layer was the same as the substrate in
that layer.
To be practical, a model should be able to predict the airflow rate given the values for
a set of easy measurable input variables. Since natural convection derives from a
temperature difference and air temperature can be easily measured compared with
most other variables (Barrington et al., 2003), temperature was incorporated into the
model as an input. Other inputs included the permeability of the substrate, and the
temperature and density of the ambient air. Based on the assumptions made in this
work, the Ideal Gas Law and Archimedes’ Principle were used to relate the
temperature difference between the ambient air and the air in the compost bed to the
buoyant force acting on the air. The derivation of this part of the model is detailed in

the following section.

3.3.3 Analytical model of passive airflow: Fundamentals

In the simplest case, passive convection occurs when a fluid of constant viscosity and
negligible compressibility is subjected to a temperature gradient. The creeping flow of
an incompressible fluid through a porous medium (the compost) can be described by

Darcy's law. Darcy's law is applicable when the Reynolds number (Re) is less than 1

(Equation 1) (Nield and Bejan, 1999).
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n

Re = )

The buoyant force that drives the airflow is calculated using Archimedes' Principle:
the buoyant force is equal to the weight of the displaced fluid. Given constant
pressure, the change of volume of a unit of ideal gas is related to the change of

temperature as shown in Equations 2 and 3:

0 i
T
Vo = -TiVi 3)

The temperature of actively degrading compost is higher than ambient. In this model,
the temperature of the air in the compost bed when it exits a given layer is assumed to
be the same as that of the substrate in that layer, so that as a unit of air passes through
the /™ layer in the compost it will undergo isobaric expansion from Vj to Vi. The forces

on this amount of air (Figure 3-2) are described by Equations 4-6.

F Bouyancy = p Og Vi (4)

G=p,gV, (5)
Ty

E:FBuoyancy—Gzpog(‘/i_vo)zpog 1—}— Vt (6)

Compost can be viewed as a porous medium and Darcy’s law is used to calculate

average air velocity through the compost (Equation 7) for the sake of simplicity.

y=-K2P 7

n Ay
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Assuming the volume of air in the i layer (V;) has a height (H;) that is the same as the
thickness of the layer (Ay), and an effective cross-sectional area (A4;) that includes only
that of the empty pore space in the compost, the pressure gradient over the thickness
of the layer can be estimated from the net force distributed over the effective cross-
sectional area (Equation 7.5). Substituting the last term in Equation 6 for F; in
Equation 7.5 and dividing the two sides of the equation by Ay (or the equivalent term
H;) gives Equation 8.

AP=F,/A, (7.5)

T
%:{pog[l_%j‘/}/Aijl/Hi:pog(l_%j (8)

Finally, substituting the simplified form of Equation 8 for the ratio denoting the

pressure gradient in Equation 7 gives Equation 9.

K AP K T
V=__._=__p0g[1~_oj ©)
nay u T;
3.3.4 Model inputs

To apply the proposed model (Equation 9), values for substrate permeability, air
viscosity, temperature and density of ambient air, and temperature in the compost are
required. The viscosity of air is well understood and well-developed theory can be
readily employed to calculate the changing dynamic viscosity at different locations in
the compost. The permeability of the composting material is a critical factor in the
development of airflow, and the influence of substrate composition on the

permeability is quite complex. A theoretical relationship between the geometry of the
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substrate particles and the permeability of the substrate has been described elsewhere
(Lynch and Cherry, 1996b). The application of this relationship is limited, however,
since the measurement of the required parameters is not easy. Another approach is to
use published results to estimate permeability, while also taking into account the effect
of compaction. Since the determination of the permeability of the composting
substrate was not the objective of this work, the latter approach was used, and is
discussed further later in this paper. The temperature of the ambient air and the
compost are convenient to measure. With measured values for the temperature and
relatively humidity of the air, the density of the air can be calculated using

psychrometric relationships (ASHRAE, 2001).

3.3.5 Changing substrate permeability: Compaction

As shown in Equation 9, the permeability of the substrate is required to predict the
airflow rate. Neither the exact substrate permeability values nor the compaction of the
compost were measured directly in this study. Instead, the permeability values were
estimated from published results that relate measured values of bulk density, moisture
content, and initial free air space. The effect of compaction was also considered in this
estimate.

Firstly, the compressive stresses at different depths were calculated using Equation 10
(McCartney and Chen, 2000) from bulk density values measured using a pycnometer
(Agnew et al., 2003).

o, = p,gd, /1000 (10)
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Secondly, the resultant compaction at different depths was evaluated using Equation
11 (Das and Keener, 1997).

h, =h, +Ahy -exp(- f-0,) (11)
The result of Equation 11, A;, gives the thickness of the i™ layer after compaction as a
fraction of the initial thickness of the layer. The actual free air space (FAS) in the M
layer (Equation 12) was then predicted using the initial free air space (FASo),
measured with a pycnometer (Agnew et al., 2003).

FAS = FAS, I, (12)
Richard et al. (2004) presented a relationship between FAS and the permeability of
the substrate at different substrate moisture contents. This relationship was used to
estimate permeability at different depths given the estimated FAS values from

Equation 12 and the measured moisture content.

3.3.6 Verification of the proposed model: Experimental data

Verification of the model (Equation 9) was done using data from a composting trial.
The trial was conducted in a passively aerated, insulated polyethylene vessel, with an
aeration plenum under an expanded metal floor, an inlet pipe and an outlet pipe
(Figure 3-1). The compost consisted of fresh dairy manure and bulking agents, i.e.
wood chips, saw dust, and air-dried, ground straw. The mixture had a carbon to
nitrogen ratio of 35:1, 57% free air space, a bulk density of 520 kg/m3, and an initial
moisture content of 76% (wet basis). At the beginning of the experiment, the depth of

the compost in the vessel was 0.50 m. Temperatures at different positions above the
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aeration plenum were recorded by an automated data logging system and the airflow
rate was measured with smoke tracer and ultrasonic air flow meters (Yu et al., 2005).
The measured bulk density, initial moisture content, and free air space were used to
estimate the permeability following the methodology discussed previously (Equations
10-12). The measured temperatures of the ambient air and the compost were used to
predict the average air velocity using Equation 9. SAS 9.1 (SAS Inc., 2006) was used
for statistical analysis and mixed model was employed for significant difference test
of the calculated results and the measured data to evaluate the performance of the

proposed model.

3.4 Results and discussion

The average ambient temperature was 23.3°C + 2.2°C. The temperature histories at
three locations in the compost are shown in Figure 3-3. Temperature histories in the
middle of the compost followed a form typical of aerobic composting, increasing
exponentially to more than 55°C and then gradually declining to about 40°C. The
vertical temperature gradient in the compost (Figure 3-3) was the result of heat and
mass transfer processes, which are strongly related to the local microbial activity in
the substrate (Yu et al., 2005). As described previously, the temperature of the air in
the compost was assumed to be the same as measured substrate temperature (Figure 3-
3).

The substrate permeability values were not measured directly but estimated using
published results, as summarized previously. The measured initial bulk density was

520 kg/m®, so that Equation 10 can be written as:
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o, =520x9.8xd, /1000 (13)

Substituting the depth values into Equation 13 gave the corresponding compressive
forces.

The compressive force was substituted into Equation 11 together with coefficient
values (hw, 4hg, and ) estimated using the data reported by Das and Keener (1997),
and the measured substrate moisture content (76%). These substitutions resulted in
Equation 14, which was used to estimate the compression of each layer.

h, =0.586+0.141-exp(-0.114 - 7,) (14)

The free air space (FAS) at each layer after compaction was then calculated using the
measured initial free air space (FASy = 0.57) (Equation 12). Finally, the permeability
of different depths was estimated using information presented by Richard et al. (2004,
Figure 4) with the calculated free air space values and initial moisture content.

The measured and modeled airflow rates through the compost are shown in Figure 3-
4, The measured airflow rate followed the general pattern of temperature change
typical of composting (Figure 3-4), peaking at about 100 h and then gradually
declining, illustrating the temperature-driven nature of the convective airflow. The
peak airflow rate measured was 11.1 5.1 mg dry air per s per kg initial dry matter
(mg d.a. st kg'1 i.d.m.). In comparison, Barrington et al. (2003) reported airflow rates
from 1.5 to 0.7 mg d.a. s kg™ i.d.m. in passively aerated compost, ahd Liang et al.
(2004) used a flow rate of 5.6 mg d.a. s kg™ i.d.m. in an actively acrated vessel. The
calculated airflow rate followed a similar trend to, and was not significantly different

from, the measured data (p = 0.97).
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The assumptions under which this model was developed are very idealized: the air
was assumed to be an Ideal Gas and the mass of the air was assumed to be constant
through the compost bed. Phenomena such as the evaporation of moisture from the
substrate and volatilization of the substrate, consumption of oxygen, and release of
carbon dioxide by microbial activity were not considered. In reality, however, these
processes do occur during composting, and further research is required to quantify and
model their effect on convective airflow development.

Another possible improvement of the model would be to incorporate effects of drag on
airflow, using a term such as the Dupuit-Forcheimer relationship (Richard et al., 2004,
Lage and Antohe 2000). The current use of Darcy’s law, in which only viscous
resistance to airflow is considered, is appropriate for the low-rate, laminar flows
observed in small-scale, passively aerated systems. Larger-scale systems are more
likely to develop higher flow rates, however, and resistance due to drag would become
more dominant. Relationships based on the physical characteristics of the substrate
might also be used to estimate airflow parameters such as permeability (Richard et al.,
2004; Ergun, 1952). Finally, the accurate measurement of the air velocity through the
compost bed is required for the verification of any model. Measuring airflow in
passively aerated compost is more challenging than in actively aerated systems, since
the airflow is variable and is influenced by the microbial activity in the compost. As
pointed out elsewhere (Yu et al., 2005), the instrument used for such measurements
must be effective and accurate over a wide range and introduce little pressure loss.

Accurate airflow measurement in passively aerated compost is an area that must be
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better developed in order to effectively validate models such as the one presented
here.

The permeability of the substrate is another critical variable that must be accurately
determined to improve the accuracy of models. Measurements of permeability have
been done mainly under forced aeration (Das and Keener, 1997; Richard et al., 2004).
It is generally assumed that all the void space in the substrate is filled with air and that
air is free to move through all of that space. As pointed out elsewhere, however, some
void space in the composting substrate may not be available for air flow development
(Eftoda and McCartney, 2004). Moreover, considering the heterogeneous and
compressible nature of compost, it is very likely that some of the air in the void space
does not move with the air flow. A model of such ‘unsaturated’ air flow might
therefore be considered in further research to improve the prediction of average air

velocity through compost.

3.5 Conclusions

In summary, passively aerated composting systems have proven to be more
economical than active aeration systems while delivering similar performance, but
mathematical descriptions of such systems are scarce, hindering the design and
optimization of the process. A model was proposed to address a critical factor in
modeling passively aerated systems: the airflow development. The model was
developed to relate the physical characteristics and temperature of the compost with
the predicted air flow, and the compaction which occurs during composting was also
taken into account in the application of the model. The model was verified by using

temperature histories from a passively aerated composting experiment to predict
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airflow, and the calculated airflow values were not significantly different from

measured values (p = 0.97).
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Figure 3-1. Schematic of the physical model of passively-aerated compost
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Chapter 4 A statistical method for the analysis of nonlinear

temperature time series from compost '

4.1 Introduction

Composting is the controlled, acrobic decomposition of organic matter by a
consortium of microorganisms. It is a common technology believed to have been used
since ancient times to recycle farm waste, such as animal manure and straw (Rynk,
1992). In addition to being an environmentally sustainable method of waste
management, composting also has a potential role in solving various current
environmental problems (EPA, 1997).

Heat production during composting is almost completely derived from biological
activity (Finstein and Morris, 1975; Kutzner, 2001). The temperature of compost is an
easily measured indicator of this biological activity because it changes in direct
response to heat production. Temperature can therefore be used to assess the progress
of decomposition and thus the performance of a composting system. Compost
temperature is often used as the observed variable in process control, and to
distinguish the effects of different experimental treatments in research.

The composting process is inherently variable, and so statistical analysis of the
compost temperature measurements is used to detect the effect of various influencing
factors. As in any statistical analysis, two fundamental questions need to be addressed

to ensure that meaningful inferences are drawn from compost temperature data: (a)

A version of this chapter has been submitted for publication as: Yu, Shouhai, O.G. Clark, J.J.
Leonard. 2006. A statistical method for the analysis of nonlinear temperature time series from
compost. Bioresource Technology (in review).
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What is an appropriate mathematical model to describe the data? (b) How can the
significance of any differences among different datasets be rigorously determined?
Meaningful statistical analysis of compost temperature time series, as with any data,
must be based on an adequate mathematical model (Judge et al., 1988). Composting is
a highly time-correlated, auto-correlated, nonlinear process, and a compost
temperature time series typically reflects this. Since temperature change in composting
is nonlinear with respect to time, a nonlinear mathematical model should be used as
the basis for statistical analysis. To date, however, the statistical methods used in the
analysis of compost temperature data have generally been based on essentially linear
mathematical models. To the best knowledge of the authors, the use of a nonlinear
model in this context has never been reported.

In the past, Student’s t-test and analysis of variance (ANOVA) have been typical
choices for the statistical analysis of compost temperature data, but neither method
takes time effects into account. Generally, only the mean temperature over the whole
experiment period (Liang et al., 2003; Zhu et al., 2004) or the mean temperatures
during certain periods (Schloss et al., 2000) are compared. The averaging of the
temperature time series in this way collapses the information it contains into a single
thermodynamic index, and this can be misleading. For example, the overall means of
the four curves shown in Figure 4-1 are the same for the time period O to ¢. The
inference that would be drawn from such a characterization of these very different
curves would be that they do not differ statistically from one another.

The complete temperature time series of a composting trial contains not just coarse

thermodynamic indicators, but detailed microbial kinetic information. The
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temperature signal responds sensitively to microbial dynamics because the rate of
change of the compost temperature results directly from microbial heat production.
This time-correlated, auto-correlated, nonlinear information can be extracted from the
temperature data using an appropriate mathematical model. Statistical methods in
which the data are treated as instances of categorical variables are not satisfactory for
this purpose, nor are those based on linear mathematical models. Fortunately, many
nonlinear functions can now be easily implemented in statistical analysis (Freund and
Littell, 2000), and an appropriate choice for describing compost temperature time
series is discussed in this article.

Nonlinear functions can be fit to datasets using algorithms which are available in
common statistical packages such as SAS®. When such curve-fitting algorithms are
used, however, special care must be taken in determining the initial values because
they can radically impact the fit of the model. A poor starting point can result in a
divergent or incorrect solution (Motulsky and Ransnas, 1987). It is also important to
be able to objectively quantify the goodness-of-fit of the resulting model in order to
determine its utility as compared to other possible models. Methods for achieving
these goals are presented later in this article.

A final critical requirement, as mentioned previously, is that a method must be
available to determine the significance of any differences between datasets once an
appropriate mathematical model has been fitted to them. This is the second major

theme in this work.
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4.2 Objectives

Meaningful statistical inference must be based on adequate and appropriate
mathematical models of the data being examined. Compost temperature time series
are non-linear, time-correlated, and auto-correlated, and a mathematical function with
similar properties is therefore required to represent them. The first major objective of
this work is to define such a function. A method of fitting the function to data using
SAS® (Freund and Littell, 2000) is also discussed, as are the determination of initial
values and tests for goodness-of-fit. Since the ultimate goal of statistical analysis is to
determine the significance of any differences among datasets, a second major
objective is to develop a method for the rigorous statistical comparison of different
instances of the mathematical model after it has been fit to different datasets. The
application of these methods is demonstrated through the analysis of two temperature

time series from passively aerated composting trials.

4.3 Methods

4.3.1 What is an appropriate model for the temperature time series?

The temperature time series of aerobic composting (Epstein, 1997; Haug, 1993) is
typically similar in form to the classical microbial population growth curve (Shuler
and Kargi, 1992) (Figure 4-2). Considering the similarity of the shape and the
underlying generative mechanism, the mathematical description of microbial growth
may be used as a reference for the development of a function to describe the
temperature time series in composting. Many functions, such as the logistic,

Gompertz, Richards, and Weibull functions, have been widely used to describe
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microbial growth (Zeide, 1993). The Gompertz equation (Equation 1) was selected as
the basis for this work because it is simple and requires relatively few parameters,
while its descriptive power is still comparable to other logistic functions (Winsor,

1932),

flH)=a-e (1
The Gompertz equation can be used to model the first four phases of classical
microbiological growth as shown in Figure 4-2(a) (Bratchell et al., 1989). In this
function, the maximum rate of increase, b, occurs at the time of inflection, ¢,,, where
the value of the function is a/e, about one-third of the maximum, a.

The Gompertz model, as with most mathematical depictions of microbial dynamics,
depicts only the first four phases of the growth curve. Little attention has been paid to
the development of a model describing the overall growth curve which includes decay.
In composting, however, the complete processing of the feedstock into the final
product involves the accelerating, decelerating, stationary, and decaying phases of
microbial dynamics. Description of the entire temperature curve therefore necessitates
a more sophisticated description than a simple Gompertz model. Numerous species of
microorganism are present in a composting pile and the microbial variety and density
change with temperature and nutrition (Epstein, 1997). It is reasonable, therefore, that

a more complete description of microbial dynamics would include several concurrent
growth and decay curves corresponding to the major microbial cohorts. This idea is
further supported by the marked transition from the mesophilic to the thermophilic

stages that is commonly observed during studies of high-rate composting (Sundberg et
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al., 2004). The plateau in the example temperature time series used here (Figure 4-
2(b)) reflects this typical transition. To adequately illustrate this phenomenon, a model
must distinguish between mesophilic and thermophilic microbial activity.

The proposed model, therefore, is based on the understanding that compost
temperature responds to heat production from the growth and decay of different
microbial cohorts in the compost. The compost is assumed to be at ambient
temperature when the composting process starts. Growth of mesophilic microbes is
rapid during the initial, high-rate composting stage, heat is generated, and the compost
temperature rises. Mesophilic microbial population declines as the temperature of the
compost reaches about 40°C, and thermophilic microbes begin to dominate. A
discontinuity is often seen in the temperature during this transition from mesophilic to
thermophilic cohorts (Epstein, 1997). Finally, the microbes exhaust the easily
available nutrient sources in the compost and their populations begin to decline. Heat
production drops off and a drop in temperature follows.

The proposed model of this typical compost temperature time series is shown in

Equation 2:
—kp [t =1, —k, [t—1,) —k, -[t-1,)
T(t):Ta-*—Thm'e_e h ' +Thr'e_e h h _Tc.e_e (2)
T, Ambient temperature

Tywn  Heating potential of the mesophilic stage
Ty Heating potential of the thermophilic stage
T, Cooling potential

thin Time when maximum mesophilic heating rate occurs
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tht Time when maximum thermophilic heating rate occurs

te Time when maximum cooling rate occurs

kom Maximum mesophilic heating coefficient

kne Maximum thermophilic heating coefficient

ke Maximum cooling coefficient
The first term in Equation 2, T, provides a “base-line” corresponding to the start
temperature of compost, which is assumed here to be the same as the ambient and end
temperatures. The second term (Th,-exp[-exp(-Kum(t-tnm))]) describes the temperature
increase due to the accumulation of heat from mesophilic microbial activity in the
compost pile. The third term (T-exp[-exp(-kn(t-t1,))]) describes the temperature
increase due to heat generated by thermophilic microbial activity. The fourth term
(T.-exp[-exp(-k.(t-1,))]) represents the temperature decline during microbial decay. In
this context, T}, is the maximum temperature increase above ambient in the compost
pile during the mesophilic stage and T, is the maximum temperature increase above
the mesophilic plateau during the thermophilic stage. T is the difference between the
combined maximum temperature and the ambient temperature, indicating the
magnitude of the temperature drop from the time of maximum activity to compost
maturity.
The curve described by Equation 2 is shown in Figure 4-3. Given appropriate
parameter values, this function is very representative of the typical temperature time
series shown in Figure 4-2 (b). Kinetic information, such as the maximum intensity of
mesophilic and thermophilic activity, the rate of increase of microbial activity through

the mesophilic and thermophilic stages, and the duration of these stages, are all
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reflected in the parameters of the model. The function (Equation 2) can therefore
flexibly represent a wide variety of temperature time series. It cannot describe
temperature time series that include re-heating or mixing events, although additional

terms could be included to accommodate such events.

4.3.2 How to fit the model to data: Determination of initial parameter values

To solve a nonlinear equation like Equation 2, initial estimates of the parameter values
are required. A good choice of initial values is critical since a poor starting point can
result in divergence or a wrong solution (Motulsky and Ransnas, 1987). Although no
algorithm is currently available in SAS® to help select good starting values (Freund
and Littell, 2000), it is possible, in practice, to objectively select initial parameters
values.

As illustrated in Figure 4-3, the part of the function corresponding to mesophilic
heating can be approximated by Equation 3 because the third (T)rexpl-exp(-knt-tn))])
and the fourth (T-exp[-exp(-k.(t-1.))]) terms in Equation 2 have small values during
this stage. A reasonable initial estimate for the coefficient T}, ( Th) is the asymptote
of the second term in Equation 2, which is the difference between ambient

temperature and the highest temperature during the mesophilic heating stage.

__e_khm [t_thm]
T@t) =T, +T,, e ' 3)

Equation 3 can be log-transformed twice to linearize its form, as demonstrated in

Equations 4 through 7. The original temperature data can then be transformed using

the left sides of Equation 7 to generate a new dataset on Yj,. The slope (k,, ) of the

resulting line can be used as an initial estimate for the mesophilic heating coefficient

- 64 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(knn), and the offset on the time axis (¢, ) as an initial estimate for the time of heat

inflection (¢4,,).

=k (=1 Sk fi-
In(T,(¢)-T,)=1n| T, -~ ¢ h mo | InT, e k, (t—1,.) @
—_ (ln(Tl (l)—T )_lnTh)z —~In l(t)—.Ta — e_ kh [t_th] (5)
h
ln[_lnz—;(l,)—_n)=ln€_ khm .[t_thm} =—khm (t—'thm) (6)
hm
ln(" In Z%o_—T—J =k, (¢~ 1] 7
hm
Y, ==Ky o[ =10 (®)
T,  Initial estimate for the heating potential T,
k, ~ Initial estimate for maximum heating coefficient kyn

. Initial estimate for the time of heat inflection #,,

Similarly, the thermophilic heating stage can be approximated by Equation 9 since,
during this stage, the second term in Equation 2 has approached its asymptote (T})
and can be approximated by a constant, and the value of the fourth term in Equation 2
is still negligible. A reasonable initial estimate for the coefficient Ty (T} ;,,0) isthe
asymptote of the third term in Equation 2, which is the difference between the
maximum temperatures during the thermophilic and mesophilic heating stages.

Equation 9 can be linearized by two log-transformations to obtain Equation 11. The
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original temperature data can then be transformed using the left side of Equation 10 to

generate a new dataset on Yy, and find initial estimates of k;, and #,.

_ —kht '[t_tht}
T,t)=T,+T, +T, e € 9)
_ _ 0
ln(— 1nTL(Q-—7;a——Z'ﬂ] =—ky -[t—1,] (10)
ht
Y, =—k, -[t-t,] (11)

T, Initial estimate for the heating potential Ty

k, Initial estimate for maximum heating coefficient ky,

0

t, Initial estimate for the time of heat inflection #,

The decay stage of the function can be approximated by Equation 12 because both
heating terms in Equation 2 have by this time approached their asymptotes, 75, and
T}, and can be approximated by constants. The initial value of the coefficient T (TCO)
can be estimated by summing Thmo and Thto, which is the difference between the
combined maximum and ambient temperatures. Equation 12 can be linearized by two
log-transformations to obtain Equation 14. The original temperature data can then be
transformed using the left side of Equation 13 to generate a new dataset on Y, and find

initial estimates of k. and ¢..

—k, -[t-1,)
T,(t)=T,+T, +T, ~T, -¢ ¢ (12)
0 0__
ln(— In Ta +Thrn +Zm T3(t)j — ___k:) .[[_l‘f] (13)
T
Y, =k (t~1) (14)
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T’ Initial estimate for the cooling potential 7.
k! Initial estimate for the maximum cooling coefficient k.
tf Initial estimate for the time of cooling inflection .

To illustrate this method, the transformation of data from a temperature sensor at the
bottom of a passively aerated composting vessel (Figures 4-3 and 4-4 (a)) and its
subsequent linear regression (Figure 4-5 (b), (c), and (d)) were used to obtain initial

estimates of &y, tam, kne, th, ke, and £, (Equation 15 — 17):

-0.2606 ¢+ 10.419 = —k,, -[t—1, | (15)
-0.0949 -1 +7.1437 = —k, -t -1, | (16)
-0.0069 -t +1.7837 =~k -[t =1 (17)

4.3.3 Why trust the model? Tests of goodness-of-fit and normality

The goodness-of-fit of the model can be evaluated using the R-squared (R?) statistic,

~ which is a popular indicator of goodness-of-fit in regression analysis. Although not
given directly in the NLIN procedure of SAS®, R? can be calculated from the variance
statistics that are reported for the regression (Freund and Littell, 2000). Referring to
the nonlinear regression results for the temperature data used in the previous example

(Table 4-2), R? can be calculated using Equation 18.

R?= S5 yoaa_ 217587 x100% = 99.99% (18)
SS 217615

Total

Deviance, which is the average deviation of the residuals from zero, is another
important indicator of the goodness-of-fit of a nonlinear model. A residual is the

difference between the measured and modeled values for a given data point. Student’s
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t-test is used to evaluate a given model based on deviance, with the null hypothesis
that the overall mean of the residuals does not differ significantly from zero (uy = 0),
given the chosen a value. If the resulting p value of the test is greater than q, then the
null hypothesis is accepted, meaning that the modeled values closely approximate the
observed values. Rejection of the null hypothesis implies that the modeled values do
not closely approximate the observed values, and the model should be improved
accordingly.

A normality test of the residuals is also necessary when testing goodness-of-fit, since
the above methods are based on the assumption of normally distributed residual
values. A non-normal distribution of the residuals could be caused by outliers in the
observed data, in which case the outlying values might be removed from the data. If
there is a lack of normality that is not due to outliers, then adequacy of the model
needs to be re-assessed and the model may be need to be modified to include other

factors.

4.3.4 How to test rigorously for differences among datasets

Once the mathematical model is chosen, fitted to the data, and tested for goodness-of-
fit, the next step is to test for significant differences among treatments. A statistical
procedure based on the extra sums of squares principle can be used to test the
significance of any differences between the models as they have been fitted to the
temperature time series (Draper and Smith, 1966). In this procedure, the data are
analyzed in two different ways and the analyses are compared. In the first analysis, a
single, combined model (Equation 2) is fitted to all of the data, including all of the

temperature time series to be compared. In essence, the temperature measurements are
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treated as though they were all derived from a single population of data. The result of
this first, combined analysis is a single mathematical function fitted to all the data.
The differences (residuals) between the experimental data and the corresponding
points on the fitted curve are calculated. The sum of the squared residuals is calculated
as a measure of the variation not accounted for by the combined model. The sum is
then divided by the number of degrees of freedom of the combined model used to
obtain the mean sum of square error (MSE,). In the second analysis, individual
models, of the same general form, are fitted to each of the temperature time series by
calculating a separate set of model parameter values for each, under the assumption
that each temperature time series is derived from a different population of data. The
result of this second, individual analysis is, therefore, a set of several fitted
mathematical functions, one corresponding to each of the different time series. The
combined sum of the squared residuals of all these several individual models is
calculated and divided by the combined degrees of freedom to obtain the MSE;. An F

test can then be performed based on the two mean sums of squares (Equation 19).

MSE, - MSE,
v, =V, . _ 3
F = MSE, withdf=v,-v_, n—v, (19)

MSE. Mean residual sum of squares for the simple model

MSE; Mean residual sum of squares for the complex model

Ve Number of unknown parameters in the simple model
Vi Number of unknown parameters in the complex model
n Number of observations.
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The null hypothesis in this test is that there is no difference between the two sums. If
the p value corresponding to the calculated F value is greater than the selected a, then
the null hypothesis is accepted. If this is the case, then there is no significant
difference between the ability of the combined and individual models to describe the
variability of the observed data. Neither the models nor the datasets that they describe
can be considered different from one another. If the null hypothesis is rejected,
however, then the fitting of individual models to the datasets is shown to significantly
increase the ability of the models to capture the variation in the observed data. In other
words, the datasets as represented by the models can be considered to be significantly
different from one another. The same methodology can also be used to perform pair-
wise comparison of temperature time series for a more detailed analysis of any

differences.

4.4 Results

4.4.1 An example of how this works: Experimental data for model calibration
An in-vessel composting experiment was conducted using passive aeration, a
description of which is published elsewhere (Yu et al., 2005). Temperatures at
different positions above the aeration plenum (Figure 4-3) were recorded by an
automated data logging system. The NLIN procedure in SAS® (Freund and Littell,
2000) was used to perform the curve fitting, and the program was written as shown in
Appendix L.

The temperature time series from two locations in the compost vessels and the

corresponding fitted curves are shown in Figure 4-5 (e). The temperature time series
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followed a form typical of aerobic composting, increasing exponentially to about
65°C, including the commonly-observed transition between the mesophilic and
thermophilic stages, and then gradually declining to about 40°C. The proposed
function (Equation 2) was fitted to these data using initial values determined as shown
in Figure 4-5 (b), (c), and (d). The results of the curve fitting process are summarized

in Table 4-1.

4.4.2 Test of goodness-of-fit and normality

The results of the test of deviance (Table 4-3) show that the overall means of the
residuals were zero, meaning the fitted model passed through the observed values
well. The residuals of the model of the bottom temperature time series were normally
distributed (Table 4-3), while those for the middle layer were not, implying the need
for careful examination of the dataset and cautious application of the fitted model.
Figure 4-5 (f) shows that there were a few outliers (grey points) that skewed the
residual distribution. The removal of the outliers makes the distribution of the

residuals return to normality.

4.4.3 Test of difference among datasets

Equation 2 was used as a combined model for all of the experimental data, and an

individual model was constructed as shown in Equation 20.

(T J.dT" ) _e_ (khml +d 'dkhmz)'[t_(thml +d-dt,, )J
+ ta-dl, ) e

~(ky, +d -dk,,)-[t—(t,, +d-at,,) (20)

)' e_ e htl hil

_ _(kc1+d'dkc2)'[t—(tc| +d'dtc2)]
—(Tcl +d'ch2)'e ¢

+(T,, +d-dT,

htl ht2
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d Indicator variable (0 or 1)
In the first, combined analysis, all of the data are considered to be from one
population, and the model (Equation 2) is fit accordingly. In the second, individual
analysis, the data from each of two temperature sensors are considered to be distinct,
and a model is fit separately to each of the two datasets. Here, an indicator variable is
used to distinguish the parameter values corresponding to the two different datasets.
For parameter values corresponding to data from the bottom sensor (Figure 4-5), the
indicator variable d is assigned the value O, while for parameter values corresponding
to temperature data from the middle sensor the indicator variable is set to 1. The
implementation of this test in SAS® is shown in Appendix II. A summary of the
ANOVA table associated with the regressions is shown in Table 4-4 and the

calculation of the F value is shown below (Equation 21).

MSE, -~ MSE, 56,0085 —0.3234

V.~V 18—8 .
- R—— = =10, 2 1
F MSE. 03234 4061 with df = 10, 236 21
n—v, 25418

When the two analyses in this test are compared the null hypothesis is rejected (p <
0.0001), and the two datasets are shown to be significantly different. This is to say that
it is advantageous to fit a model separately to each of the two temperature time series,

instead of fitting only one model to all of the temperatute data.

4.5 Conclusions

In conclusion, the proposed nonlinear mathematical model can be used for
characterizing the highly time-correlated, autocorrelated temperature time series

typical of composting. The implementation of a nonlinear curve fitting procedure
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using SAS® was elaborated, together with methods for the objective determination of
initial model parameter values and tests of goodness-of-fit. Furthermore, a method
was described for rigorously testing the significance of differences among temperature
time series modeled in this way. The usefulness of these methods was demonstrated
by fitting models to different temperature time series from a composting experiment
and then testing for significant differences between them.

The mathematical model can be fit to any temperature time series of the general form
shown in Figure 4-2 (b). With appropriate modification, it could also be fit to
temperature time series that include re-heating events. The model cannot, however,
accommodate discontinuous data such as those from compost trials that involve
turning and/or re-mixing.

It is speculated that the fitted coefficients of the proposed equation (Equation 2) might
be useful indicators of the interaction between microbial activity and feedstock
properties (e.g., carbon:nitrogen ratio and free air space), as expressed indirectly
though temperature. Further research is required, however, to establish the relationship
between the parameter values and physical quantities. Based on this understanding, a
novel way of characterizing the physical process of composting might be developed.
The authors do not claim that Equation 2 is the only nonlinear equation appropriate for
describing a compost temperature time series, but firmly maintain that the time-
correlated information contained in such a temperature time series should not be

ignored.
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Table 4-1. Summary of regression results from SAS

Data Tym Ty T, km ks ke thim the t

Bottom  30.0 2.1 234 0.1727 03983 0.0051 373 794 91.7

Middle 259 16.2 9.5 0.3057 0.1813 0.0257 385 88.1 1373

Table 4-2. Analysis of variance for the regression of temperature data from the bottom

compost layer

Sum of Mean

Source - DF F value Pr>F
Squares Square

Model 5 217587 43517.3 189585 <.0001

Error 125 287 0.2295

Uncorrected Total 130 217615

Table 4-3. Results of statistical analysis of the distribution of residuals

Data Ho=0 Normality
Bottom p =0.9887 p=0.7362
Middle p =0.7847 p = 0.0090
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Table 4-4. Analysis of variance for the regression of combined and individual models

Source DF  Sumof Squares  Mean Square Fvalue Pr>F
Combined model 8 583786 72973.3 1302.9 <.0001
Error 246 13778.1 56.0085

Uncorrected Total 254 597564

Individual model 18 597438 33193.8 102630 <.0001
Error 236 76.3298 0.3234

Uncorrected Total 254 597564
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Figure 4-2 (a). Schematic of a typical microbial growth curve
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Figure 4-2 (b). Schematic of a typical composting temperature time series
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Figure 4-5 (a). Temperature time series of passively aerated compost (experimental
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Figure 4-5 (e). Regressed curves for temperature time series from passively aerated
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Chapter 5 Influence of free air space on microbial kinetics in

passively aerated compost '

5.1 Introduction

Composting is gaining acceptance as an environmentally sustainable method of
managing and recycling organic material. Mathematical models of composting are
being developed for the purpose of improving our understanding of, predicting, and
optimizing the composting process. Most composting models developed to date are
for large scale processes with active aeration (Mason 2006). Actively aerated systems
are often promoted as having the advantage of high processing rate and good control
of process variables. Given an appropriate configuration, however, passive aeration
can result in similar process rates (Fernandez and Sartaj, 1997), end product quality
(Solano et al. 2001), and lower nitrogen loss compared with active aeration (Solano et
al. 2001). It has been demonstrated that passive systems can be operated in cold
climates, dispelling another common concern (Lynch and Cherry 1996a, McCartney
and Eftoda 2005). Passive aeration systems also require less capital investment and
operating costs are lower than for active aeration systems (Haug 1993). Passively
aerated composting can therefore be a good alternative for processing organic
residuals not only on small farms (De Bertoldi e al. 1985), but also for large-scale

systems.

¥ Part of this chapter has been published as: Yu, Shouhai, O. Grant Clark, Jerry J. Leonard, Daryl M.
McCartney. 2006. A mathematical model for passively aerated compost. In: Proceedings of the
International Conference ORBIT 2006, Eckhard Kraft. eds, Weimar, Germany. pp 233-243.
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Passive aeration is also an important consideration in composting systems that employ
active aeration, since in such operations forced aeration is usually only used during the
high rate phase, which typically lasts only one week to one month. After the active
phase is complete, the compost generally is left to cure for several months, and only
passive aeration takes place during this curing phase. Little attention has been paid to
this curing phase even though it is an important part of the complete process (Haug
1993). Neglect of the curing phase of composting might partly contribute to the huge
variation in compost quality between facilities.

The lack of an adequate mathematical description of the heat and mass transfer within
passively aerated compost makes these systems difficult to predict and control.
System design and optimization is also impossible, which is a barrier to the adoption
of passively aerated composting. One critical challenge to modeling passively aerated
systems is the lack of an adequate mathematical description of airflow. In actively
aerated systems, air movement is mechanically driven at constant and predetermined
rates by pumps or fans. As a result, the supply of oxygen to the compost and the
removal of excess heat and moisture can be estimated with reasonable accuracy. In
passively aerated systems, however, the airflow is driven by buoyancy, and its
estimation is a challenging task that is crucial to the development of a complete model
of the system. Lynch and Cherry (1996b) proposed the first analytical model for the
description of the airflow though passively aerated windrow, in which Darcy’s law
was employed to estimate the vertical velocity of air going through the compost bed.
The applicability of the model was not demonstrated, however, possibly because of

the difficulty of measuring airflow and other model parameters in actual windrows.
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Barrington et al. (2003) proposed the use of empirical relationships between the
Grashof number and the measured airflow rate for the purpose of predicting airflow in
passively aerated compost. The lack of theoretical explanation of the nature of such
relationships limits the optimization of this methodology in practical applications.

A model relating the physical characteristics and temperature of the substrate with the
measured air flow through passively aerated compost was developed and described
elsewhere (Yu et al. 2006). The model was intended to predict the convective airflow
resulting from the heat generated by the microbial activity in the compost. The effect
of compaction on the permeability of the compost, although not directly included in
the model, was also considered in its application. The model was verified using
measured airflow and temperature time series data from a passively aerated
composting experiment as inputs, and the predicted airflow was compared with
measured values (Yu et al. 2006).

Another important factor is the estimation of microbial kinetics (i.e. degradation rate)
in passively aerated compost. Microbial kinetics has been recognized as the most
decisive variable in mathematical models of composting processes (Mason 2006,
Hamelers 2004). As noted by Stombaugh and Nokes (1996) however, microbial
kinetics in compost can vary among positions even in actively aerated compost, where
the supply of oxygen can be more directly controlled. Microbial kinetics is likely to
vary even more in a passively aerated composting system where there is no steady,
externally driven air flow.

The uitimate goal of this work is to provide a general model which can be applied to

any passively aerated composting systems, but a practical short-term objective is to
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develop an empirical model suitable for a specific substrate. This more conservative
approach is commonly adopted by most modelers in the composting field (Mason
2006) because knowledge of the microbiology involved in composting is still very
limited, so that general relationships cannot yet be extrapolated from particular
instances. As summarized by Mason (2006), a suitable model of composting can be
achieved by combining empirical microbial kinetics from experiments with theoretical
heat and mass balances. The work presented here illustrates how a novel empirical
relationship between microbial kinetic coefficients and substrate FAS can be used in a
numerical model to predict heat production and temperature at different locations in
the compost bed. The degradation of the substrate carbon and the removal of moisture

are the related mass transfer processes that were considered in the model.

5.2 Model description

5.2.1 Physical model

The selection of physical model was based on the following criteria: (a) the model
should include all necessary components to reflect the fundamental characteristics of
various passively aerated composting systems; (b) the model should be simple enough
to represent only the very basic principles of interest and should minimize extraneous
factors; (c¢) the variables of interest in the model should be easily measured.

In a passively aerated system, vertical airflow (Fogiel et al. 1999) and vertical
temperature profile (Fernandes et al. 1994, Yu et al. 2005a) are the most fundamental
characteristics. The physical model used to study the process consisted of dairy

manure and straw composted in an enclosed, passively aerated composting vessel
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(Figure 5-1). The insulated vessel was 0.9 m in height and 0.6 m in diameter with an
expanded metal floor installed 0.10 m from the bottom to create an aeration plenum.
The cylindrical vessel selected for the study embodied the fundamental features of
passive convective airflow. Convection is the driving force for oxygen supply in
passively aerated systems, and is characterized by the vertical movement of air due to
buoyancy. Actual measurements of vertical airflow in passively aerated, in-vessel

composting are also practical (Barrington ef al. 2003, Yu ef al. 2005a).

5.2.2 Conceptual model

The compost bed in the vessel was considered to consist of layers, each having
homogeneous physical and chemical properties (Figure 5-1). Microbial activity in
each layer was considered to consume oxygen (O,) and organic matter (represented by
carbon) from the substrate, and to release only carbon dioxide (CO,), moisture (H,0),
and heat. The airflow through the compost was considered to be uniform and
unidirectional from bottom to top, delivering oxygen and removing excess moisture,
CO,, and heat. |
The following assumptions were made in the development of the model:

1. Each layer was physically and chemically homogeneous.

2. Microbial metabolism in each layer was limited by the availability of carbon,

oxygen, and water.
3. Air was incompressible.
4. Air traveled through the compost bed in the vertical direction only.

5. Airflow was uniform through each layer.
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6. The mass flow rate of dry air was constant vertically throughout the compost
bed. This is to say that the consumption of oxygen and generation of carbon
dioxide had a negligible contribution to the volume of air.

7. The temperature of the air stream was the same as the compost in each layer
immediately after entering that layer.

The complete mathematical model of the mass and heat transfer within the passively
aerated compost includes (Figure 5-2): (a) a biodegradation model to predict the mass
changes due to microbial activity, including organic matter (represented by carbon),
moisture, and oxygen content; (b) a temperature model to predict the temperature
profile developed in the compost bed; and (c) an airflow model, to predict the passive
air movement through the compost bed.

Inputs to the biodegradation model included the initial chemical and physical
properties of the feedstock, such as carbon content, water content, bulk density, and
FAS. As heat production in composting is almost completely derived from biological
activity (Kutzner 2001), the temperature profile was determined using the heat output
from the biodegradation model. Since the temperature model was directly verifiable
using temperature measurements from experiments, the performance of the
biodegradation model could be verified indirectly at the same time because of the
strong correlation between temperature model and biodegradation model. Temperature
is a more practical indicator variable than the oxygen uptake rate which, although a
more direct indicator of aerobic microbial activity, is more difficult to measure

(Paletski and Young 1995).
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The numerical model proposed by Yu et al. (2006) was adapted to allow the
estimation of airflow given the temperature in the compost bed, which is related to
microbial activity and the basic properties of the substrate (e.g., permeability, mass,
and specific heat capacity). The change in FAS due to compaction, although not
explicitly calculated in this model, was estimated based on published data and taken
into account in the application of the model (Das and Keener 1997, Richard et al.
2004). The model was conceived to be iterative in its execution, since airflow supplies
oxygen while removing heat and moisture from the substrate, and this in turn impacts
microbial activity (biodegradation and heat production) in the substrate. Therefore, a
strong feedback loop exists among the airflow, temperature, and biodegradation

models (Figure 5-2).
5.2.3 Mathematical model

5.2.3.1 Biodegradation model

The biodegradation model was based on the mathematical model of Liang et al.
(2004), which was extended to incorporate the adjustment of microbial kinetics at
each layer. The parameters in the biodegradation model were estimated and modified
based on literature (Haug 1993, Stombaugh and Nokes 1996, Liang et al. 2004,
Mason 2006). A first-order biodegradation model was used for the microbial growth at

each layer:

dX
- - X. 1
( dl ]i kd,txl ( )
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The growth rate of microbes (dX/df) at different positions " layer) is represented as
being proportional (k,) to the population size, which is represented by biomass (X).
The rate of substrate decomposition, expressed by the change of carbon content, was

determined by:

dr Yy dt

The rate of change in carbon content in the substrate (dC/df) at different positions (i"
layer) was estimated from the change in the microbial population (dX/dt) using a
biomass yield coefficient (Yy/c), i.e., the yield of biomass per unit mass of substrate
carbon consumed. The strong correlation between changes in carbon content and
microbial biomass is commonly employed in microbial growth models (Liang et al.
2004, Komilis 2006). For simplicity, therefore, only carbon content was calculated in
this exercise. Validation of the carbon mass balance was considered to be outside the
scope of this study. Following a similar rationale, an empirical constant was used to
estimate the total amount of substrate consumed from the predicted change in carbon

content (Liang et al. 2004) (Equation 3).

ds, dx
tit__dt/fc ®)

The concept of first-order kinetics is based on the general observation of nutrient-
limited microbial growth in natural environments (Alexander 1999, Adams 2003,
p198) and the use of a simple first-order rate constant is a common choice for

modeling practice in composting (Haug 1993, Mason 2006). Since the first-order

model does not consider the phenomenon of self limiting growth and carbon and

- 96 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



oxygen concentration levels in the substrate, the rate constant has to be multiplied by

various adjusting coefficients, discussed below.

5.2.3.2 Adjustment of first-order rate coefficient

The rate coefficient in the first-order degradation model (Equation 1) was adjusted to
account for the effect of temperature, moisture, oxygen and bioavailability of carbon
(Haug 1993, pp. 395-402). A Monod-type (Monod 1949) expression was selected for

this (Equation 3).

cl bl , “

k,.=k , k
d,i d,max,i Kc +[C,~]K02 +[02]S temp ™ w

The first-order growth rate (k,) at different layers (i layer) is estimated by adjusting
the maximum first-order growth rate (k ...) with a nutrient limiting factor, which is
expressed in terms of carbon availability ([C)/(K¢ + [C])), oxygen availability
([02)/(Koz + [0,])), and the influences of temperature (Ki.my), and substrate moisture
content (k,). K¢ and Ko, are half saturation constants of carbon and oxygen in the
substrate.

Most composting models employ one function, linear or non-linear, to describe the
effects of temperature (kiemp) Over the whole composting process (Haug 1993, Mason
2006). Composting begins with a mesophilic stage, generally progresses through a
thermophilic stage, and cools down to mesophilic stage during the curing phase (Haug
1993, Epstein 1997, Kutzner 2001, Ryckeboer et al. 2003). A lag in temperature
change is commonly observed during the transition from the mesophilic to the
thermophilic stages (Stombaugh and Nokes 1996, Seki 2000, Sundberg et al. 2004).

Since mesophilic and thermophilic microbes have different responses to temperature
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(Ryckeboer et al. 2003, Madigan and Martinko 2006), different termperature response
curves are required for the two groups, for better description of the microbial activity.
Simplified linear functions similar to that used by Liang et al. (2004) and Stombaugh
and Nokes (1996) were employed to calculate the correctional coefficient (kiemp)
(Figure 5-3). For mesophilic bacteria, active from about 0°C to 55 °C (Ryckeboer et

al. 2003), the effect of temperature was estimated by:

0.033xT 0<T <30
k1o =31.0 30<T <40 (5)
~0.067xT +3.667 40<T <55

For thermophilic bacteria, active from about 40°C to 75°C, the effect of temperature
was estimated by:

0.10xT - 4.0 40<T <50
k™ =141.0 50<T <55 (6)
-0.05xT+3.75 55<T <75

The effect of moisture (ky) was estimated by:

0.0 MC<0.2
k,=<50xMC-10 02<MC<04 @)
1.0 04<MC

where MC is the decimal, wet basis moisture content of the substrate.

The value of k. Was estimated by the analysis of temperature histories from the
composting trial by fitting the sum of two additive, sigmoid, asymptotic growth curves
and a decay curve to the temperature histories (Yu et al. 2005b). The fitted parameters
were thereafter used to estimate microbial kinetic coefficients in this model. This

method is more convenient than many that have been used previously (Haug 1993,
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Mason 2006) because it is easier to measure temperature than oxygen uptake rate.
Moreover, the oxygen uptake rate reflects mostly the activity of aerobic bacteria
(Gomez et al. 2006), but not all microbes in compost are aerobic (Ryckeboer et al.
2003). Heat production, on the other hand, is a good indictor of the overall activity of
all microbes in the compost bed, and temperature change in compost is related to heat
production from all microbial activity. Furthermore, heat production rate has been
used in a similar fashion to quantify microbial metabolic rate in soil (Barros et al.
2004), activated sludge (Aulenta et al. 2002), and wastewater (Daverio 2003).
Nevertheless, more effort is needed to verify a rigorous relationship between the rate
of change of temperature and microbial kinetics during composting since the change
of temperature is also influenced by the mass and specific heat of the substrate, and

convective and conductive heat loss.

5.2.3.3 Mass changes

The mass changes of oxygen and moisture in the substrate were estimated based on
the principle of mass conservation, although the estimates were not validated
experimentally. The mass change of the oxygen content in the compost was estimated
by:

dlo,] ., dS;
dt XIS

+%([021,-,, ~[0,1,.,) (8)

The estimation of oxygen content was done by an overall mass balance analysis of
oxygen content in the inlet ([O2]in) and outlet ([O2]ow) air, and the oxygen consumed
by microbial activity in each layer of the compost bed. Oxygen consumed by microbes

is commonly estimated indirectly from the substrate degradation (dS/df) multiplied by
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a microbial yield factor (Yx/s). The concentration of oxygen in air ([O]in) is
volumetric, and the volume of air going though each layer of compost was estimated
by the mass airflow rate (F) and the density of the air (p), which was calculated based
on psychrometric relationships (ASHRAE 2005) from the temperature and humidity
ratio of the air.

The change in moisture content was similarly estimated by an overall mass balance
analysis of water content in the inlet (w;,) and outlet (w,,,) air, and the water generated
from microbial activity (Equation 9).

dw ds,
s E‘*‘ F-(w, -w,,) 9)

Water generated by microbes is commonly estimated by yield (Yyys) from substrate
degradation (dS/dt). The total mass of water carried away by the air during unit time
period can be estimated by the airflow rate (F) times the difference in the humidity
ratio between the inlet (w;,) and outlet (w,,). An effort was made to measure the
change in air humidity during composting using commercially available integrated
circuit humidity sensors (HIH-3610-003, Honeywell Sensing and Control, Freeport,
IL, USA), but no meaningful conclusions could be drawn due to the poor performance
of the sensors in the harsh conditions in the compost bed. As a result, the moisture
removal from each layer was estimated based on current understanding and well-
accepted assumptions.

The evaporation of water from substrate is driven by the difference between the vapor

pressure and the partial pressure of the water (Alberty and Silbey 2000, p192), and the
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vapor pressure is proportional to exp(-Qr..n: /RT) (Alberty and Silbey 2000, p185),

which can be approximated using a Taylor series expansion (Adams 2003, p569):

QL([ QL(ZI i
expl — aterit | 1 — en 10
p( RT RT {10

Substituting an approximation of the latent heat (Haug 1993, p424) into Equation 10

gives:
exp[—%ﬂjzl.%S—Lﬁ(—) (11)

where T is temperature in K. As a result, saturated vapor pressure can be considered as
approximately proportional to the reciprocal of temperature, which can be easily
measured. The amount of water picked up by the air in each layer was therefore
assumed to be proportional to the difference between the reciprocal of temperature in
that layer and the reciprocal of ambient temperature. To quantify the amount of water

wtaly removed by the air was

picked up in each layer, the total amount of water (m,,
calculated first using measured ambient temperature and relative humidity values, and
the temperature of the exit air, which was assumed to be saturated (Haug 1993, Mason
2006). Then, the difference between the reciprocal of temperature at each (i) layer
(T;) and the reciprocal of ambient temperature (T mpien;) Was calculated as A(1/T); =
T smbiens - 1/T;, the sum of which was X A(1/T); = 4(1/T )1 =. The cumulative amount

of water removed from a given (i) layer as the air exited was then estimated b mwi=
g y Yy

mwmml « A(]/T)t /A(]/T)tatal-
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5.2.3.4 Heat balance

The heat balance was based on the principle of conservation of energy, but was not

validated experimentally. The heat balance of each layer in the compost can be

expressed by:
in = ngen — dQOut _ inn (12)
dt dt dt dar
dQ, dc,
==Y, — 13
dt HIC gy (13)
dQ,, do,
our _ n _FA(h —h 14
dl dt ( out n ) ( )

The heat balance at a given (i) layer is the net result of biological heat production
(dQgen/dt) minus the latent and sensible heat carried away by the airflow (dQ,./df —
dQ,,/dr), as shown in Equation 12. The bioreactor in the physical model was well
insulated, and radial measurements showed that there was no significant difference
between the temperature in the middle and that 2 cm away from the wall. As a result,
conductive heat through bioreactor walls and radiative heat loss were ignored for the
sake of simplicity. Biological heat production (dQ,../dt) was assumed to be
proportionately related by the heat conversion factor Yy, to the substrate consumption
rate, as represented by the change of carbon content (dC/dt) - (Equation 13). The heat
conversion factor is an empirical value depending on the chemical and
microbiological characteristics of the substrate. To calculate heat removal by the
airflow, psychrometric equations (ASHRAE, 2005) were used to calculate the

enthalpy of the input (h;,) and output (A,,,) air (Equation 14), including the
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temperature and humidity of the input air, the temperature and humidity of the exit air,
and the latent heat of evaporated water from substrate.

The overall heat content was calculated for the compost from the heat content of the
volatile substrate, non-volatile substrate, and water. The temperature change in each
layer was then calculated:

dr, 1 do,
+c, -m, dt

(15)

dt Cys " Mys +C, M,
The water content (m,,) was determined as per Thompson et al. (2002). As water is the
major part of the substrate (75% wet based), and the specific heat capacity of water is
much higher than those of the other two items (Table 5-1), water content plays the
dominant role in substrate temperature change. The actual values for volatile solid
(m,s), and non-volatile solid (m,,s) were therefore not measured in this study. Instead,
an empirical value of the content of volatile solid (i.e., 95% of initial dry matter) was
used based on other studies (Liang et al. 2004; Alvarez et al. 2006). Non-volatile mass
was estimated according to this ratio and assumed to be constant throughout the
composting process. The specific heat capacity of water (c,) is well-documented, and

the values for the specific heat capacity of the volatile solids (¢ys) and non-volatile

solids (cnys) were taken from literature (Liang et al. 2004) (Table 5-1).

5.3 Experimental data

The significance of FAS in composting has long been recognized (Haug 1993) and the
influence of FAS on the quality of passively aerated composting has been reported
(Veekeen et al. 2002). However, the quantitative relationship between FAS and the

microbial kinetics in passively aerated compost has not been investigated. To address
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this, experiments were conducted using compost with the same chemical properties
but four different FAS values (0.45, 0.52, 0.57, and 0.65), achieved by adding
different amount of woodchips.

The experiment was conducted in enclosed, well-insulated, passively aerated,
cylindrical vessels. The compost used in the trial consisted of fresh dairy (Bos taurus)
manure, softwood lumber chips (Picea glauca), pine wood saw dust (Pinus contorta),
and air-dried, ground canola straw (Brassica napus). The mixture was designed to
have a carbon-to-nitrogen ratio of 35:1 and initial moisture content of 76% (wet
basis). The FAS of the mixture was determined with a pycnometer developed by
Agnew et al. (2003), and average of 3 measurements was used to represent the FAS
value for each treatment. At the beginning of the experiment, the depth of the compost
in the vessel was 0.50 m. Integrated-circuit temperature sensors (LM35DZ, National
Semiconductor Corporation, Santa Clara, CA) were deployed in the middle of the
bioreactor, at positions of 0, 100, 200, 300, 400, and 500 mm from the bottom of the
mixture (Figure 5-1). All temperature sensors were connected to a data acquisition
system for automatic data logging with an interval of one hour. Airflow rates were
measured at the inlet and outlet of each bioreactor three times a day at approximately
8 hour intervals. The outlet airflow rate was measured using a smoke tracer meter and
the inlet airflow with an ultrasonic meter (Yu et al. 2005a). Each treatment was
replicated twice, and measurements from the two replicates were averaged to
represent each treatment.

Data from this one factor experimental design were analyzed by ANOVA to derive an

empirical relationship between FAS and biodegradation kinetics (kmax). Previous
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research has directly related biodegradation kinetics to temperature (Nielsen and
Berthelsen 2002, Richard and Walker 2006) and oxygen consumption (Cronje et al.
2004). Substrate FAS was chosen as the primary variable for the empirical estimation
of biodegradation kinetics in this study because FAS has a significant effect on airflow
development in passively aerated compost (Lynch and Cherry 1996b, Barrington et al.
2003) and airflow is strongly related to oxygen supply and temperature development
(Haug 1993).

Temperature histories from different positions from three treatments (i.e., FAS values
of 0.45, 0.52, and 0.65) were analyzed using previously developed methods (Yu et al.
2005b) to obtain kmax values for the mesophilic and thermophilic ranges for each
position. The knax values were then regressed against FAS and the resultant regression
function was used to estimate &, for arbitrary values of FAS during simulation. The
performance of the model was validated against temperature histories and airflow
measurements from an independent treatment from the same experiment (i.e., FAS

value of 0.57).

5.4 Results and discussion

Although the experimental data from this study were insufficient to estimate the
relationship between kp.x and FAS at very low and very high values of FAS, it is
speculated that it might be described by a sigmoid function similar to those used to
relate microbial kinetic factors with other environmental variables, such as moisture
content (Haug 1993, p3535, 398, 400). After removing possible outliers based on the

1.5 inter-quantile range criteria (Montgomery and Runger 2002, p207), the following
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relationships were derived for use in this study (Figure 5-4): for mesophiles, active

from about 0°C to 55 °C, kyax Was estimated by:
k™ =0.01+0.90 x exp(—exp(—15.0x (FAS —0.53))) R*=0.97 (16)
For thermophiles, active from about 40°C to 75 °C, kmax Was estimated by:

kerme = 0,01+ 0.70 x exp(— exp(~ 12.3x (FAS - 0.55))) R* = 0.96 (17)

As shown in Figure 5-4, knax values are higher in the mesophilic phase than the
thermophilic phase, meaning that the activity of mesophiles is higher than that of
thermophiles. This agrees with the results reported by Sundberg et al. (2004). The
easily degradable organic substances in the feedstock, such as sugar, protein, and fat,
help to maintain the high activity of mesophiles at the beginning of the composting
process. When the thermophilic phase is reached, readily available substances have
been exhausted and, together with the inhibitive effect of lower substrate pH
(Sundberg et al. 2004), the activity of thermopiles is therefore restrained.

The temperature histories at two locations in the compost with FAS value 0.57, which
were used as an independent test for the assessment of model performance, are shown
in Figure 5-5. The temperature in the middle of the compost (Middle) followed a form
typical of aerobic composting, increasing exponentially to above 55°C and then
gradually declining to about 40°C. Temperatures at the other position (Top), however,
remained below 55°C, which is the optimal temperature for thermophilic microbes.
This vertical temperature difference was assumed to be the result of local differences
in microbial activity and the related heat and mass transfer processes in the compost

(Yu et al. 2005a).
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Simulation results, also shown in Figure 5-5, indicate that the model could predict the
general trend of temperature development. The difference between the predicted and
measured temperature histories was analyzed statistically using the method described
by Yu et al. (2005b). F-values for the test of significance were 1026 for the middle
and 485 for the top, both resulting in p-values less than 0.01, which means there are
significant differences between the measured data and predicted values. Figure 5-6
shows that the residuals are not randomly distributed and are correlated with time,
suggesting the model used for prediction is biased, possibly because many parameters
in the model were not measured directly. Many microbial kinetics parameters required
by the biodegradation model, such as the correctional coefficients for temperature and
moisture, and the half-saturation coefficients for carbon and oxygen, were estimated
based on literature. All these factors together affect the degradation rate constant kg
(Equation 4), which has been recognized as the most decisive variable in compost
models (Mason 2006), for a small change in k4 can significantly change the shape of
predicted curve (Adams 2003, p198).

The limited precision of the thermodynamic parameters required by the temperature
model might also have contributed to the biased prediction. For example, as
commonly done in similar studies, a single heat yield coefficient from literature was
used in this study. Heat released by microbes, however, is different among different
species and strains (Barros et al. 2004). Heat yield coefficients should therefore be
different at different phases, e.g., relatively small during the mesophilic phase and
relatively large during the thermophilic phase. By the use of one heat yield coefficient,

heat production during the mesophilic phase might be over-estimated, resulting in a
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shorter lag period, and under-estimated during the thermophilic stage, leading lower
predicted temperatures. Further research is required to develop a more rigorous
methodology to obtain the required parameter values so as to improve the accuracy of
models.
The effect of compaction of the substrate was considered, as described elsewhere (Yu
et al. 2006). From the measured initial bulk density and FAS values, the compressive
stresses at different positions were calculated (McCartney and Chen 2000).

o, = p,gd, /1000 (18)
The resultant compaction at different depths was then estimated (Das and Keener
1997).

h, =h,_ +Ah, -exp(- B-0,) (19)
In this context, A;, is the fraction of the initial thickness of the it layer after
compaction, and A, 4hy, and B are coefficients estimated from data published by Das
and Keener (1997). The actual FAS in the i layer after compaction was predicted by

FAS = FAS, - h, (20)
Substituting the actual FAS value into the relationship developed by Richard et al.
(2004), the permeability of the substrate was estimated and used in the airflow model.
Substituting the corresponding FAS values into Equation 16 and 17, the maximum
degradation rate, knax, was obtained and used in the biodegradation model.
The measured and predicted airflow rates through the compost are shown in Figure 5-
7. The measured airflow raté followed a pattern similar to the compost temperature.
Measured airflow (iata obtained using both instruments increased to a maximum at

about 100 h and then gradually declined, illustrating the temperature-driven nature of
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the convective airflow through the compost. The calculated mass airflow rates through
the compost followed the temperature history, and showed good agreement with the
measured data (p = 0.97). The airflow model and suggestions for its improvement
have been discussed elsewhere (Yu et al. 2006).

As with any composting model (Mason 2006), the applicability of the model
described here is limited by a lack of knowledge of combining the process dynamics
at the micro level with the process dynamics at larger scales. Composting is a process
in which microbiology plays a critical role. Due to the inherently complex nature of
large-scale microbiological systems, especially on heterogeneous substrates,
composting models at present cannot be used as predictive tools applicable to all
substrates; they are rather more useful as research tools. For a composting system with
a consistent feedstock, however, the use of the model proposed in this study could
help the operator manage the system by providing a good estimate of the progress and
performance of the process.

Equation 16 and 17 were developed for use only with the feedstock and vessel in this
study. Although direct application of these relationships to other scenarios is unlikely
to be successful, the method of estimating microbial kinetics via the analysis of
temperature histories from preliminary compost trials is recommended. Simulation
results from this study do demonstrate that temperature histories from composting can
be useful in the assessment of microbial kinetics. Such an approach is also economical
in terms of instrumentation and the frequency of monitoring. Further research is
required, however, to fully develop the relationship between temperature and

microbial kinetics.
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5.5 Summary and conclusion

Composting was studied in an enclosed, passively aerated, cylindrical vessel to
investigate the quantitative relationship between FAS and the microbial kinetics in
passively aerated compost. Based on this experimental system, a numerical model was
developed in which the compost bed was considered to consist of layered elements,
each being physically and chemically homogeneous. The microbial activity in each
layer was represented in order to predict oxygen consumption and the release of water
and heat. The resulting temperature changes, the subsequent convection of air, and the
removal of moisture and heat through the layers were represented.

Microbial growth and substrate consumption rates were described using modified
first-order kinetics, which were adjusted for each layer based on an innovative, non-
linear, statistical analysis of temperature histories recorded at different positions in the
compost bed from three treatments (i.e., FAS values of 0.45, 0.52, and 0.65).
Temperature histories and airflow measurements from the treatment with FAS value
0.57 were used as an independent test for the assessment of model performance. For
mesophilic bacteria, active from about 0°C to 55 °C, the empirical relationships
between kn,x and FAS developed in this study was:

ke =0.01+0.90x exp(—exp(—15.0x (FAS —0.53))) R*=0.97

For thermophilic bacteria, active from about 40°C to 75 °C, the empirical relationships

between kpn,x and FAS developed in this study was:
k™eme = 0,01+0.70 x exp(~ exp(~12.3x (FAS —~0.55)))  R*=0.96

Simulation results indicate that the model could predict the general trend of

temperature development. Statistical test and residual plot show that the model used
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for prediction is biased, possibly because many parameters in the model were not
measured directly. Results from this study could help to further develop the
understanding of the relationships between various parameters, and models similar to
this one could eventually be useful in the design, optimization, and management of

passively aerated composting facilities.
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Table 5-1, Parameter values used in simulation

Parameter Units Default  Reference

. Yy kgx kg 0.35 Stombaugh and Nokes 1997
'g Yws kgmo kgs'l 0.63 Stombaugh and Nokes 1997
'g Yxs kgoz kgs'l 1.370 Stombaugh and Nokes 1997
% Yus kJ kgs'1 19,100 Stombaugh and Nokes 1997
g Kc kg kgan' 0.15  Liang et al. 2004

= Koy kg kg 0.00003  Liang er al. 2004

§ Cs kJ (kg °C)"! 1.480 Stombaugh and Nokes 1997
% Crys kJ (kg °C)'I 0.840 Stombaugh and Nokes 1997
g Cuw kJ (kg °C)"! 4.187  Haug 1993

g Ca kJ (kg °C)™! 1.013  Haug 1993

é) P kgg, m” air 1.286  Haug 1993
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Figure 5-1.  Schematic of the physical model used in this study
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Chapter 6 Synthesis

6.1 Summary and conclusions

The objectives set for this work were:

e Measurement of airflow in passively aerated compost systems

e Development of a practical model to predict airflow development

e Development of a rigorous significance test among treatments

e Determining an empirical relationship between FAS and biodegradation

kinetics (kmax)

For the measurement of airflow in passively aerated compost systems a smoke tracer
flow meter was devised and evaluated in Chapter 2. Smoke from fuming sulphuric
acid was used as a tracer and the tracer’s passage was detected by two infrared
emitter/detectors, separated by a known distance, installed on a straight air exhaust
pipe. The total estimated pressure loss across the smoke tracer flow meter was 0.10
Pa, which had negligible influence on airflow measurement, and the responses of the
flow meters were very linear in the calibration range (R? = 0.98). The smoke tracer
flow meter exhibited greater variation at high airflow rates and the relatively low
sampling rate (about 6 Hz), limited by the slow clock speed of the computer used in
the trial, was considered a major contributor to this. Compared with other flow meters
used in similar experiments, the smoke tracer flow meter had the advantages of very
low pressure loss, low cost, and robust performance under humid conditions.
An analytical model for the prediction of airflow rate in passively aerated compost

was developed based on Darcy’s law:
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The model related the physical characteristics (permeability, K) and temperature of the
compost (7;) with the predicted air flow (v), and the compaction which occurs during
composting was also taken into account in the application of the model. The model
was implemented in a computer simulation, and verified by using temperature
histories from the passively aerated composting experiment to predict airflow. The
calculated airflow values were not significantly different from the measured values (p
=0.97).

Temperature, an important indicator of composting microbial activity, was recorded
by an automatic data logger at different depths in the substrate, and the differences
among the temperature histories were used as the basis for adjusting the microbial
kinetic parameters in simulation. A novel mathematical model was proposed for the

statistical comparison of temperature histories from composting trials, based on a

modified Gompertz function that includes nonlinear, time-correlated effects.

~k,, [t=1,, —k, [t—t
T()=T,+T,, - ¢ | hJ+T,, ¢ vl m)—TC-e—e

Methods were developed for the estimation of initial values for the model parameters,
and algorithms in SAS® were used to fit the model to different sets of temperature
data. A method was also developed for rigorously determining the significance of
differences among the datasets as described using the proposed model. The model and

methods were shown to be useful tools for the statistical comparison of time series

temperature data in composting. The model cannot, however, accommodate
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discontinuous data such as those from compost trials that involve turning and/or re-
mixing.

Finally, microbial growth and the accompanying rate of substrate consumption were
modeled using modified first-order kinetics. The kinetic parameters used in simulation
were locally adjusted for different layers in the compost bed, based on an empirical
description of the relationship between those parameters and the measured substrate
FAS. Separate relationships were derived for the mesophilic and thermophilic
regimes. The initial kinetic parameters used to define these relationships were based
on temperature data from three preliminary trials (i.e., FAS values of 0.45, 0.52, and
0.65), and were estimated using the new statistical methods described previously. For
mesophilic bacteria, active from about 0°C to 55 °C, the resulting empirical

relationship between kn,x and FAS developed in this study was:

k™ = 0.01+0.90- exp(— exp(—15.0 . (FAS - 0.53))) R*=0.97

max
For mesophilic bacteria, active from about 40°C to 75 °C, kmax Was estimated by:

keme = 0,01+0.70-exp(—exp(~12.3-(FAS —0.55))) R*=0.96

Temperature histories and airflow measurements from an independent trial using
compost with FAS of 0.57 were used to assess the model’s performance. Simulation
results indicate that the model could predict the general trend of temperature
development. A plot of the residuals showed that the model was biased, however,
possibly because many parameters in the model were not measured directly but
instead were estimated from literature. The results from this study help to further

develop the understanding of the relationships between various compost parameters,
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and models similar to this one could eventually be useful in the design, optimization,

and management of passively aerated composting facilities.

6.2 Contributions to knowledge

The following contributions to the composting literature arose out of the work
discussed in this thesis:
e A smoke tracer flow meter was shown to be suitable for the measurement of the

exhaust air velocity during passively aerated composting

o Airflow rate in passively aerated compost can be estimated by

K T
=-_ 1--4
o v 'upog( T)

i

e For a given substrate, temperature time series can be represented by the sum of

three functions representing mesophilic growth, thermophilic growth and decay:

—khm'[t—thm] _kht‘[t—tht) e—kc'Lt-tc]

o T()=T,+T,,-¢° +T,, € ~T,-e

o Methods were developed for the estimation of initial values for the model
parameters

o Rigorous statistical comparison of different data sets was demonstrated

e Microbial rate constants in composting can be determined by the analysis of

temperature time series

o Both mesophilic and thermophilic rate constants are well described using a
sigmoid relationship with FAS
» For mesophilic bacteria, active from about 0°C to 55 °C, the empirical

relationship between kn,x and FAS developed in this study was:
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k™o = 0,01+0.90-exp(—exp(—15.0-(FAS ~0.53)))  R?=0.97
= For mesophilic bacteria, active from about 40°C to 75 °C, kmax Was

estimated by:
k™erme = (0,01+0.70-exp(—exp(—12.3-(FAS —0.55))) R*=0.96

= A biodegradation model using the above relationships can predict the

general trend of temperature development

6.3 Recommendations

Airflow measurement for passively aerated composting processes is still challenging
and deserves further study in order to effectively validate models such as the one
presented here. Further work could be done to completely automate the smoke flow
meter devised in this study to improve the accuracy and convenience of measurement.
The airflow model proposed in this study was developed with highly idealized
assumptions, which excluded phenomena such as the evaporation of moisture from the
substrate and volatilization of the substrate, consumption of oxygen, and release of
carbon dioxide by microbial activity. Further research could be done to quantify and
model their effect on convective airflow development. Another possible improvement
of the model would be to incorporate effects of drag on airflow, using an expression
such as the Dupuit-Forcheimer relationship (Richard et al., 2004; Lage and Antohe,

2000).

The permeability of the substrate is another critical variable that must be accurately
determined to improve the accuracy of airflow model. It has been pointed out that

some void space in the composting substrate may not be available for air flow
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development (Eftoda and McCartney, 2004). A model of such “unsaturated” air flow
might therefore be considered in future research to improve the prediction of average
air velocity through compost.

The maximum microbial growth rate was estimated in this study by the analysis of
temperature histories from composting trials, which involved fitting the sum of two
sigmoid, asymptotic growth curves to the temperature histories. The fitted parameters
were thereafter used to estimate the microbial kinetic coefficients. Further research is
required, however, to establish a rigorous theoretical underpinning for this relationship
between temperature measurements and the values of the microbial growth
parameters.

The 1-dimensional model developed in this thesis should be extended to 2-
dimensional and 3-dimensional real world applications, i.e., in windrow composting,
distribution of substrate FAS, air flow, and temperature in actual windrows need to be
measured and corresponding mathematical descriptions developed. Computational
fluid dynamics (CFD) and finite element analysis (FEM) can be thereafter employed
to simulate and predict the composting process in windrow systems.

The complexity of the compost system limits the accuracy of deterministic models,
since it challenges both the current understanding of the process and available
measurement techniques (Hamelers, 2004, Mason 2006). Alternatives to deterministic
modeling, such as the training of artificial neural networks, could be considered, since

such models can sometimes usefully represent systems that are not well-understood in
theory or in which intermediate or internal quantities are difficult to observe (Rabunal

and Dorado, 2006).
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Appendix A Simulation C source code

[k stk sk sk sk sk sk e stk sk ok ok skkok

******************************************/

/* Func : main() */
* */
/* Use : prediction of temp and airflow development in */
/* passively aerated compost */
/* */
/¥In :[C] BD FAS AmbientTemperature AmbientRH */
/* */
/* Out : temperature at each layer */
1* arflow rate through the compost */
/* Date : 2005-May-4th */

/*******************
#include <stdio.h>
#include <stdlib.h>

#include <conio.h>
#include <math.h>

stk ke sk skoke sk stk sk skt skoskoksteskokokokokokskokok skekokskokokokokoskokokoksk ok /

/* Psychrometric estimation — developed by: */

/*
/*

#include "protof.h"
#include "protop.h"
#include "psyfunc.h”
#include "psyproc.h"

main()

{

S.H. Zhang R.S. Gates */
University of Kentucky */

/* prototype file for PSYFUNC.H */
/* prototype file for PSYPROC.H */
/* use psyfunc.h as INCLUDE file */
/* use psyproc.h as INCLUDE file */

/* Substrate chemical information */

double iniC = 0.085;

/* Substrate physical information */

double Height = 0.5,
Volume = 0.12,
BDO = 520.,
iniDMO,
iniWo,
nvs,

FASO;

double FAS[6],
BD[6],
Pdj6],
hi[6],
hm([6],
dho0{6],
beta[6],

/* kg/kg dm */
/* total height of the initial compost (m) */
/* volume of the initial compost (m3) */
/* initial bulk density, (kg/m3) - trt2 */
/* initial total dry matter (kg) */
/* initial water content (kg) */
/* non-volatile-solid (kg) */
/* initial Free Air Sapce (FAS) (0~1) */
/* free air space values for each layer (0~1) */
/* bulk Density (kg/m3) at each layer */
/* compressive stress at each layer (Pa) */

/* non-dimensional height of at stress Pi [Das & Keener] */
/* non-dimensional height of maximum compressed state*/

/* total compressible fraction of compost (m/m) */
/* rate of volume reduction */
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Ciel, /* Kozeny-Carman constant at each layer */

K[é], /* substreat permeability at each layer */
height[6]={0.05, /* height of layer O (m) - bottom */
0.10, /* height of layer 1 (m) */
0.10, /* height of layer 2 (m) */
0.10, /* height of layer 3 (m) */
0.10, /* height of layer 4 (m) */
0.05}; /* height of layer 5 (m) - top */
/* File handle for recording calculation resuits */
FILE *fp;
/* Kinetic parameters - growth rate (1/hr), use growth_rate() to calculate*/
double kd[6], /* actual overall degradation rate, 1/hr */
kmax, /* maximum overall degradation rate, 1/hr */
kmax_meso, /* maximum mesophilic degradation rate, 1/hr  */
kmax_thermo; /* maximum thermophilic degradation rate, 1/hr */

double km,  /* coefficients for effect of temperature (mesophilic range, O - 45)
kt, /* coefficients for effect of temperature (thermophilic range, 35 - 60)
kw;  /* coefficients for effect of moisture content

/* conversion factor of biomass from carbon*/
double fbc = 0.085;

/* conversion factor of substrate from carbon*/
double fsc = 0.085;

/*Half velocity const for degradable (volatile) substrate */
double Ksc =0.30;  /* half saturation constant for Carbon: kg/kgdm */

/*Half velocity const for oxygen */
/* - Modified from Stombaugh and Nokes, Liang - 0.00003 */
double KO2 = 0.000002;

/* Yield coefficients */
/* kg cells produced / kg substrate (volatile solid) consumed  */
/* - Stombaugh and Nokes */
double Yxs = 0.35;

/* kg O2 used / kg substrate (volatile solid) consumed */
/* - Stombaugh and Nokes 1.37 */
double YO2s = 1.0/ 0.085;

/* kg water produced / kg substrate (volatile solid) consumed */

/* - Liang */
double Yws = 0.631/0.085; /* 0.46 - 0.77 (Bach et la. 1987) kg/kg*/
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/* Joule of heat produced / kg substrate (volatile solid) consumed */
/* - Modified from Stombaugh and Nokes */
double Yhs = 1.8e7 ;

/* Bioreactor (vessel) physical parameters*/
/* Diameter of the vessel (m) */

double diameter = 0.5;

/* Intersectional area (m2)*/
double sectionArea = 0.25 * 3.14 * diameter * diameter;

/* Thermodynamic parameters*/

double cvs = 1480.,  /* Specific heat of substrate (J/kg-C) at each layer */
cw =4180., /* Specific heat of water (J/kg-C) */
cnvs = 840.;  /* Specific heat of non-volatile substrate (J/kg-C) */

/*Moist air properties*/
/* Ambient air*/

double ambientTemp = 23.0, /* Unit: C */
ambientRH = 0.6, /* Unit: */
airdensity = 1.286, /* Unit: kg/m3 */
airviscosity = 1.8e-5, /* Unit: Pa s */

O2conc =0.2992; /* Unit: kg / m3 air. */

/*************************************************************************/

/* Goal: Define variables used in calculation */

/* Two-dimension arrays: one for layer number and the other time */
/*************************************************************************/

double X[6][250], /* Total microbial biomass concentration (kg cells / kgdm) */
dXdt[6](250], /* Growth rate of microbes (dXdt) (kg cells / kg/hr) */
CDM][6][250], /* Carbon content in each layer (kg/kgdm) */
dCdt[6][250], /* Rate of carbon consumption at each layer(kg/hr) */
dSdt[6][250], /* Rate of substrate consumption at each layer(kgdm/hr) *f
02DM[6][250], /* Oxygen amount in each layer (kgO2/kgdm) */
d02dt[6][250], /* Oxygen concentration changing rate (kg/hr) */
Oin[6][250], /* Oxygen content of air entering layer (kgO2/m3) */
Oout{6][250], /* Oxygen content of air leaving layer (kgO02/m3) */
win[6][250], /* Humidity ratio of air entering layer (kgH20/kg da) */
wout[6][250], /* Humidity ratio of air leaving layer (kgH2O/kg da) */
hin[6][250], /* Enthalpy of the air entering layer (J/kg da) */
hout[6][250], /* Enthalpy of the air leaving layer (J/kg da) */
dWdt[6][250],  /* Humidity ratio change at each layer (kgH2O/hr) */
MC[6][250], /* Moisture content at each layer(kg/kg) */
VSI[6][250], /* Volatile Solid (BVS) content at each layer(kg) */
NVS[6], /* Non-Volatile Solid content at each layer(kg) */
WI[6][250], /* Water content at each layer(kg/kgdm) */
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w_change, /* Average humidity ratio change at each layer */

dTdt[6][250], /* Temperature change at each layer (C/hr) */
dT[6], /* Temperature differences between each layer and ambient (C) */
sdT, /* Sum of the all the temperature differences */
Temp[6][250],  /* Temperature at each layer (C) */
volflow, /* Volumetric flow rate (m3/s) */
flowrate[250];  /* Airflow rate going through the compost (kg/hr) */
int Stage[6][250]; /* The stage status of the composting: meso or thermo */

3 sk stk ek ke e ok s s ek sk stk sl ke sk stk koo ok ok kol kol sk ko sk skskok sk ook sk ok sk ok ok

/* Psychrometrics: */
/* By the use of dry-bulb temperature (C) and relative humidity (RH%), */
/*  find out all other psychrometric properties, such as, humidity ratio, w; */
/*  wet-bulb temperature, twb; dwp point temperature, tdp; enthalpy, h; */
/*  specific volume, spvol; and air density, dens. */

/*************************************************************************/

double h0,  /* enthalpy of air/water vapor mixture [kg/kJ].*/
w(0;  /* humidity ratio of air/water vapor mixture.*/

struct psyprops airflow; /* declare name props for struct PSYPROPS */

inti,j, Lt /* variables for loop control*/
double depth = 0;

iniDMO = BDO * Volume * 0.25; /* Initial dry matter, kg; moisture content 75%  */
iniwo0 = BDO * Volume * 0.75; /* Initial water, kg; moisture content 75% */
nvs = 0.05 * iniDMO; /* Amount of non-volativle-solid, kg; */
FASO = 0.57; /* Initially measured, treatment 3 */
/*************************************************************************/
/* At inlet: */
/*  Dry-bulb temperature (C) was assumed to be the same as ambient (23C) */
/* Relative humidity (RH%) assumed to be the same as ambient (60%) */
/* As aresult, humidity ratio, w0, and enthalpy, hO were contant */

/*************************************************************************/

airflow.airp = 101.325; /* kPa */

/* call db_rh() in psyproc.h for the calculation */
db_rh(ambientTemp, ambientRH, &airflow);

w0 = airflow.w; /* The H20 ratio of air entering bottom layer ~ */
hO = airflow.h; /* The enthalpy of air entering bottom layer */

/*************************************************************************/
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/* Initial values of related parameters for each layer */
for (i=0;i<6; i++) /*i: layer number, counting from bottom™*/

{

BD[i] = BDO;

MCIi][0] = 0.75;

depth = 0.0; /* calculate the height of compost on each layer*/
for (j = 0; j < (6 - i); j++) depth += height{j];

Pd{i] = BD[i] * 9.8 * depth;

hm[i] = -0.0022 * MC[i][0] * 100 + 0.6887;

dhO[i] = 0.0023 * MCIi}[0] * 100 + 0.308;

beta[i] = 0.0011 * MC[i][0] * 100 + 0.0429;

hi[i} = hm[i] + dhO[i] * exp(-beta[i] * Pd[i] / 1000.); /* -Das and Keener*/

FAS[i] = FASO * hi[i];

BD[i] /= hi[i];

X[i}[0] = 0.00025; /* -Liang */
CDM[i][{0] = iniC;
VS[i][0] = (1 - MC[i][0]) * 0.95 * BD[i] * Volume * height[i] / Height;
NVS[i] = (1 - MC[i1[0]) * 0.05 * BD[i] * Volume * height[i] / Height;

WIil[0] = MCIi][0] * BD[i] * Volume * height[i] / Height;

C[i] = 13.244 * MC[i](0] * MCI[i][0] - 1552.2 * MCIi][0] + 45950;
K[i] = (FAS[i] * FAS[i] * FAS[i]) / (C[i] * (1 - FAS[i}) * (1 - FAS[i]));

02DM[i][0] = O2conc * FAS[i] * sectionArea * height[i] / (VS[i][0] + NVS[i]);
Qin[i][0] = O2conc;
Oout[i][0] = 0.0;

Temp[i][0] = ambientTemp;
dT[i] = 0.0;

Stage[i][0] = 1;
kd[i] = 0.0;
}
flowrate[0] = 0.0;
if ( (fp = fopen("trt03-2.txt", "w")) == NULL )

{

printf("*** output.txt could not be opened for write. \n");
exit(1);
}
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else

fprintf(fp, " time Pos0 Posl Pos2 Pos3 Middle Top airflow \n");

/*************************************************************************/

/* Start the simulation process basing on time progress*/
/* Time step is taken as 1 hour, as specified by "t++" */

for (t = 1; t <= 200; t++)

{

win[0][t] = w0; /* Humidity ratio entering the bottom (0) layer*/
hin{0][t} = hO; /* Enthaphy the bottom layer*/
/******************************************************************/
/* At outlet */
/*  Dry-bulb temperature: the same as that in the top layer */
/* Relative humidity: 100% */
1* */
/* Assume: */
/* Constant evaporation rate at each layer, */
/* That is, humidity ratio (kg H20O/kg dry air) changing rates */
/* are the same at each layer */

/******************************************************************/
/* call db_rh() in psyproc.h */
db_rh(Temp[5][t - 1], 1.0, &airflow);

wout[5][t] = airflow.w; /* Humidity ratio of air leaving layer (kgH2O/kg da) */
hout[5]{t] = airflow.h; /* Enthalpy of the air leaving layer (kl/kg da) */
sdT = 0.0; /* Calculate all the sum of temperature differences */
for(1=0;1<=5; 14+4)

sdT +=dT{l];
if (sdT > 0)
{

w_change = (wout[5][t] - w0) / sdT;

for(1=0;1<5; 4+4)
{
wout[1][t] = win[1][t] + w_change * dT[l];
win[l + 1][t] = wout[1][t];
}
}

else

{
w_change = (wout[5][t] - w0) / 6;
for(=0;1<5;1++)
{

- 136 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



wout[1][t] = win[l][t] + w_change;
win[l + 1][t] = wout[1][t];
}

}

/******************************************************************/

/* Calculation of changes at each layer: */
/**************************************>|<***************************/

Oin[0][t] = O2conc; /* O2 content entering the bottom layer*/

flowrate[t] = 0.0;

for 1=0;1<=35; 1++) /*1: layer*/

{
/******************************************************************/
/* Use : Calculation growth rate constant with give FAS */
/*In : Free Air Space (FAS): 0~ 1 */
/* volatile solid Concentration (Cvs): kg/kgdm */
* Oxygen concentration (O2con); kg/kgdm */

/******************************************************************/

/* calculate kmax for both meso- and thermo-philic ranges*/
kmax_meso = 0.01 + 0.9 * exp(- exp(-16.84 * (FAS[1] - 0.53)));

kmax_thermo = 0.01 + 0.7 * exp(- exp(-12.33 * (FAS[I] - 0.55)));

/* moisture correction factor kw */

if MCI1][t-1]1>0. && MCI1][t-1]<.20)
kw=0.;

else

if MC[1][t-1]>.20 && MC{1][t-1]<.40)
kw = MC[lj[t-1]/0.2 - 1;
else
kw=1.;
}

/* temperature correction factor, meso- km, thermo- kt*/
km = 0.01; /* Assumed minimal activity */
kt=0.01;

if ((Temp[1][t-1] >= 0.) && (Temp[1][t-1] - 30.))
km = Temp[1][t-1] / 30.;

if ((Temp(1][t-1] >= 30.) && (Temp(l][t-1] <= 40.))
km=1.0;

if (Temp[1][t-1] >= 40.) && (Temp[l][t-1] <= 55.))
km = (55. - Temp[l}[t-1]) / 15,;
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if ((Temp(1][t-1] >= 40.) && (Temp[1][t-1] <= 50.))
kt = 0.1 * Temp[l][t-1] - 4.0;

if ((Temp[1][t-1] >= 50.) && (Temp([l][t-1] <= 55.))
kt=1.0;

if (Temp[1][t-1] >= 55.) && (Templ[l][t-1] <= 75.))
kt = 3.75 - 0.05 * Temp[1][t-1];

if (km <= 0.01) km = 0.01;
if (kt <=0.01) kt = 0.01;

kmax = kmax_meso * km + kmax_thermo * kt;

kd[1] = kmax * (CDM[1][t-1]/(CDM[1][t-1] + Ksc)) *
(O2DMI1][t-11/(O2DM[1][t-1] + KO2));

dXdt[1][t} = kd[1] * X[1][t - 1] * VS[1][t-1];
dCdt[1][t] = dXdt[1][t]/ Yxs;
VS[[t] = VS[1][t-1] - ACAt[1][t] + dXdt[1][t];

/* */
/* start consumed  produced biomass */

CDM[1][t] = (CDM[1][t - 17 * (VS[1][t-1] + NVS[1]) -
(dCdt[1][t] - dXdt[11[e]y) / (VS[ILE] + NVS[]);

X[]0t] = (X[t - 17 * (VS[1][t-1] + NVS[1]) + dXdt[1][t]) / (VS[I]}[t] + NVS[1]);

/****************************************************************/

/*For now, only the O2 content in the airflow is calculated */
/*Assume the oxygen is consumed once obsorbed by the matrix */
/*The oxygen mass in the matrix is therefore ignored */
/*Also, the O2 consumption rate is a constant in each hour */

/****************************************************************/

db_w(Temp[1]t-1], win[l}[t], &airflow);

dO2dt[1][t] = (flowrate[t-1] * aitflow.spvol) * (Oin[l][t-1] - Oout[1][t-11) -
YO2s * dCdt[1]{t];

Oout[1][t] = Oin[l][t] + dO2dt[1]{t];
if (Oout[1}t] < 0) OQout[1][t] = le-3;
if (1 <5) Oin[l + 1]{t] = Oout[1][t};

O2DM(1][t] = Oout[1][t] * FAS[I] * sectionArea * height[1] / (VS[1][t] + NVS[1]);
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if (O2DM[1][t] < 0) O2DM(l][t] = .00001;

/****************************************************************/

/*First part is the H20 generation from microbial decomposition */
/*Second part is the H20 taken away by the airflow */
/*Use the airflow rate from previous hour, assuming no */
/*significant change of airflow rate between these two hours */

/****************************************************************/

dWdt[I][t] = Yws * dCdt[1][f] - flowrate[t - 1] * (wout[1][t] - win[1][t]);
W] = W[t - 1] + dWde[][e];

MCI][e] = WLI[e] / (VSII][t] + NVS[I] + WL][t]);

BD[I] = (VS[1[t] + NVS[1] + W[I][t]) /(Volume * (height[l] / Height));

if (BD[1] > 1000.)

{

printf("\nThe bulk density was greater than 10001\n");

fclose(fp);

exit(1);
}
/***************************************************************/
/*Call db_w() in psyproc.h to calculate the enthalpy */
/*Second part is the H20 taken away by the airflow */
/*Use the temperature from previous hour, assuming no change */
/* The enthalpy of ambient air (entering the bottom layer) has */
/* been calculated at the beginning of the program - hO */
/* The enthalpy of exhaust air (leaving the top layer) has */
/* been calculated at the beginning of the loop - hout[5][t] */

/***************************************************************/
db_w(Templ[l][t - 1], wout[l1][t], &airflow);

hout[1][t] = airflow.h;

if (1 < 5) hin[l + 1][t] = hout[1][t];

/****************************************************************/

/*First part in numerator is the Heat generation and the */
/* second part is the heat taken away by the airflow */
/*Use the airflow rate from previous hour, assuming no */
/* significant change of airflow rate between these two hours */
/*Note: the airflow rate at this hour has not been calculated */
/* since the temperature for this hour need to be calcualted */
/* firstly. */

/****************************************************************/

dTdt[1}[t] = (Yhs * dCdt[1][t] - (hout[1][t] - hin[1][t]} * 1000. *
flowrate(t - 1] * airflow.spvol * airflow.dens) /
(cvs * VS[1][t] + cnvs * NVS{1} + cw * W[1][tD;
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Temp[1][t] = Temp[1][t - 1] + dTdt[1][t];
if (Temp[l][t] < ambientTemp) Temp[l][t] = ambientTemp;
if (Temp[1][t] >=45) Stage[1][t] = 2;
if (Temp(1][t] < 45) Stage[l][t] = 1;
if (Temp[l][t] >= 45 && dTdt[l]ft] < 0) Stage[l][t] = I,
dT[l] = 1./ ambientTemp - 1./ Temp(l][t] ;
if (1 == 4 && Temp[1][t] > ambientTemp)
{
airviscosity = 1.458e-6 * pow((Temp[l][t] + 273), 1.5) / (Temp[1}[t] + 273) + 110.4);

volflow = 0.001 * K[1] / airviscosity * airdensity * 9.8 *
(1 - (ambientTemp + 273)/ (Temp[l][t] + 273));

flowrate[t] = volflow * sectionArea / airflow.spvol * 3600.;
}
if (Stage[1][t] == 2 && Stage[l][t-1] == 1) X[1][t] = 0.003;

}

fprintf(fp, " %4d ", t);
for 1=0;1<6; 1++)

{
fprintf(fp, " %3.1f ", Templ[l]}[t]);

}

fprintf(fp, " %6.4f %6.4f", flowrate[t], volflow);
}
printf("done!\n");
fclose(fp);
return Q;

}
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Appendix B Airflow measurements

B.1 Measured and calculated data

Table A-1 Airflow rate data for treatment 1

. Inlet Outlet
’l“(1}111)1e Volumetric rate Mass flow rate D T °C) Volumetric rate Mass flow rate
(L/min) (g dry air/min) (L/min) (g dry air/min)
48 3.33 2.85 3.85 3.30 27.0 7.92 2.86 8.99 3.25
53 4.28 3.25 4.95 3.76 28.3 9.79 1.97 11.04 2.22
72 6.27 3.00 7.26 3.47 28.2 12.34 3.19 13.94 3.60
92 7.07 2.90 8.18 3.35 31.0 13.36 487 14.82 5.40
116 8.55 2.45 9.90 2.84 37.4 13.98 245 14.89 2.60
140 7.60 3.47 8.80 4.02 37.6 13.00 1.74 13.82 1.85
164 7.13 2.39 8.25 2.77 37.2 11.39 1.51 12.15 1.61
188 6.81 2.70 7.88 3.12 36.2 11.44 1.80 12.27 1.93
212 6.65 245 7.70 2.84 34.8 10.92 1.07 11.83 1.16
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Table A-2 Airflow rate data for treatment 2

) Inlet Outlet

]?Se Volumetric rate Mass flow rate D T(C) Volumetric rate Mass flow rate

(L/min) (g dry air/min) (L/min) (g dry air/min)

48
53 3.33 2.85 3.85 3.30 0.51 0.02 4.38 0.20 3.33
72 6.81 2.39 7.88 2.77 1.54 0.34 12.99 2.88 6.81
92 8.07 1.53 9.34 1.77 1.64 0.34 14.16 2.93 8.07
116 8.71 2.23 10.08 2.58 1.59 0.24 13.30 1.99 8.71
140 9.03 1.90 10.45 2.20 1.92 0.69 16.20 5.83 9.03
164 9.18 1.09 10.63 1.26 1.73 0.39 14.75 3.35 9.18
188 8.95 1.10 10.36 1.27 1.46 0.21 12.62 1.82 8.95
212 7.60 3.12 8.80 3.62 1.60 0.15 13.77 1.28 7.60
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Table A-3 Airflow rate data for treatment 3

_ Inlet Outlet

T(l}r]r)le Volumetric rate Mass flow rate D T¢0) Volumetric rate Mass flow rate

(L/min) (g dry air/min) (L/min) (g dry air/min)

48 3.80 3.10 4.40 3.59 0.85 0.43 7.16 3.64 3.80
53
72
92 8.75 4.01 10.13 4.64 1.71 0.49 14.24 4.08 8.75
116
140 9.67 1.36 11.19 1.57 1.87 0.32 14.99 2.57 9.67
164 8.79 1.76 10.18 2.04 1.87 0.22 15.27 1.78 8.79
188 7.92 2.10 9.16 243 1.78 0.78 14.84 6.50 7.92
212 7.04 1.32 8.15 1.53 1.52 0.02 12.88 0.15 7.04
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Table A-4 Airflow rate data for treatment 4

_ Iniet Outlet

Time Volumetric rate Mass flow rate Volumetric rate Mass flow rate
(h) o o SD T (°C) . SD . SD

(L/min) (g dry air/min) (L/min) (g dry air/min)

48 2.08 0.39
53 10.46 1.10 12.10 1.27 2.33 0.88 17.25 6.48 10.46
72 10.46 1.10 12.10 1.27 10.46
92 10.34 1.25 11.97 1.45 2.40 0.75 14.87 4.66 10.34
116 9.44 2.19 10.92 2.53 2.31 0.71 17.16 5.28 9.44




B.2 Figures of measured airflow
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Figure B-1  Airflow rate for treatment 1
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Figure B-2  Airflow rate for treatment 2

- 146 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



25 r

225

¢ Outlet
O Inlet

20
E _
£ T i
=
© &

15 \'g 4
> & @
© i
2
Q2 ) |
it 3 |
= m
O 1
A @ -
< I

T ]
O 1 1 1 ]
25 75 125 175
Time (h)
Figure B-3  Airflow rate for treatment 3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

- 147 -



150

¢ Outlet
O Inlet
T
,-20 B
£ T
=
=
'© S o
P
©
D5 &
2
© i 1 +
C;) 1] 1] L
; & i i
<o | ;
L
5 1 ] J
0 50 100
Time (h)
Figure B-4  Airflow rate for treatment 4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

- 148 -



Appendix C SAS program for the analysis of temperature data

C.1 For curve fitting

Options 1s=80 ps=40 formdlim="-' pageno=1;
Data trt3;

Input t bottom middle;

Cards;

39 28.5 320

......

210 387 533

Run;
Proc nlin data=trt3 method=MARQUARDT NOITPRINT;
Parms ah=24 ac=24 bh=0.0754 bc=0.0073 th=21.5 tc=257.8,;
Lh = exp(-bh*(t-th));
Lc = exp(-bc*(t-tc));
bounds 19 < ah < 29;
bounds bh bc th tc > 0;
Model bottom = 20 + ah*exp(-Lh) - ac*exp(-Lc);
Der.ah = exp(-Lh);
Der.ac = - exp(-Lc);
Der.bh = ah*Lh*(t-th)*exp(-Lh);
Der.th = -ah*Lh*bh*exp(-Lh);
Der.bc = -ac*Lc*(t-tc)*exp(-Lc);
Der.tc = ac*Lc*bc*exp(-Lc);
output out=set0 r=residual p=fitted;
Run;
proc univariate normal plot data = set0;
var residual;
; run
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C.2 For the test of difference among datasets

Options 1s=80 ps=40 formdlim="-' pageno=1;
Data trt3;

Input pos t temp d;

Cards;

0 39 285 O

0 210 3877 O

3 39 32 1

3 210 533 1

Run;
/*The "combined” model*/
Proc nlin data=trt3 method=MARQUARDT NOITPRINT;
Parms ahm=21 aht=7.5 ac=31 bhm=0.3214 bht=0.1904 bc=0.0102 thm=42.6 tht=86.3
tc=267.1;
Lhm = exp(-bhm*(t-thm));
Lht = exp(-bht*(t-tht));
Lc = exp(-bc*(t-tc));
bounds bhm bht bc thm tht tc > 0;
Model temp = 20 + ahm*exp(-Lhm) + aht*exp(-Lht) - ac*exp(-Lc);
Der.ahm = exp(-Lhm);
Der.aht = exp(-Lht);
Der.ac = - exp(-Lc);
Der.bht = aht*Lht*(t-tht)*exp(-Lht);
Der.tht = -aht*Lht*bht*exp(-Lht);
Der.bhm = ahm*Lhm*(t-thm)*exp(-Lhm);
Der.thm = -ahm*Lhm*bhm*exp(-Lhm);
Der.bc = -ac*Lc*(t-tc)*exp(-Lc);
Der.tc = ac*Lc*bc*exp(-Lc);
output out=set0 r=residual p=fitted;
Run;

/*the "individual" model*/

Proc nlin data=trt3 method=MARQUARDT NOITPRINT;

Parms ahm=22 aht=2 ac=24 bhm=0.2606 bht=0.0949 bc=0.0069 thm=40.0 tht=75.3 tc=258.5
dahm=3.5 daht=12.5 dac=16.0 dbhm=-0.0046 dbht=0.1528 dbc=0.0040 dthm=-2.2
dtht=10.3 dtc=-0.8;

Lhm = exp(-(bhm + d*dbhm)*(t-(thm + d*dthm)));
Lht = exp(-(bht + d*dbht)*(t-(tht + d*dtht)));
Lc¢ = exp(-(bc + d*dbc)*(t-(tc + d*dtc)));

bounds bhm bht bc thm tht tc > @;

Model temp = 20 + (ahm + d*dahm)*exp(-Lhm) + (aht + d*daht)*exp(-Lht) - (ac +

d*dac)*exp(-Lc);

Der.ahm = exp(-Lhm);
Der.aht = exp(-Lht);
Der.ac = - exp(-Lc);
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Der.bht = (aht + d*daht)*Lht*(t-(tht + d*dtht))*exp(-Lht);

Der.tht = -(aht + d*daht)*Lht*(bht + d*dbht)*exp(-Lht);

Der.bhm = (ahm + d*dahm)*Lhm*(t-(thm + d*dthm))*exp(-Lhm);
Der.thm = -(ahm + d*dahm)*Lhm*(bhm + d*dbhm)*exp(-Lhm);
Der.bc = -(ac + d*dac)*Le*(t-(tc + d*dtc))*exp(-Lc);

Der.tc = (ac + d*dac)*Lc*(bc + d*dbc)*exp(-Lc);

Der.dahm = d * exp(-Lhm);
Der.daht = d * exp(-Lht);
Der.dac =-d * exp(-Lc);
Der.dbht = d * (aht + d*daht)*Lht*(t-(tht + d*dtht))*exp(-Lht);
Der.dtht = - d * (aht + d*daht)*Lht*(bht + d*dbht)*exp(-Lht);
Der.dbhm = d * (ahm + d*dahm)*Lhm*(t-(thm + d*dthm))*exp(-Lhm);
Der.dthm = - d * (ahm + d*dahm)*Lhm*(bhm + d*dbhm)*exp(-Lhm);
Der.dbc = - d * (ac + d*dac)*Lc*(t-(tc + d*dtc))*exp(-Lc);
Der.dtc = d * (ac + d*dac)*Lc*(bc + d*dbc)*exp(-Lc);

output out=seti r=residual p=fitted;

Run;
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Appendix D Analysis results of all temperature data

D.1 Regressed curves
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Figure D-1  Regressed curves for treatment 1
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Figure D-2  Regressed curves for treatment 2
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D.2 Regressed parameter values

Treatment | Parameter Positions
0 1 2 3 4 5
Tom 19.8 249 29.0 33.0 32.0 23.0
T, 23.0 28.0 29.0 23.0 22.0 15.5
| bum 0.0189 0.0167 0.0214 0.0266 0.0276  0.0238
fom 52.7 63.4 70.2 71.7 69.4 59.2
b, 0.0099 0.0087 0.0065 0.0086 0.0106 0.0113
t. 352.2 3624 341.8 261.1 217.2 215.0
Tom 19.9 19.6 19.8 24.5 22.0 22.3
Th 4.9 14.2 16.2 14.3 18.4 3.1
T, 30.0 29.0 41.0 34.0 320 19.0
bom 0.1564 0.1739  0.1580 0.1587 0.1433  0.3055
2 thm 40.9 40.5 40.5 395 40.3 35.5
byt 0.0651 0.0814 0.0968 0.1020 0.1019  0.1350
T 85.6 90.6 91.7 95.5 934 94.4
b, 0.0242 0.0057 0.0186 0.0429 0.0068  0.0075
L 2359 379.6 260.4 207.5 239.5 2394
Thm 27.0 26.2 25.2 30.0 15.2 28.8
T 2.2 7.9 12.2 16.5 249 8.2
T, 19.0 26.0 31.0 35.0 12.0 26.0
b 0.1810 0.1290 0.1377 02113  0.1303  0.1993
3 tom 38.1 41.2 40.5 37.6 334 37.2
by 0.3725 1.7622 1.0288 02001 0.7668  0.2947
Fr 79.3 94.0 934 87.9 93.3 91.3
b, 0.0063 0.0057 0.0060 0.0061 0.0267  0.0098
te 121.0 2304 265.3 2024 147.3 141.7
Tom 18.1 23.4 17.7 20.2 22.7 20.5
The 3.9 8.3 4.7 27.5 19.9 32.0
T, 30.0 30.0 18.0 43.0 32.0 42.0
bum 0.5031 0.6171 0.5943  0.8602 0.0612 0.1552
4 - 37.8 372 37.9 38.7 34.2 38.6
by 0.9018 0.8354 14992 05584 04169 0.1999
I 42.7 42.6 43.0 43.1 42.5 43.8
b; 0.0333 0.0135 0.0534 00717 0.0678  0.0656
te 107.5 71.1 93.5 96.8 89.4 89.3
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Appendix E Temperature measurements

E.1 Averaged temperature measurements

Table E-1 Averaged temperature measurements for treatment 1

Time  PositionQ Position 1 Position2 Position3 Position4  Position 5
-h- °C
39 259 259 259 25.6 25.6 25.5
40 26.1 26.1 25.8 254 25.9 25.7
41 26.3 26.5 26.2 25.7 26.1 259
42 26.3 26.8 26.3 25.8 26.6 26.0
43 26.6 27.5 26.5 259 26.7 26.5
44 26.7 27.7 26.6 26.4 26.8 26.5
45 26.9 279 26.8 27.0 27.0 26.5
46 26.7 27.8 27.1 27.2 27.0 26.5
47 26.5 27.8 26.7 274 27.0 26.9
48 26.7 27.8 26.9 27.6 27.3 27.0
49 27.1 27.8 27.0 27.7 27.6 27.2
50 27.2 27.7 26.9 28.0 279 274
51 27.8 27.8 27.4 284 283 27.6
52 27.8 28.4 27.7 28.5 28.5 28.3
53 28.2 28.6 28.3 28.6 28.6 28.3
55 28.4 29.1 28.6 28.8 28.8 28.7
56 28.5 29.2 29.0 29.0 28.9 284
77 28.8 28.9 29.4 29.2 29.2 28.2
78 28.6 28.6 29.5 29.2 28.9 28.4
79 289 28.7 294 29.4 28.9 28.4
80 28.9 29.1 29.3 29.5 29.4 29.0
81 29.2 29.4 294 29.7 29.6 29.5
82 29.7 29.9 29.2 30.1 30.3 29.7
83 29.7 30.0 29.4 30.0 30.8 30.3
84 30.1 30.1 29.5 29.8 31.1 30.2
85 30.6 30.4 29.5 29.8 31.1 30.1
86 30.5 30.6 30.1 30.3 31.2 30.4
87 31.2 31.2 30.5 30.8 315 30.3
88 31.3 31.0 31.2 31.5 313 30.6
89 31.0 31.1 31.7 31.9 31.5 30.7
- 157 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Time  Position0 Position ! Position2 Position3 Position4  Position 5

-h- °C
90 31.2 31.5 320 31.7 31.8 30.7
91 31.1 31.2 32.1 31.6 31.6 31.0
92 31.3 31.7 31.8 32.0 319 31.0
93 31.8 32.1 335 34.8 34.7 32.5
94 31.9 32,6 34.7 37.8 37.2 34.5
95 322 33.1 36.3 40.7 40.2 354
96 323 334 37.6 43.0 43.1 37.2
97 32.8 33.6 375 43.2 43.5 37.7
98 333 34.0 37.8 42.8 43.5 37.9
99 334 34.2 38.0 43.0 44.0 38.6
100 33.6 34.6 38.6 43.1 43.9 389
101 33.7 35.0 384 43.2 439 39.0
102 33.6 35.1 39.0 43.6 443 38.7
103 337 35.1 394 43.9 444 385
104 339 353 39.7 44.0 45.2 38.0
105 33.9 35.1 40.0 44.3 45.2 37.7
106 344 35.3 40.1 44.8 45.4 37.6
107 343 355 39.8 44.8 45.1 37.6
108 344 35.6 39.6 45.4 44.0 37.5
109 344 36.1 39.9 45.1 44.0 37.1
110 344 35.8 39.5 45.1 44.0 37.1
111 34.7 36.2 39.7 45.3 44.0 36.6
112 34.7 36.9 39.8 45.1 44.1 364
113 34.7 36.8 39.7 45.2 43.6 36.5
114 345 37.0 40.1 45.1 43.6 36.6
115 34.7 37.6 39.9 449 43.5 372
116 34.7 373 40.6 45.1 43.8 37.4
117 35.0 37.5 41.2 45.7 44.4 37.6
118 35.0 38.0 41.5 458 443 379
119 34.8 37.8 41.6 45.8 453 38.1
120 34.7 37.8 41.3 45.9 45.7 38.6
121 345 37.8 41.0 45.6 45.9 38.8
122 34.8 38.0 41.2 46.2 46.3 38.6
123 353 38.1 41.9 46.8 459 38.7
124 35.7 38.4 41.8 46.3 459 39.0
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Time Position 0 Position1 Position2 Position3 Position4  Position 5

~h- °C
125 36.1 38.7 41.5 46.0 45.9 39.4
126 36.4 38.7 412 46.1 46.4 39.5
127 36.4 39.0 41.7 45.7 46.2 39.5
128 36.5 38.9 42.4 46.4 46.5 39.1
129 36.1 38.8 42.9 47.1 46.8 38.9
130 36.0 39.1 432 46.7 46.2 38.8
131 36.3 38.9 42.5 46.7 46.5 39.2
132 36.3 39.3 422 46.6 46.2 38.6
133 37.0 39.3 41.9 46.4 46.3 38.2
134 36.7 39.4 42.1 46.4 46.1 38.3
135 36.8 39.0 42.2 46.6 45.7 37.1
136 36.8 38.9 422 47.0 45.7 37.1
137 36.5 38.8 42.5 47.1 45.7 36.9
138 36.7 38.8 42.9 474 45.8 36.8
139 36.4 39.1 43.1 47.2 45.9 37.4
140 36.7 39.3 435 47.0 45.5 37.6
141 36.7 39.7 43.3 47.0 45.5 38.0
142 36.9 39.6 43.6 474 45.6 38.4
143 37.1 39.4 43.6 477 46.0 38.9
144 37.1 39.4 43.7 475 46.1 39.3
145 37.4 39.6 43.9 47.8 46.2 39.9
146 37.6 39.8 43.4 475 46.8 39.9
147 375 39.9 43.7 479 46.5 39.5
148 37.7 40.2 432 48.4 47.0 39.6
149 37.5 39.7 43.6 48.2 46.9 39.6
150 37.6 39.8 435 48.2 46.4 39.5
151 375 40.1 43.0 47.8 46.6 39.6
152 37.6 40.2 43.6 475 46.8 39.7
153 37.6 40.3 435 47.6 46.8 39.1
154 374 40.3 43.8 474 46.7 39.0
155 37.7 404 439 47.4 46.6 38.9
156 374 40.4 43.7 475 46.2 38.4
157 37.6 40.1 43.9 472 45.8 38.6
158 37.2 40.3 443 474 45.6 38.4
159 37.3 40.3 44.4 47.8 45.1 37.8
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Time  Position0 Position1 Position2 Position3 Position4  Position §

-h- °C
160 37.2 40.2 443 48.0 45.4 373
161 36.9 40.7 44.0 48.5 44.7 36.7
162 374 40.9 439 484 44.7 36.4
163 37.3 40.9 438 48.4 44.5 36.6
164 372 40.8 43.7 47.8 44.2 37.2
165 37.4 40.8 443 47.4 45.0 37.8
166 374 40.9 44.0 47.2 44.8 38.6
167 37.7 41.0 43.9 46.8 45.4 38.9
168 38.0 40.8 44.7 46.8 45.4 393
169 38.0 40.8 44.3 47.1 45.2 39.3
170 37.8 40.6 44.6 473 45.6 39.5
171 373 40.5 447 47.7 454 39.7
172 37.1 41.1 44.2 47.7 45.4 39.6
173 37.0 41.0 44.1 474 45.8 394
174 37.1 40.9 443 47.6 45.8 389
175 37.5 41.1 44.6 47.5 45.8 38.7
176 37.0 40.7 44.6 47.6 45.7 38.6
178 37.2 41.0 444 47.6 45.0 384
180 374 40.8 43.9 47.2 44.6 38.0
182 37.6 40.6 43.8 47.2 44.9 374
184 38.2 40.9 43.6 47.6 44.4 36.6
186 38.1 41.0 44.0 47.1 44.1 36.1
188 37.8 41.3 43.9 46.9 43.8 36.2
190 37.6 41.4 433 46.3 43.1 36.3
192 37.6 41.4 43.8 45.8 433 37.0
194 37.6 413 43.7 46.2 432 379
196 37.8 40.9 43.8 46.5 43.0 37.9
198 38.1 41.0 443 46.7 433 37.9
200 38.2 41.1 43.9 47.0 43.5 37.7
202 382 41.2 43.6 46.7 43.8 37.0
204 38.2 41.4 43.6 46.9 43.6 36.9
206 379 41.1 43.6 46.6 43.1 36.1
208 37.8 40.9 43.8 46.1 42.6 355
210 37.7 41.4 44.5 46.5 42.0 35.1
212 374 41.8 44.6 46.3 42.2 34.8
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Time  Position0 Position 1 Position2 Position3 Position4  Position 5
-h- °C
214 37.3 41.9 44.7 46.4 42.3 35.2
216 374 42.2 443 46.4 42.8 354
218 37.7 41.6 437 46.4 42.9 36.0
220 37.9 413 435 46.3 424 36.1
222 38.0 414 43.0 46.3 42.4 36.2
224 38.0 41.0 433 46.3 41.8 364
226 38.2 413 43.6 46.1 41.6 359
228 38.3 41.1 43.6 459 41.8 35.5
230 38.5 41.5 44.1 45.7 41.3 34.8
232 38.1 41.6 437 45.6 409 341
234 379 41.5 4372 45.6 40.6 33.5
236 37.7 41.8 434 45.7 40.3 33.2
238 37.4 41.5 432 46.1 404 335
240 37.5 41.4 433 45.5 40.6 339
242 37.5 41.1 434 454 41.1 34.6
244 379 41.2 433 45.1 40.9 35.1
246 38.2 41.0 437 44.7 41.1 35.1
248 38.3 41.2 43.7 44.8 41.2 35.2
250 38.3 41.5 43.8 44.5 41.3 35.2
252 37.8 41.5 43.6 44.6 414 35.1
254 379 42.0 43.6 447 413 35.1
256 379 422 43.6 447 41.2 34.8
258 375 42.3 43.9 44.7 40.5 342
260 37.5 42.6 44 4 44.6 40.2 339
262 37.3 42.6 44.0 44.1 40.3 339
264 37.3 42.3 44.0 44.3 40.1 34.5
266 379 42.5 43.6 44.3 40.6 35.0
268 38.0 422 433 44.6 41.0 35.1
270 37.9 423 433 45.0 41.1 353
272 377 42.0 432 45.1 41.0 34.5
274 37.0 41.7 434 45.2 40.6 34.4
276 36.8 41.8 434 44.5 404 342
278 36.7 41.7 437 44 .4 39.9 33.7
280 36.9 42.1 43.3 44.1 39.3 335
282 37.0 42.0 434 43.8 39.0 334
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Time  PositionO0 Position 1 Position2 Position3 Position4  Position 5
-h- °C

284 36.8 41.7 432 437 38.1 334
286 36.3 41.3 42.8 435 37.8 34.0
288 36.2 40.7 43.0 43.5 37.8 347
290 36.4 40.5 42.7 433 38.2 35.1
292 36.4 40.0 42.1 43.2 38.8 354
294 36.6 39.5 41.9 429 39.0 35.7
296 36.0 39.7 422 423 39.7 35.0
298 36.0 394 41.7 42.0 394 349
300 35.7 39.9 41.8 41.6 39.2 34.5
302 354 39.9 41.6 419 39.1 33.5
304 355 39.6 40.8 42.0 38.5 33.5
306 35.0 39.1 40.9 42.5 38.5 33.1
308 34.6 38.3 40.6 42.3 38.0 32.8
310 344 38.0 40.7 42.0 374 329
312 34.1 37.5 41.0 41.9 37.3 32.6
314 342 37.8 40.5 40.9 36.7 323
316 339 374 40.3 41.3 36.7 32.2
318 34.0 37.6 39.9 40.7 37.1 31.6
320 335 37.7 39.5 40.6 37.0 31.8
322 33.3 37.1 39.1 40.5 36.7 31.5
324 333 37.6 38.8 40.1 36.9 31.1
326 33.1 372 38.8 39.8 36.3 31.0
328 33.0 36.9 38.9 39.1 36.5 30.2
330 32.6 37.1 38.8 39.1 36.4 30.0
332 325 36.7 38.5 38.8 359 30.2
334 32.1 36.5 38.3 38.7 359 30.2
336 32.1 36.6 38.1 38.6 35.1 30.2
338 31.7 36.7 38.0 38.4 35.0 299
340 314 36.6 38.1 38.3 34.5 29.5
342 31.6 36.8 375 38.4 339 29.1
344 314 36.8 36.9 38.3 34.1 29.1
350 31.5 36.0 36.6 38.2 33.6 29.0
356 31.5 34.6 36.6 37.5 33.7 28.6
362 30.8 33.6 36.4 36.9 333 28.3
368 30.7 32.6 36.1 36.7 32.5 28.2

- 162 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table E-2 Averaged temperature measurements for treatment 2 (n.d.: no data)

Time Position0 Position1 Position2 Position3 Position4 Position 5

—h- °C
39 26.5 26.5 26.9 28.8 272 35.0
40 26.9 269 273 303 27.6 373
41 275 28.0 28.0 31.7 28.3 39.2
42 28.1 28.9 28.9 32.6 29.0 39.7
43 29.2 29.7 29.5 334 29.9 40.0
44 30.3 30.8 30.6 333 31.1 40.5
45 313 31.7 314 34.5 31.8 40.8
46 32.1 324 323 36.5 329 40.6
47 329 33.6 334 37.7 335 41.0
48 33.6 344 34.1 39.8 34.5 41.1
49 35.0 35.1 35.1 40.0 35.6 41.2
50 359 36.1 36.1 40.7 36.8 41.4
51 36.7 36.8 36.8 413 374 414
52 374 379 37.8 41.9 38.0 41.7
53 38.2 38.8 385 42.5 389 42.2
55 38.8 392 38.8 42.7 38.8 42.4
56 39.2 39.7 392 43.1 39.7 422
77 394 39.9 39.3 433 39.9 42.2
78 38.8 39.8 39.7 437 40.0 41.8
79 39.2 40.3 39.6 44.1 40.0 41.9
80 39.7 40.4 40.3 44.6 40.0 n.d.
81 404 40.5 40.8 454 40.6 n.d.
82 41.2 40.8 41.0 46.0 41.2 n.d.
&3 413 41.1 41.7 46.3 419 n.d.
84 41.5 41.8 42.0 46.1 423 n.d.
85 419 42.6 42.3 45.4 424 n.d.
86 42.4 433 42.7 45.0 42.6 n.d.
87 429 43.2 43.0 443 43.0 nd.
88 43.1 43.1 43.5 443 43.5 n.d.
89 43.2 43.2 43.8 45.0 43.9 nd.
90 43.0 43.1 44.0 45.3 43.7 n.d.
91 43.0 43.4 44.1 46.7 44.1 n.d.
92 43.1 43.6 44.0 47.9 44.0 n.d.
93 43.8 449 45.8 48.7 45.4 n.d.
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Time  PositionQ Position1 Position2 Position3 Position4 Position 5

~h- °C
94 44.0 46.5 47.3 49.9 47.1 n.d.
95 44.0 48.0 49.2 51.0 48.4 n.d.
96 443 49.0 50.7 51.3 49.6 42.6
97 43.8 49.5 50.2 51.7 50.1 42.6
98 43.8 49.3 50.1 51.7 50.3 43.1
99 43.3 48.9 50.0 51.8 50.3 43.4
100 42.9 49.2 50.7 52.0 50.9 433
101 43.0 49.1 514 52.7 51.2 435
102 43.2 49.2 51.8 53.4 51.5 433
103 432 49.9 52.1 534 51.8 433
104 43.1 49.9 51.3 53.8 52.6 432
105 43.1 50.2 51.3 54.2 53.0 434
106 42.6 50.1 51.5 54.7 53.3 433
107 43.0 49.8 51.8 54.7 53.9 43.7
108 433 50.2 52.6 55.0 53.9 43.6
109 42.9 50.1 53.1 54.4 53.9 43.6
110 43.1 50.4 534 54.7 54.4 43.3
111 43.0 50.6 53.3 55.6 54.8 432
112 42.9 50.8 537 56.2 55.5 433
113 432 50.7 534 57.1 55.1 43.2
114 433 50.5 53.7 57.2 55.1 43.6
115 435 50.9 539 56.8 55.0 433
116 439 51.0 53.8 56.8 54.7 434
117 44 4 50.9 54.2 56.8 55.7 43.5
118 443 51.9 543 56.7 55.8 43.6
119 441 51.5 54.3 57.6 55.7 43.8
120 43.8 51.3 54.6 57.7 55.9 44.1
121 43.6 52.0 55.0 57.8 55.5 443
122 43.8 51.6 55.1 58.2 55.9 44.4
123 44.3 52.1 55.2 58.0 56.6 44.9
124 44.3 52.4 55.5 58.0 56.7 45.0
125 44 4 52.3 55.0 58.0 56.0 44.9
126 44.8 52.0 55.5 57.8 56.1 44.8
127 44.7 51.8 55.9 57.5 55.8 444
128 45.0 51.8 55.8 57.6 55.5 43.5
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Time  Position 0 Position 1 Position2 Position3 Position4 Position 5

—h- °C
129 45.3 517 55.6 57.7 56.0 43.7
130 448 523 553 58.1 55.8 43.3
131 44.7 52.1 554 58.8 56.0 43.4
132 44.5 52.3 55.0 59.0 56.1 43.5
133 44.3 52.8 554 59.1 56.4 43.4
134 44.5 52.7 55.6 58.8 56.4 433
135 44.4 53.1 55.1 58.6 56.0 42.7
136 44.5 529 56.0 58.6 56.3 42.6
137 44.5 52.9 55.8 58.7 55.6 41.7
138 442 52.9 55.8 59.0 55.7 41.6
139 44.5 53.2 56.0 58.9 56.0 42.0
140 444 535 55.6 589 555 42.4
141 44.4 53.6 56.1 59.0 55.6 42.7
142 44.8 532 56.1 58.8 557 42.6
143 447 52.7 56.6 58.7 558 42.5
144 449 525 56.2 58.5 55.9 42.3
145 45.1 51.8 55.8 57.9 56.2 43.0
146 45.1 52.6 55.5 584 56.2 43.7
147 45.1 53.1 555 58.4 55.6 434
148 454 533 56.0 58.6 56.0 43.8
149 45.0 54.1 56.1 58.7 55.9 435
150 451 53.8 56.3 58.2 55.8 433
151 45.1 532 55.8 583 56.5 43.1
152 447 53.0 55.6 58.5 56.3 42.9
153 449 52.6 55.8 589 56.3 42.8
154 45.1 522 55.6 59.0 55.8 42.4
155 453 523 55.8 59.1 55.1 425
156 455 52.2 56.3 589 54.7 42.0
157 45.1 522 56.7 59.0 54.5 41.6
158 449 52.6 56.9 58.7 547 41.6
159 44.6 53.2 56.8 59.0 54.7 41.0
160 444 53.8 56.6 59.2 55.0 40.9
161 447 54.4 56.1 592 55.0 40.8
162 45.0 544 56.3 59.5 54.6 41.0
163 45.0 54.4 56.5 59.1 53.9 414
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Time  Position0 Position1 Position2 Position3 Position4 Position 5

-h- °C
164 447 54.0 56.2 58.5 532 41.2
165 45.0 53.6 56.3 58.2 53.0 41.2
166 44.5 53.1 56.1 58.0 53.4 41.3
167 445 52.7 55.8 58.3 53.7 41.6
168 448 52.5 55.6 58.4 53.8 42.3
169 444 51.6 555 58.6 54.0 42.6
170 44.6 51.7 55.8 58.8 535 42.8
171 44.7 52.0 56.1 589 537 42.7
172 44.3 520 56.3 59.2 54.0 43.0
173 44.5 52.8 56.1 59.1 54.0 43.2
174 443 52.7 557 58.6 54.2 42.9
175 443 52.5 55.5 58.2 54.1 43.0
176 44.7 529 55.6 574 53.8 42.4
178 445 525 55.6 57.0 53.7 42.0
180 44.1 52.2 554 56.9 53.8 414
182 43.9 524 55.1 56.8 534 40.7
184 43.6 522 54.5 57.3 53.1 40.0
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Table E-3 Averaged temperature measurements for treatment 3 (n.d.: no data)

Time Position 0 Position 1 Position2  Position3  Position4  Position 5

-h- °C
39 28.5 28.5 28.5 320 28.7 32.6
40 29.2 293 293 322 29.5 33.0
41 30.5 28.9 31.0 35.6 313 36.1
42 32.7 29.0 30.8 39.0 313 37.9
43 344 28.8 30.3 41.7 31.9 39.6
44 36.1 28.7 29.8 nd. 32.7 42.6
45 37.1 314 30.5 n.d. 32.0 42.5
46 37.1 31.6 329 n.d. 32.7 42.7
47 37.8 32.0 35.5 n.d. 327 43.0
48 38.4 343 38.1 n.d. 324 43.5
49 39.2 353 389 45.4 32.6 43.7
50 40.0 37.7 39.7 44.8 n.d. 43.5
51 40.5 40.5 40.7 44.2 n.d. 43.8
52 41.2 41.5 41.1 44.5 n.d. 43.7
53 413 41.8 414 45.0 34.1 44.0
55 41.7 424 41.6 453 344 44.5
56 41.8 42.5 41.6 45.5 34.6 44.3
77 41.9 42.1 42.1 45.7 34.8 44.3
78 42.3 42.1 42.5 45.8 34.8 44.3
79 42.6 41.9 427 46.0 349 442
80 429 422 42.8 46.4 352 44 4
81 43.2 42.8 43.1 46.8 35.5 44.7
82 434 434 43.1 473 35.8 44.8
83 43.2 44.0 432 47.9 n.d. 45.2
84 433 44 4 434 48.5 n.d. 454
85 432 444 43.8 49.1 n.d. 45.2
86 43.3 44.4 44.1 49.6 n.d. 45.0
87 43.7 44.5 44.4 504 n.d. 45.3
88 43.8 42.8 44.7 51.0 n.d. 45.0
&9 43.7 n.d. 44.3 51.6 n.d. 45.3
90 43.9 n.d. 44.0 524 nd. 45.9
91 43.6 n.d. 43.6 52.8 n.d. 46.2
92 43.6 n.d. 43.2 533 nd. 47.1
93 43.4 42.9 46.6 55.7 42.6 47.5
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Time Position 0 Position 1 Position 2 Position 3 Position 4 Position 5

-h- °C
94 43.4 46.2 49.6 57.7 48.2 48.5
95 43.7 49.5 52.9 594 53.2 49.0
96 43.8 514 56.0 60.8 583 49.5
97 44.1 512 55.7 60.4 58.8 50.2
98 43.8 51.1 55.8 59.9 59.0 50.0
99 43.8 51.1 55.7 59.7 59.5 50.5
100 43.6 S1.1 554 60.2 59.6 51.0
101 43.4 515 55.5 60.3 59.4 51.3
102 43.5 51.7 552 60.6 59.8 51.9
103 43.3 51.8 554 60.7 59.9 51.7
104 43.4 51.6 551 60.8 60.0 51.5
105 43.4 51.2 54.7 60.7 60.1 51.7
106 43.1 50.7 54.7 60.7 59.8 515
107 42.8 50.1 542 60.7 59.6 51.2
108 42.6 50.0 54.6 60.6 594 50.8
109 42.5 50.0 55.0 60.4 594 50.5
110 42.5 50.2 54.9 60.1 589 50.1
111 42.8 50.5 54.9 60.2 584 49.8
112 42.6 50.6 55.0 59.9 584 49.7
113 42.6 502 54.7 59.6 585 49.1
114 423 50.0 54.7 59.5 58.5 48.6
115 42.1 50.0 54.9 58.8 58.7 48.6
116 42.1 50.0 54.4 59.0 58.3 48.4
117 41.9 50.2 543 59.5 58.1 48.4
118 41.6 50.3 54.6 59.4 58.2 48.6
119 41.4 50.0 542 59.9 583 48.8
120 41.1 49.9 54.5 59.5 58.8 49.1
121 41.1 50.0 54.5 59.2 58.8 49.3
122 41.5 50.5 543 59.6 58.8 49.7
123 41.7 50.5 54.8 59.8 59.1 49.8
124 42.0 50.7 54.9 60.1 59.1 50.1
125 42.0 50.4 552 60.2 58.7 504
126 419 49.7 55.2 60.0 58.7 50.2
127 41.5 49.5 54.8 59.7 585 50.3
128 414 493 54.6 59.8 582 49.8
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Time Position 0  Position 1 Position2  Position3  Position4  Position 5

-h- °C
129 41.6 49.4 54.5 59.6 583 49.2
130 41.5 49.5 544 59.7 583 48.9
131 41.8 49.6 54.5 59.6 57.8 48.6
132 41.7 49.2 54.7 593 57.7 48.6
133 41.5 48.7 54.7 593 58.0 48.8
134 414 48.4 54.4 58.8 57.8 48.6
135 41.3 48.4 54.1 58.8 57.5 48.2
136 41.2 48.6 539 583 57.3 47.5
137 41.2 48.8 53.5 583 56.7 47.0
138 41.0 48.8 53.7 58.5 564 46.9
139 41.0 48.8 53.6 583 56.5 46.6
140 41.2 48.9 53.7 59.0 55.7 46.8
141 41.2 48.9 53.6 58.6 55.8 46.6
142 413 49.1 534 58.6 559 46.7
143 41.4 49.2 532 584 552 46.4
144 413 48.7 53.0 58.0 55.8 46.6
145 41.4 48.6 53.3 58.1 554 46.9
146 41.4 489 534 57.8 55.6 46.8
147 41.4 48.7 53.6 57.7 56.2 47.5
148 41.4 48.9 53.5 57.6 55.8 47.4
149 41.9 494 534 56.9 56.0 474
150 41.9 494 532 56.8 55.6 47.5
151 41.7 493 534 56.8 55.1 47.1
152 419 49.2 53.3 56.0 55.1 47.3
153 41.3 48.8 532 56.5 54.7 46.9
154 413 48.7 53.1 56.4 54.8 46 .4
155 41.3 48.6 53.2 56.3 54.9 46.3
156 41.1 48.4 533 56.5 54.7 45.4
157 41.0 48.4 53.1 56.3 544 44.9
158 41.0 48.1 529 56.2 539 44.7
159 40.7 48.0 52.2 56.3 n.d. 43.9
160 40.7 48.2 52.0 56.6 n.d. 43.9
161 40.5 48.0 520 56.7 nd. 44.0
162 40.6 48.1 52.2 56.7 nd. 43.7
163 40.5 48.1 52.6 56.5 n.d. 44.0
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Time Position 0 Position 1 Position2  Position 3 Position 4 Position 5

-h- °C
164 40.1 47.8 52.4 56.5 n.d. 439
165 40.4 47.8 52.2 56.5 n.d. 441
166 40.1 47.6 51.9 56.6 n.d. 442
167 40.0 47.6 52.1 56.5 n.d. 44.5
168 40.2 47.7 51.8 56.4 n.d. 44.9
169 40.0 47.7 51.9 56.5 n.d. 45.0
170 40.0 47.6 51.9 56.1 n.d. 45.7
171 39.8 47.8 51.9 56.1 n.d. 454
172 40.3 47.8 525 56.1 527 45.6
173 40.5 48.1 524 55.9 53.1 454
174 40.6 48.0 522 56.3 53.0 447
175 40.6 47.6 52.0 56.4 53.3 44.8
176 40.1 47.5 51.8 55.8 533 44.5
178 399 473 51.9 55.6 53.0 443
180 39.6 47.3 522 55.0 52.6 44.1
182 39.7 473 52.0 54.9 524 43.6
184 39.6 47.1 515 553 51.6 42.8
186 39.3 47.0 51.2 55.0 51.2 422
188 39.0 47.2 51.1 549 51.0 42.1
190 38.6 46.9 50.9 544 50.5 42.4
192 38.5 46.4 50.9 54.1 50.7 43.0
194 384 46.2 50.6 53.8 51.1 43.8
196 38.7 459 50.5 54.1 51.5 439
198 389 45.9 50.4 54.5 51.7 43.6
200 39.1 46.2 50.6 54.6 51.7 43.2
202 39.0 46.2 50.7 544 51.2 42.7
204 38.8 46.0 50.3 54.0 50.5 42.4
206 38.8 46.2 50.2 54.1 50.1 42.0
208 38.6 46.2 49.9 53.6 49.9 41.8
210 38.7 46.4 49.7 533 49.4 41.1
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Table E-4 Averaged temperature measurements for treatment 4

Time Position 0  Position 1 Position2  Position3  Position4  Position 5

-h- °C
39 30.9 30.8 30.9 30.9 30.8 30.8
40 324 326 32.7 327 324 32.8
41 35.0 35.1 35.1 38.5 35.6 352
42 36.8 37.4 36.7 440 37.3 379
43 38.5 395 38.6 50.3 41.0 42.7
44 40.2 42.0 41.0 56.6 453 47.5
45 40.7 43.0 42.0 59.5 475 49.5
46 41.7 44.1 42.6 62.0 49.5 51.2
47 419 453 429 64.2 51.5 533
48 42.7 44.6 42.6 65.7 52.8 55.8
49 43.2 45.3 43.0 60.6 54.0 58.6
50 42.8 44.4 43.2 67.0 54.7 61.2
51 42.5 43.1 42.7 67.1 55.0 63.8
52 41.7 43.1 423 67.6 55.8 65.6
53 41.1 42.3 41.6 67.8 56.4 66.7
55 40.4 41.8 41.2 67.8 56.8 67.5
56 40.3 413 41.2 67.6 571 67.4
77 40.0 40.8 40.9 67.4 57.1 67.4
78 40.2 40.6 41.0 67.3 574 67.2
79 40:1 40.4 40.8 66.9 57.3 66.6
80 399 40.0 40.2 66.3 57.0 66.1
81 39.7 39.7 39.9 65.6 56.7 65.4
82 39.1 394 394 64.8 56.0 64.5
83 38.8 39.0 39.0 63.9 55.0 63.4
84 38.5 39.0 38.7 63.2 53.8 62.5
85 38.5 38.6 38.6 62.5 52.7 61.4
86 38.1 38.0 384 61.7 519 60.0
87 37.8 37.5 379 61.1 512 59.0
88 37.2 37.6 37.3 60.4 50.8 57.7
89 36.7 377 36.9 60.0 50.3 56.5
90 36.7 37.9 36.8 59.7 49.8 559
91 36.7 38.1 36.8 594 49.4 55.6
92 36.9 37.6 37.2 59.1 48.7 55.5
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E.2 Raw temperature data

Table E-5 Raw temperature data (°C) for all treatments

Time » Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
29 0 25.9 24.7 25.1 26.2 27.4 27.1 27.8 28.7
29 1 25.6 26.0 24.4 27.0 26.9 26.9 28.0 27.0
29 2 26.3 25.2 25.7 272 27.5 26.7 27.9 27.0
29 3 26.9 252 25.1 27.0 30.8 26.5 27.3 26.7
29 4 25.6 24.7 26.3 26.1 27.5 26.2 27.7 27.6
29 5 26.2 26.0 29.0 30.3 30.5 27.3 27.2 27.7
31 0 254 24.4 24.9 26.6 28.6 27.4 28.2 28.2
31 1 25.1 25.2 25.4 25.5 28.5 26.9 28.0 279
31 2 24.8 24.7 26.2 26.4 279 27.5 28.7 28.4
31 3 24.9 24.5 26.8 324 34.1 27.5 27.8 29.6
31 4 24.5 26.2 25.8 27.1 28.0 27.7 28.3 28.6
31 5 25.2 25.7 32.2 32.0 34.0 26.8 29.0 28.9
38 0 28.3 27.0 26.8 28.4 29.7 28.6 33.0 329
38 1 27.1 26.7 27.9 26.9 29.7 28.4 32,7 335
38 2 26.8 27.0 27.5 27.0 30.2 29.0 32.0 33.8
38 3 253 26.3 26.7 28.4 38.7 29.0 334 337
38 4 26.3 24.5 25.9 28.5 29.8 29.7 319 34.7
38 5 257 26.3 39.2 40.2 43.1 28.3 31.7 333
39 0 254 26.3 25.1 28.7 304 28.7 33.1 35.6
39 1 24.8 26.3 254 203 30.6 29.8 33.2 359
39 2 26.6 26.0 26.9 28.2 30.5 28.8 34.2 349
39 3 26.4 25.6 254 38.4 40.2 29.1 343 34.0
39 4 27.1 25.8 272 30.8 30.7 30.1 33.0 347
39 5 247 24.3 394 37.8 42.6 28.2 33.6 35.2
40 0 25.3 26.5 26.0 29.0 30.3 29.7 33.0 354
40 1 26.7 26.7 25.5 29.0 31.0 29.3 353 34.0
40 2 253 253 26.0 29.8 30.5 30.0 35.1 34.2
40 3 24.8 25.1 26.7 37.7 30.1 28.6 33.7 354
40 4 26.6 25.8 27.1 28.5 30.2 30.0 33.0 34.6
40 5 27.1 26.2 384 38.9 30.9 29.7 35.0 359
41 0 25.6 259 26.9 28.7 34.2 324 39.1 38.2
41 1 27.1 26.8 29.5 30.4 26.7 254 37.5 38.5
41 2 26.5 26.3 28.9 29.9 36.2 33.0 38.0 38.3
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
41 3 254 26.6 28.1 423 44 8 443 52.1 51.1
41 4 25.7 27.3 27.9 30.7 34.8 353 394 43.7
41 5 26.8 26.1 41.1 38.5 42.9 429 1.9 41.9
42 0 28.2 27.0 29.5 31.2 39.2 36.3 39.7 40.6
42 1 273 28.3 289 32.8 294 29.7 42.1 42.3
42 2 274 26.7 29.3 32.2 27.6 29.4 38.5 40.5
42 3 26.9 25.8 28.2 339 46.2 48.5 55.3 56.2
42 4 27.2 26.9 29.4 30.3 284 31.1 3242 42.5
42 5 26.7 25.8 42.0 41.3 42.8 43.5 2.7 459
43 0 27.5 26.5 29.7 327 36.4 36.5 40.3 41.9
43 1 27.7 29.1 29.6 31.8 27.7 31.1 42.7 43.8
43 2 28.2 26.5 28.0 31.8 25.5 30.2 41.4 43.1
43 3 268 258 280 420 434 477 594 588
43 4 27.6 26.6 30.9 342 31.2 345 454 48.6
43 5 27.1 26.3 40.2 39.6 414 43.0 499 47.5
44 0 26.2 26.4 30.0 339 36.0 38.0 40.1 41.3
44 1 27.6 28.0 29.6 33.5 27.5 323 442 45.1
44 2 26.0 25.5 31.0 33.8 25.4 31.2 434 4477
44 3 27.5 26.6 29.9 34.1 441 48.8 61.2 59.0
44 4 27.0 259 31.5 34.1 31.2 34.9 47.3 50.1
44 5 28.1 25.1 423 39.3 40.4 44.0 51.6 48.0
45 0 27.8 25.2 313 31.7 36.5 37.9 39.0 42.6
45 1 28.1 27.0 31.2 35.8 34.8 38.3 39.6 43.8
45 2 27.4 26.5 31.0 342 35.7 39.3 41.7 424
45 3 28.6 27.7 35.7 438 437 493 63.5 62.6
45 4 272 272 289 353 303 340 480 507
45 5 26.2 26.8 41.9 394 42.0 43.2 54.3 49.3
46 0 27.3 26.6 324 349 34.3 41.1 422 45.8
46 1 274 27.8 325 354 26.6 344 46.2 47.5
46 2 28.1 28.2 31.8 364 354 40.1 41.1 43.0
46 3 28.3 26.1 35.8 42.6 43.6 49.8 66.2 65.3
46 4 279 26.7 31.7 36.9 31.0 344 51.6 54.2
46 5 27.1 25.0 40.6 41.3 42.8 44.8 572 519
47 0 27.2 24.9 32.6 36.2 37.0 41.5 41.0 432
47 1 27.5 29.2 33.5 37.0 26.2 35.5 47.0 48.8
-173 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Time . Trtl Trt2 Trt3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
47 2 265 255 325 364 349 416 426  44.
47 3 270 27.1 371 428 437 503 683 673
47 4 28.2 257 339 359 314 345 539 564
47 5 292 279 428 406 423 443 581 556
48 0 282 265 323 373 362 428 417 459
48 1 26.8 282 325 373 359 423 400 442
48 2 275 258 331 375 349 431 419 439
48 3 28.5 277 378 430 405 474 665 657
48 4 28.0 277 349 383 290 344 520 55.8
48 5 27.6 260 417 405 441 443 619 584
49 0 27.1 286 335 406 372 437 408 446
49 1 279 278 338 386 366 445 429 459
49 2 268 276 337 390 363 445 427 445
49 3 284 283 373 438 398 477 672 659
49 4 288 277 343 386 294 362 519 562
49 5 282 269 418 402 430 440 652 606
50 0 27.1 280 354 395 367 451 414 438
50 1 276 269 352 408 349 457 435 4238
50 2 273 282 347 415 361 463 398  46.1
50 3 28.8 285 393 447 400 486 681 669
50 4 205 279 368 420 296 375 534 578
50 5 27.0 264 420 414 426 430 665 629
51 0 293 279 348 398 368 453 405 416
51 1 283 286 358 406 359 483  40.8 446
51 2 269 289 349 401 365 475 398 429
51 3 200 282 386 460 403 493 686 675
51 4 304 264 342 403 292 383 544 585
51 5 289 299 412 422 442 450 704 643
52 0 27.6 267 350 403 368 478 391 418
52 1 30.8 293 364 418 372 486 39.8 447
52 2 290 271 369 417 352 460 397 432
52 3 29.1 278 389 465 404 498 686  67.6
52 4 206 274 364 416 293 390 548 594
52 5 309 280 410 435 443 432 693 657
53 0 305 288 3701 440 352 466 386 416
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Time . Trtl Trt2 Tri3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
53 1 285 290 373 421 360 480 386 432
53 2 309 277 372 409 349 483 391 421
53 3 282 289 406 455 407 505 678 672
53 4 280 296 358 444 296 404 538 588
53 5 292 262 424 435 440 458 694 654
55 0 285 276 374 423 373 474 382 418
55 1 29.6 286 372 422 361 487 390 435
55 2 313 271 369 418 360 484 388 440
55 3 287 30.1 415 443 406 507 676 6713
55 4 30.5 286 354 424 297 397 552 597
55 5 287 277 411 440 455 441 706 652
56 0 302 278 345 431 358 475 390 420
56 1 280 289 376 426 368 482 387 426
56 2 29.6 294 368 417 364 477 396 428
56 3 30.1 292 411 464 405 508 676 6713
56 4 20.7 280 368 444 296 396 552 596
56 5 284 279 407 417 432 443 689 646
77 0 289 280 358 408 363 49.1 377 414
77 1 28.8 289 369 431 363 469 391 417
77 2 322 272 376 417 357 490 376 435
77 3 28.1 300 413 453 407 509 675 672
77 4 202 296 379 418 298 399 552 596
77 5 300  27.1 421 420 440 437 709 644
78 0 300 280 371 392 358 492 390 427
78 1 283 268 371 418 362 477 383 422
78 2 203 297 374 437 370 496 381 432
78 3 28.7 283 425 470 407 515 669 669
78 4 208 260 384 428 296 405 549 594
78 5 30,0 274 417 414 443 455 692 640
79 0 287 295 387 443 370 503 371 42.1
79 1 205 296 371 463 354 479 396 410
79 2 209 279 356 425 37.0 493 383 429
79 3 314 292 416 475 409 522 659  66.1
79 4 290 295 365 414 296 408 550  59.1
79 5 28.8 277 418 437 442 440 681 628
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Time . Trtl Trt2 Trt3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
80 0 30.7 27.5 39.5 42.5 35.6 497 37.5 414
80 1 31.6 29.2 38.1 42.8 353 51.6 359 42.1
80 2 29.8 28.6 40.9 432 35.3 49.7 36.6 414
80 3 29.8 30.1 44.0 47.2 40.9 53.0 65.1 65.1
80 4 31.2 30.6 39.7 41.8 30.0 41.1 54.1 58.8
80 5 32.1 29.0 40.8 39.2 43.5 45.7 66.2 63.2
81 0 30.9 28.4 39.1 42.6 36.1 51.8 37.4 40.6
81 1 31.2 28.6 38.2 42.9 36.6 514 364 419
81 2 30.1 30.2 40.0 42.7 36.2 50.7 37.0 41.7
81 3 30.1 30.1 46.3 47.3 41.1 54.2 64.2 64.5
81 4 30.6 29.7 392 45.1 299 42.2 53.9 584
81 5 32.2 29.0 39.8 41.2 437 47.0 67.1 62.5
82 0 32.2 29.5 40.1 42.5 36.5 50.3 36.2 404
82 1 31.6 28.1 38.8 42.4 37.3 514 37.5 40.5
82 2 29.7 27.6 38.8 44 .4 35.5 51.2 35.8 41.1
82 3 29.7 30.2 45.0 49.1 41.1 55.3 63.5 63.6
32 4 32.9 28.8 40.5 45.7 299 42.8 51.7 56.9
82 5 29.9 28.8 40.3 40.6 44.8 45.1 64.9 61.3
83 0 30.8 27.8 40.7 43.2 35.1 504 36.8 39.9
83 1 309 28.6 42.8 43.1 36.0 52.6 36.9 40.8
83 2 29.5 294 39.5 44 4 35.8 51.4 37.2 41.1
83 3 29.7 30.5 439 473 41.0 56.3 62.6 62.7
83 4 32.6 30.0 41.7 41.2 29.6 43.6 50.7 55.3
83 5 31.7 29.5 39.7 38.9 43.5 479 62.2 59.9
84 0 314 30.0 40.6 434 34.6 S51.5 36.1 40.7
84 1 31.8 30.0 41.7 44.6 38.5 51.5 36.6 41.1
84 2 31.1 284 41.6 443 36.6 49.8 36.1 39.8
84 3 28.9 29.1 42 .4 47.8 41.1 579 62.1 62.4
84 4 34.2 29.8 40.1 449 29.5 44.1 48.6 54.6
84 5 31.2 29.0 40.5 41.4 447 46.8 62.3 59.6
85 0 32.0 31.1 41.8 428 36.0 51.3 36.8 40.7
85 1 31.7 30.5 42.1 45.2 35.6 52.6 36.0 39.0
85 2 30.8 29.6 41,7 433 36.3 534 36.8 409
85 3 30.6 29.7 42.5 449 41.0 59.0 61.3 61.5
85 4 319 28.9 433 41.5 29.1 44.0 49.7 54.2
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Rep! Rep2 Repl Rep2 Repl Rep2
85 5 31.7 28.8 39.9 38.2 41.9 46.9 61.8 59.1
86 0 322 290 42.1 443 35.2 525 35.0 38.6
86 1 315 29.8 41.4 452 36.1 52.6 34.8 38.8
86 2 32.1 30.0 42.3 443 36.2 534 36.2 39.4
86 3 329 306 439 47.0 40.7 59.8 60.5 60.5
86 4 329 292 424 45.3 29.1 44.5 48.9 529
86 5 312 299 42.0 39.3 39.8 48.3 59.1 56.3
87 0 31.9 31.6 433 45.1 373 51.3 36.5 38.1
87 1 342 304 41.6 43.9 374 514 34.6 393
87 2 33.8 28.3 41.6 45.2 38.3 50.8 353 383
87 3 340 306 40.8 454 40.9 62.7 60.1 60.0
87 4 33.8 314 427 44.1 29.1 444 49.0 515
87 5 31.8 29.0 39.1 36.4 42.4 513 58.7 54.8
88 0 330 293 41.6 43.7 36.1 50.3 33.7 37.8
88 1 325 273 41.6 43.8 26.8 50.0 37.2 40.8
88 2 336 313 44.6 44.7 36.6 52.7 33.8 38.0
88 3 323 31.2 42.5 47.0 40.8 62.8 59.8 59.7
88 4 33.1 29.0 439 444 290 443 48.9 51.6
88 5 32.7 294 37.6 35.9 40.7 48.4 573 54.1
89 0 322 286 41.1 44.6 36.3 50.6 344 39.1
89 1 335 29.7 439 43.8 26.5 49.6 357 40.4
89 2 33.6 31.1 43.2 44.5 35.8 50.6 35.0 38.9
89 3 333 30.5 45.5 48.1 41.0 64.2 59.7 59.6
89 4 315 311 44.5 44.1 28.5 44.7 48.6 512
89 5 323 295 39.0 377 39.8 51.8 58.3 533
90 0 33.7 29.2 41.1 43.8 36.9 524 35.5 38.1
90 1 34.1 29.9 42.7 43.7 26.8 50.2 34.7 40.3
90 2 34.1 30.1 44.2 43.8 349 52.2 353 40.0
90 3 318 30.1 46.2 46.8 40.9 65.5 594 593
90 4 34.1 304 414 442 28.2 45.7 47.7 50.1
90 5 32.8 27.8 41.1 39.5 414 51.7 56.5 53.8
91 0 328 297 43.5 449 35.0 50.9 342 404
91 1 332 295 43.8 44.2 26.4 50.0 359 39.6
91 2 33.1 299 43.0 45.1 34.6 512 349 38.2
91 3 340 296 494 48.2 41.0 66.5 59.0 58.9
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Time .. Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
91 4 320 313 455 447 282 470 472 495
91 5 335 302 399 394 413 543 573 544
92 0 340 304 428 432 344 521 346 389
92 1 344 293 437 431 349 51,6 364 374
92 2 337 289 436 448 358 505 356 395
92 3 354 310 501 492 405 670 584  58.1
92 4 346 302 438 434 286 488 457 497
92 5 335 286 412 379 424 538 565 538
93 0 339 303 452 455 350 508 366 416
93 1 344 321 493 484 386 647 487 509
93 2 430 353 545 477 417 715 576 588
93 3 449 414 540 457 482 756 635 602
93 4 420 428 537 464 4713 669 627 655
93 5 36.8 368 423 412 413 539 566 525
94 0 333 309 447 420 354 537 372 406
94 1 353 322 517 475 396 637 504 532
94 2 377 361 540 455 412 701 549 560
94 3 443 416 536 490 471 759 617 616
94 4 432 417 548 447 471 714 634  65.6
94 5 39.1 373 451 411 430 580 554 526
95 0 357 294 431 453 364 519 359 407
95 1 351 320 547 455 385 643 480 492
95 2 39.7 360 559 478 401 725 579 586
95 3 444 423 563 500 466 746  61.0 602
95 4 442 425 534 468 461 695 636 639
95 5 347 364 430 407 430 568 542 528
96 0 338 311 440 442 348 524 374  40.1
96 1 358 304 489 462 383 638 503 527
96 2 385 341 529 473 407 703 556 590
96 3 427 426 522 499 451 730 615 626
96 4 444 439 530 439 478 699 594  65.1
96 5 375 386 456 415 426 571 533 533
97 0 347 334 455 417 353 525 384 397
97 1 359 324 546 465 382 630 515 513
97 2 409 373 544 441 398 710 562 597
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
97 3 45.0 42.6 54.6 48.2 46.3 74.4 61.5 62.2
97 4 44.0 442 57.2 47.0 48.2 70.5 61.6 64.6
97 5 38.5 394 434 40.5 433 57.9 56.1 54.1
98 0 35.0 33.0 43.7 42.6 34.6 52.7 38.9 39.5
98 1 37.2 32.8 53.7 442 36.7 65.6 50.7 50.7
98 2 40.3 35.2 54.2 44.5 40.2 71.6 54.5 58.3
98 3 40.9 42,0 54.4 47.7 44.6 74.8 61.2 62.7
98 4 434 41.7 52.1 48.6 48.3 71.6 63.1 63.5
98 5 38.3 39.7 45.0 452 437 55.2 53.6 533
99 0 35.6 30.8 42.6 41.8 35.7 52.0 30.1 42.4
99 1 37.2 32.1 50.4 46.5 38.0 64.8 50.2 529
99 2 40.9 36.6 55.7 46.6 41.1 70.6 56.7 56.9
99 3 439 44,1 56.6 50.5 45.3 74.4 62.3 62.8
99 4 46.8 432 52.5 48.4 48.0 714 64.4 66.3
99 5 36.7 39.7 44.3 42.0 45.6 58.6 53.6 53.8
100 0 34.3 323 433 41.8 35.1 50.8 375 40.6
100 1 35.8 33.7 50.8 46.9 38.1 64.1 51.1 52.0
100 2 394 37.8 57.7 48.2 40.7 68.3 55.4 56.9
100 3 43.5 43.1 54.8 49.2 439 78.1 64.0 60.8
100 4 427 45.1 53.6 48.0 47.0 72.0 61.6 63.5
100 5 379 40.9 44.8 413 44 1 59.3 55.2 51.2
101 0 36.6 31.7 46.5 41.8 355 50.5 37.6 40.0
101 1 384 32,7 53.8 46.4 39.8 64.6 52.5 52.1
101 2 40.0 36.9 56.3 48.3 40.8 70.4 56.5 57.2
101 3 45.0 43.0 60.2 48.2 46.4 75.2 61.3 61.9
101 4 43.6 44 .8 56.7 49.5 47.0 70.0 60.1 65.4
101 5 39.7 393 435 42.0 449 58.6 533 52.6
102 0 359 31.2 46.1 419 36.7 51.7 38.2 40.3
102 1 36.6 339 51.8 46.8 40.6 63.2 53.1 52.9
102 2 434 37.0 56.0 45.6 41.8 68.0 559 59.5
102 3 43.5 427 58.8 49.2 46.6 74.7 62.2 59.4
102 4 44.7 43.6 55.8 47.5 49.9 73.2 61.6 66.8
102 5 38.3 373 45.7 42.9 453 59.0 52.6 54.3
103 0 35.0 32.6 43.8 40.5 36.3 494 36.6 40.7
103 1 36.2 335 56.0 46.3 413 62.4 51.9 52.6
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Time .. Trtl Trt2 Trt3 Trtd
Position
(h) Repl Rep2 Rep! Rep2 Repl Rep2 Repl Rep2
103 2 43.1 37.9 55.6 48.8 40.7 72.7 55.0 59.2
103 3 452 452 56.4 504 443 76.4 64.0 60.8
103 4 449 4509 56.3 47.2 472 725 63.5 62.8
103 5 364 384 44.5 413 442 57.9 53.7 50.5
104 0 353 329 45.2 39.3 36.6 50.2 37.8 40.6
104 1 36.1 349 53.6 44.5 385 62.3 50.5 51.8
104 2 412 384 53.7 46.3 40.1 66.4 57.0 57.4
104 3 4.4 426 58.5 48.9 48.0 745 62.8 60.2
104 4 502 435 58.1 49.7 472 731 62.3 61.9
104 5 356  39.0 438 41.8 43.1 59.2 549 51.9
105 0 352 334 45.1 42.7 37.5 48.5 36.6 41.6
105 1 358 341 55.7 46.9 39.8 617 48.4 52.0
105 2 423 367 57.9 46.1 41.7 66.4 54.8 579
105 3 453 454 61.4 502 470 738 61.3 62.3
105 4 442 448 58.9 50.5 464 709 62.3 64.1
105 5 37.8 388 444 429 44.9 59.9 53.1 53.1
106 0 37.0 340 444 40.1 366 49.6 374 394
106 1 379 341 523 45.4 37.8 61.5 48.8 50.5
106 2 42,6 389 55.8 47.7 40.8 68.7 555 583
106 3 444 456 60.5 50.9 473 74.5 64.1 60.6
106 4 457 437 56.0 49.6 480 729 62.1 64.9
106 5 364 380 463 41.5 41.8 60.8 532 50.2
107 0 335 333 46.8 40.7 36.0 474 36.9 39.8
107 1 36.6 345 54.7 452 39.1 60.1 515 515
107 2 38.7 396 59.5 47.5 41.5 68.2 55.8 573
107 3 46.5 445 59.5 48.0 477 73.0 63.6 61.5
107 4 455 430 59.3 48.7 473 71.0 61.3 63.6
107 5 36.8 386 464 423 433 56.6 55.2 526
108 0 347 340 460.4 40.5 364 484 35.6 40.5
108 1 36.0 360 559 458 402 596 487 514
108 2 41.6 36.7 58.0 47.9 43.2 06.6 53.5 57.2
108 3 479 437 59.9 493 474 738 63.5 61.3
108 4 42.0  43.1 58.2 50.0 47.2 71.7 62.4 62.4
108 5 362 377 43.8 41.0 420 572 543 514
109 0 348 342 429 41.1 37.3 48.1 37.4 39.9
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Time .. Trtl Trt2 Trt3 Trt4
Position
(b Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
109 1 376 363 532 481 404 609 496 524
109 2 40.8 404 612 470 426 683 557  57.1
109 3 445 433 603 470 463 729 648 640
109 4 455 434 592 504 459 715 639 653
109 5 360 372 444 427 434 585 538 527
110 0 353 354 451 413 381 480 353 389
110 1 37.1 326 549 454 402 610 486 510
110 2 400 378 599 462 414 677 558  58.1
110 3 458 445  63.6 497 466 729 636 606
110 4 463 431  60.6 487 471 693 623 640
110 5 373 373 450 410 434 566 549 519
111 0 366 327 439 427 376 481 368 371
111 1 386 352 577 438 412 604 477 514
111 2 41,5 386 59.1 470 425 665 544 574
111 3 475 449 638 51,1 464 752 599 619
111 4 443 446 620 495 461 686 618  64.1
111 5 350 360 439 441 405 565 520 522
112 0 353 334 450 412 366 470 339 380
112 1 405 371 583 452 403  60.1 484 497
112 2 415 376 614 480 433 677 553 568
112 3 458 443 613 523 463 728 622 607
112 4 431 427 620 512 484 700 630 623
112 5 36.7 356 446 406 408 579 541 520
113 0 360 33.1 444 422 385 468 345 378
113 1 382 349 559 441 401 585 483 485
113 2 417 390 599 455 412 675 540  58.1
113 3 454 436 628 522 459 705 634 602
113 4 437 408 578 492 465 722 623 643
113 5 365 37.8 442 422 401 568 548 521
114 0 347 345 465 406 369 468 342 384
114 1 370 345 565 424 397 597 465 496
114 2 41.8 394 620 463 414 675 538  56.1
114 3 44.1 448 623 516 454 738 618  60.0
114 4 448 444  61.0 483 481 679 622  60.1
114 5 36.1 389 473 416 413 548 550 522
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Time . Trtl Trt2 Trt3 Trtd
Position
() Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
115 0 364 340 466  41.1 369  47.1 343 38.6
115 1 412 370 590 459 404 609 466 50.2
115 2 428 356 623 456 438 669 532 580
115 3 46.6 443 62.8 489  44.1 71.8 60.2 59.5
115 4 436 445 606 498 477 689 613 63.3
115 5 369 389 455 406 416 555 549 499
116 0 35.1 336 467  43.1 369 470 349 38.0
116 1 3977 356 582  46.1 40.7  60.1 479 486
116 2 444 404 623 463 418 652 565 57.9
116 3 47.1 445 638 496 476 728 618 59.9
116 4 44.1 443 622 484 456  69.1 60.9 63.1
116 5 358 385 46.8 393 410 559 534 52.0
117 0 373 346 479 424 36.7  46.8 355 38.0
117 1 399 353 559 432 404 597 479 493
117 2 454  40.1 63.0 459 416 665 54.8 56.4
117 3 46.9 470 650  50.1 464 737 608 59.1
117 4 444 448 659 497 47.1 70.7 61.0 645
117 5 376 377 463 408 409 565 539 50.4
118 0 354 339 474 394 358 458 34.5 36.6
118 1 397 358 602 47.0  40.1 598 476 497
118 2 428 403 632 457 427 6719 526 56.7
118 3 454 442 658 479 463 724 603 58.6
118 4 452 437 613 483 464 700 618 63.3
118 5 396 383 457 435 412 562 545 50.7
119 0 349 335 458 399 358 467 35.9 39.6
119 1 412 352 569 443 387 605 477 48.2
119 2 416 379 612 469 43.0 651 54.7 55.7
119 3 454 459 689 493 476 720 600 595
119 4 488 469 612 483 474 1701 614 625
119 5 380  39.1 46.6 412 424 563 555 50.8
120 0 340 341 47.9 399 353 460 346 382
120 1 415 336 596 430 402 594 480 492
120 2 430 393 64.1 469 409 680 526 55.0
120 3 46,6 460 642  50.1 449 723 61.3 60.1
120 4 453 462 607 518 475 712 614 641
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
120 5 386 402 460 426 430 562 538 531
121 0 363 336 480 404 363 467 358 384
121 1 393 357 601 448 411 599 483 495
121 2 445 387 650 473 417 663 520 559
121 3 457 455 660 503 472 712 614 583
121 4 46.1 450 633 492 473 704 630 625
121 5 374 394 466 421 439 553 521  50.1
122 0 374 345 483 402 372 480 360 375
122 1 388 384 596 448 416 624 487 493
122 2 462 381 639 458 416 678 523 555
122 3 464 480 677 492 485 734 627  59.1
122 4 47.1 446 620 506 461 704 604  62.6
122 5 374 388 459 438 435 567 521 498
123 0 371 350 480 413 375 468 356 393
123 1 419 357 591 458 388 604 493  49.
123 2 449 403 632 454 427 691 516 572
123 3 48.8 471 670 492 488 722 615 589
123 4 453 473 629 523 472 726  59.8 586
123 5 394 384 465 456 433 561 514 500
124 0 367 351 461 419 375 461 353 393
124 1 398 378 608 441 408 602 477 486
124 2 426 390 644 488 413 685 539 576
124 3 443 443 634 514 463 729 596  59.9
124 4 462 455 636 493 491 693 596 603
124 5 403 408 464 434 458 559 512 510
125 0 377 356 485 407 375 456 357 387
125 1 405 368 607 431 396 593 465 507
125 2 426 383 638 448 431 672 539 552
125 3 459 433 654 505 469 729 622 580
125 4 470 439 619 456 468 680 584 629
125 5 39.7 403 455 424 448 569 532 498
126 0 38.1 360 505 410 376 469 349 399
126 1 40.8 361 597 426 412 570 470 498
126 2 423 397 650 486 428 665 534 558
126 3 500 451 653 498 467 734 597 590
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Time .. Trtl Trt2 Trt3 Trt4
Position
(h) Rep! Rep2 Repl Rep2 Repl Rep2 Rep! Rep2
126 4 479 479 634 497 487 617 593 614
126 5 36.8 406 452 436 444 546 514 496
127 0 36.1 362 480 412 357 452 361 390
127 1 424 376 583 452 394 582 486 510
127 2 454 438 653 466 423 663 533 550
127 3 476 454 662 478 467 719 599  59.8
127 4 46.0 454 634 497 485 700 607  60.0
127 5 376  40.1 455 429 441 560 529 494
128 0 374 348 499 400 374 456 350 375
128 1 399 369 604 440 414 584 484 502
128 2 465 409 646 473 417 668 522 565
128 3 475 465 665 495 465 735 597 593
128 4 465 472 634 468 468 690 603 604
128 5 37.8 402 420 412 430 549 511 483
129 0 376 322 51,7 398 376 465 356 372
129 1 404 365 59.1 444  40.1 596 482 504
129 2 436 409 625 451 428 666 512 559
129 3 478 465 669 498 461 719 591 577
129 4 458 479 625 494 480 676 576 607
129 5 400 383 459 432 413 553 539 492
130 0 383 356 494 383 377 459 344 377
130 1 409 378 619 450 406 580 461  49.0
130 2 44.1 402 642 470 423 667 522 577
130 3 473 451 669 513 483 725 598 573
130 4 456 454 613 499 474 690 587 610
130 5 39.1 372 433 423 405 559 521 478
131 0 373 369 494 389 382 457 345 385
131 1 407 384 595 423 402 586 471 500
131 2 437 401  67.1 456 423 669 533 549
131 3 462 466 67.1 524 461 715 555 566
131 4 468 464 636 508 473 676 595  60.9
131 5 409 403 468 421 426 554 530 500
132 0 369 354 507 377 362 456 357 376
132 1 410 383 628 435 403 565 478 482
132 2 429 417 648 440 442 659 509 570
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
132 3 47.7 45.5 65.8 51.5 45.9 71.9 60.3 58.1
132 4 45.7 46.2 614 50.2 46.4 68.5 58.7 60.5
132 5 36.2 36.5 433 414 42.8 54.9 514 48.9
133 0 38.9 36.6 49.0 41.0 38.1 44.3 34.8 37.4
133 1 41.1 35.8 64.1 43.2 39.3 56.1 46.7 48.3
133 2 43.6 39.2 65.4 45.2 42.5 60.5 52.1 55.8
133 3 46.4 46.7 67.7 50.1 46.7 71.7 59.5 57.6
133 4 49.2 45.0 64.5 494 46.9 71.0 60.7 59.0
133 5 37.2 38.3 46.0 423 419 56.1 49.5 49.6
134 0 36.3 35.1 49.8 39.2 379 454 347 37.8
134 1 42.1 37.8 60.5 46.0 394 56.8 46.9 493
134 2 45.8 394 64.3 48.0 40.3 66.2 51.8 55.6
134 3 47.1 44.0 66.5 49.5 45.7 70.8 58.9 56.8
134 4 45.5 443 61.8 49.6 459 68.4 59.3 60.0
134 5 38.5 38.1 43.6 40.5 41.5 53.7 49.6 474
135 0 395 355 494 38.2 38.7 442 335 37.7
135 1 39.1 36.8 63.2 41.8 40.7 58.1 45.8 49.6
135 2 44.4 40.8 63.5 45.4 41.2 65.9 524 55.8
135 3 48.0 46.8 67.2 50.6 473 70.7 58.7 57.2
135 4 44.6 449 62.7 48.7 452 67.4 59.0 59.7
135 5 34.6 37.2 43.0 41.7 41.0 53.6 515 49.6
136 0 36.2 36.5 49.9 39.6 37.6 434 33.2 37.8
136 1 41.8 36.9 59.7 44.5 40.8 57.8 44.6 48.0
136 2 42.0 42.0 68.7 47.2 423 65.9 51.2 54.5
136 3 48.9 47.8 66.8 50.7 44.5 69.1 59.5 58.9
136 4 485 439 64.6 48.8 46.9 67.0 60.6 60.2
136 5 354 37.8 423 41.1 39.3 52.8 49.8 48.0
137 0 35.2 37.5 51.1 39.0 37.8 443 340 37.1
137 1 38.5 37.7 60.3 46.8 40.5 56.6 454 48.3
137 2 44.6 413 65.9 432 41.5 64.9 51.0 53.5
137 3 46.4 472 68.0 50.3 45.1 73.3 61.2 58.2
137 4 46.6 473 61.5 46.8 459 66.6 55.8 60.5
137 5 35.2 38.3 43.1 384 40.8 53.3 51.9 48.8
138 0 379 354 48.5 38.2 375 44 4 33.0 37.8
138 1 41.0 38.2 63.6 43.1 40.2 55.3 43.5 47.1
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Time . .. Trl Tre2 Tr3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
138 2 454 42.3 65.6 47.2 432 64.8 52.1 547
138 3 50.0 44.2 67.5 50.6 44 8 72.9 57.1 56.5
138 4 46.8 44.0 63.5 49.0 45.5 66.3 57.4 60.9
138 5 38.6 37.0 42.7 40.5 40.5 535 49.2 47.9
139 0 35.5 36.9 50.0 39.5 38.1 44.6 34.5 37.1
139 1 41.6 37.3 62.8 44.5 40.9 58.2 43.7 48.8
139 2 44.6 423 66.0 444 41.7 64.8 51.1 53.7
139 3 47.9 452 66.8 50.1 459 70.7 56.1 579
139 4 45.8 443 64.9 49.0 48.4 65.5 57.7 61.3
139 5 38.8 38.4 44.7 43.2 40.2 52.5 50.6 47.9
140 0 39.1 36.4 49.7 38.8 37.2 46.0 33.6 37.8
140 1 40.4 39.5 61.5 45.3 41.5 58.1 441 48.0
140 2 44,6 42.9 66.4 459 42.4 66.6 514 55.6
140 3 50.0 452 67.9 49.7 46.6 72.8 589 58.1
140 4 45.1 441 61.3 47.9 44 .4 63.0 56.2 59.3
140 5 37.0 375 437 42.7 41.1 52.2 50.3 47.6
141 0 37.9 34.1 50.3 40.5 37.6 44 4 34.0 36.5
141 1 42.5 374 63.8 44.5 41.2 56.0 45.1 48.4
141 2 44.6 394 67.0 46.3 40.7 64.4 52.2 53.8
141 3 4772 46.3 69.4 50.0 46.4 68.7 56.9 57.2
141 4 46.8 46.8 61.4 47.8 46.6 66.7 56.6 62.4
141 5 37.0 393 44.3 40.1 39.7 53.0 49.7 47.1
142 0 40.2 349 49.7 39.6 37.7 44 4 339 37.7
142 1 39.7 38.1 61.2 42.3 40.9 559 45.8 47.6
142 2 493 40.9 67.1 45.7 41.9 64.5 51.1 54.7
142 3 492 48.1 68.1 48.6 46.6 70.8 60.3 58.8
142 4 46.9 453 65.3 48.0 47.1 65.6 572 59.5
142 5 40.7 38.6 438 38.0 42.6 52.0 50.1 47.4
143 0 38.9 354 50.3 39.0 384 45.1 33.5 36.6
143 1 40.7 37.0 60.4 42.5 41.0 58.6 46.0 46.6
143 2 45.6 41.3 69.7 44.9 41.5 63.3 48.5 52.9
143 3 47.5 47.7 67.6 48.5 45.8 69.4 56.3 56.8
143 4 47.0 46.2 63.9 50.9 46.4 61.6 56.5 57.4
143 5 40.6 40.6 434 439 39.1 51.8 49.0 471
144 0 39.0 36.1 51.3 38.7 38.6 44.5 34.3 39.1
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Time .. Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
144 1 407 387 623 430  40.1 562 464 484
144 2 464 421 64.6 442 424  65.1 50.7 53.7
144 3 479 459 665 496 463 703 57.7 55.8
144 4 463 434 630 467 467 658 58.4 57.6
144 5 390 383 446 406 410 532 489 454
145 0 393 354 521 400 372 452 357 36.5
145 1 427 394 607 423 395 562 452  48.1
145 2 443 413 655 448 425 650 502 533
145 3 496  46.1 66.5 479 466 693 58.9 56.7
145 4 482 466 662 459 462 640 569 55.1
145 5 416 399 477 422 420 535 49.8 491
146 0 400 365 502 392 376 443 343 38.4
146 1 404 387 659 436 421 57.1 47.1 47.7
146 2 454 406 648 453 421 65.3 51.9 533
146 3 492 460 692 516 465 682 589 56.0
146 4 480 484 650 482  49.1 647  57.1 56.9
146 5 38.1 411 44.1 429 432 508 490 467
147 0 373 362 504 386 383 458 339 38.5
147 1 415 372 624 443 409 572 460  48.]
147 2 46.8 429 700 450 431 63.0 510 539
147 3 48.8 495 683 475 464 677 576 557
147 4 452 459 608 486 474 654 574 585
147 5 379 398 438 416 427 532 490 466
148 0 395 370 525 39.8 372 453 343 389
148 1 414 399 650 425 403 576 471 48.3
148 2 440 405 69.0 435 430 642 503 54.6
148 3 49.1 485 682 495 452 707 57.6 549
148 4 484 452 638 496 462 635 562 573
148 5 388 395 458 423 414 525 497 46.7
149 0 37.1 366  50.1 394 395 468 354 36.3
149 1 410 376 654 434 430 570 44.] 47.8
149 2 47.1 412 668 441 433 635 487 543
149 3 48.8 460 673 483 429 673 58.6 559
149 4 479 460 642 469 457  66.1 54.7 58.7
149 5 408 407 463 409 427 528 489 473
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Time . Trtl Trt2 Trt3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
150 0 403 367 509 388 37.0 452 356 383
150 1 40.5 392 639 433 408 580 465 487
150 2 444 409 668 453 432 626 508 531
150 3 483 466 685 483 472 668 586 553
150 4 479 448 621 502 470 632 573 573
150 5 389 393 442 413 427 518 472 449
151 0 37.7 351 51.8 375 373 456 351 380
151 1 423 392 607 412 412 566 469 469
151 2 46.1 399 660 449 416 656 519 514
151 3 46.6 482 67.1 49.1 459 682 565 558
151 4 464 465 654 500 455 634 546 571
151 5 393 397 440 397 408 517 472 4438
152 0 37.1 398 495 394 381 460 349 391
152 1 426 389 632 426 410 561 449 467
152 2 483 409 659 452 423 641 502 530
152 3 483 469 685 508 453 646 544 559
152 4 477 469 617 501 456 640 535 540
152 5 39.8 393 438 427 423 532 474 450
153 0 37.9 364 505 404 372 440 365 388
153 1 422 371 638 423 41,6 548 458 480
153 2 470 404 682 437 419 646 512 520
153 3 499 459 675 512 461 681 550  56.0
153 4 472 469 646 461 462 628 554 578
153 5 389 376 437 430 416 507 471 456
154 0 374 380 523 395 376 443 345 381
154 1 428 375 603 437 419 566 453 470
154 2 463 414 664 442 417 632 507 517
154 3 479 454 668 510 454 674 568 539
154 4 48.1 441 623 461 487 618 538 560
154 5 39.1 385 426 400 402 509 470 442
155 0 370 377 512 396 394 441 354 379
155 1 412 407 60.8 419 403 561 445 459
155 2 444 424 683 442 432 647 503 502
155 3 497 448 673 493 450 685 567 545
155 4 463 453 653 444 468 632 540 555
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
155 5 39.0 386 433  41.1 400 512 460 454
156 0 386 365 509 399 378 441 358 367
156 1 429 387 627 423 396 564 456 457
156 2 456 424 665 488 424 645 501 520
156 3 487 479 696 485 450 667 515  54.1
156 4 456 460 619 465 432 650 553 557
156 5 36.8 387 421 404 392 490 458 452
157 0 39.6 360 498 376 376 431 345 392
157 1 405 367 634 425 406 556 455 480
157 2 460 425 694 457 422 630 493 520
157 3 465 463 680 511 448 678 556  54.1
157 4 45.1 457 627 466 447 618 537 536
157 5 385 394 441 388 398 485 445 433
158 0 372 346 509 394 372 444 340  39.1
158 1 408 40.8 627 448 400 559 456 456
158 2 492 419 682 444 404 628 500 519
158 3 477 477 619 482 457 662 554 537
158 4 452 458 625 475 454 607 540  56.8
158 5 379 380 433 394 386 510 454  44.1
159 0 395 362 504 379 371 446 340 366
159 1 423 394 633 438 402 559 445 473
159 2 440 438 656 461 408 61.1 499 505
159 3 503 475 695 493 461 684 544 548
159 4 430 444 633 467 422 591 535 549
159 5 349 382 418 378 370 482 432 420
160 0 387 356 502 387 384 431 340 362
160 1 416 395 651 448 410 563 452 474
160 2 464 406 668 466 426 631 498 528
160 3 503 473 685 513 451 683 571 540
160 4 471 466 632 477 432 621 542 531
160 5 359 355 421 397 373 509 452  43.8
161 0 38.1 355 506 395 370 421 336  36.1
161 1 414 397 653 450 40.1 548 454 468
161 2 446 413 663 450 422 628 486 528
161 3 512 463 698 492 454 681 545 537
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Time . .. Trtl Tr2 Trt3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
161 4 41.9 437 61.9 47.3 46.3 60.2 52.3 53.1
161 5 36.5 36.7 431 38.8 379 50.8 444 43.1
162 0 38.9 36.6 52.5 40.3 38.7 43.7 35.3 37.7
162 1 42.5 40.7 61.6 459 39.8 56.3 44 .4 46.0
162 2 46.8 434 67.0 47.0 42.1 63.1 50.0 53.2
162 3 473 47.1 68.2 50.2 44.6 67.7 55.1 54.2
162 4 47.7 429 62.1 449 43.8 60.9 51.6 52.0
162 5 35.8 374 44 .4 40.1 36.0 51.0 44.1 41.5
163 0 37.2 37.7 48.6 39.5 36.9 43.8 34.4 38.5
163 1 42.6 38.9 62.3 45.0 413 54.8 454 459
163 2 45.8 417 67.7 45.3 41.8 62.9 50.4 52.7
163 3 46.6 51.0 68.1 47.1 44.7 67.7 54.0 54.4
163 4 43.6 42.2 59.8 44.1 43.2 60.8 53.0 55.1
163 5 38.0 373 44.1 39.0 38.2 49.8 46.1 42.0
164 0 36.6 36.9 49.7 37.1 35.9 429 35.6 38.5
164 1 423 38.5 64.2 42.3 40.3 54.7 45.6 46.9
164 2 43.6 42.4 67.2 443 41.3 62.6 479 50.6
164 3 471 45.9 67.9 47.8 45.7 67.8 54.2 53.6
164 4 46.0 45.2 58.6 46.6 42.9 61.5 53.6 54.8
164 5 36.8 38.7 43.0 374 374 50.3 44.6 43.1
165 0 39.0 36.6 51.7 404 38.2 42.9 36.2 37.5
165 1 41.8 38.8 63.7 437 40.4 544 459 47.0
165 2 479 43.1 66.3 45.5 41.3 62.3 49.7 51.2
165 3 49.3 447 67.2 49.1 449 68.6 53.5 52.3
165 4 44.8 47.4 62.5 454 45.1 60.6 52.6 53.8
165 5 40.5 38.0 437 37.7 39.0 51.0 42.9 42.6
166 0 39.2 36.1 49.1 39.5 36.6 43.5 35.2 379
166 1 43.4 40.8 61.8 41.4 38.6 56.3 43.6 46.8
166 2 44.6 431 65.1 47.3 40,0 63.2 49.3 50.0
166 3 48.7 441 694 47.4 45.5 67.7 554 54.6
166 4 454 44.0 62.1 479 45.8 59.5 51.3 52.2
166 5 39.8 39.5 45.8 39.6 38.5 493 43.8 42.5
167 0 38.1 38.8 499 38.5 374 42.9 35.5 37.4
167 1 41.9 40.1 61.5 42.8 41.0 54.8 454 46.4
167 2 44.7 41.7 67.9 427 42.6 63.1 48.6 52.3
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
167 3 48.0 46.4 69.2 48.6 44.4 67.6 55.0 54.2
167 4 46.0 44.4 61.9 442 44.5 60.3 53.2 52.8
167 5 38.7 39.0 439 42,0 40.0 50.8 43.1 42.0
168 0 38.1 38.0 51.2 38.3 36.2 437 35.2 38.5
168 1 39.2 40.2 63.4 41.5 41.3 54.7 45.6 47.8
168 2 47.5 44.9 65.2 44.8 427 59.0 48.1 50.0
168 3 47.6 45.9 69.7 46.8 45.8 66.8 52.6 52.1
168 4 452 45.7 60.4 46.1 44.0 59.7 49.9 54.7
168 5 39.1 39.7 44.7 40.9 39.8 50.5 43.7 44.3
169 0 37.9 379 504 38.2 36.3 432 35.5 38.2
169 1 413 394 58.9 41.7 40.0 55.1 459 48.6
169 2 46.2 41.9 66.6 44.2 42.5 61.7 50.8 51.7
169 3 493 46.6 70.2 47.3 45.3 69.0 56.1 53.5
169 4 45.1 45.7 63.3 46.0 43.6 60.6 S1.7 55.0
169 5 39.1 39.5 43.6 40.0 40.5 50.8 45.3 43.6
170 0 36.7 36.8 51.3 39.2 36.5 437 37.3 39.1
170 1 43.6 39.0 614 42.3 40.3 53.9 46.9 47.5
170 2 47.5 422 68.5 46.4 41.0 62.8 49.2 50.7
170 3 477 47.0 68.8 50.1 43.1 67.0 53.8 52.6
170 4 474 454 61.1 452 45.7 60.4 50.7 54.0
170 5 40.9 39.8 45.7 41.6 41.6 514 44.5 44.0
171 0 37.3 354 49.7 39.0 36.1 42.8 37.5 39.1
171 1 40.9 404 63.0 434 415 55.4 45.3 46.8
171 2 453 42.0 67.5 454 42.5 63.0 499 51.7
171 3 50.5 46.7 70.3 47.7 452 66.8 554 52.6
171 4 449 43.9 60.9 46.4 45.7 58.8 51.1 54.5
171 5 39.0 40.4 44,7 40.5 399 48.9 44.4 43.8
172 0 38.1 36.5 48.0 38.7 384 45.0 374 40.2
172 1 43.1 40.7 614 435 39.2 57.1 48.3 46.3
172 2 47.0 41.8 67.9 43.8 41.9 64.2 50.9 50.6
172 3 49.0 44.6 69.7 49.1 45.5 66.7 55.2 52.2
172 4 46.4 44.1 62.8 46.4 451 614 50.1 529
172 5 39.2 38.9 45.1 42.4 41.3 50.5 45.1 43.8
173 0 37.0 38.0 52.2 379 37.2 44.3 37.2 39.9
173 1 42.1 38.1 64.2 429 41.7 554 46.7 48.2
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Time - .. Trtl Trt2 Tr3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
173 2 45.6 41.7 64.9 44.7 413 62.6 49.5 49.8
173 3 47.7 45.9 66.7 50.1 45.6 67.5 54.3 52.8
173 4 47.4 46.6 63.0 45.8 46.3 61.1 53.0 51.0
173 5 37.8 39.3 43.8 42.0 39.7 49.9 44.0 422
174 0 38.7 35.8 49.9 39.1 37.0 43.6 37.2 39.5
174 1 42.5 39.2 61.9 41.6 38.8 55.2 49.5 48.2
174 2 48.1 42.6 66.0 454 41.6 60.8 479 52.1
174 3 50.1 46.2 67.2 48.1 45.6 67.8 54.3 52.3
174 4 48.9 44.3 62.0 46.4 45.3 60.5 50.6 52.2
174 5 38.3 38.2 45.6 39.0 39.1 48.2 44.5 42.7
175 0 39.6 36.4 50.1 38.6 36.5 42.6 37.8 40.1
175 1 433 39.5 63.4 41.3 39.0 54.5 46.9 47.4
175 2 46.8 43.1 66.0 45.1 40.7 63.0 50.5 52.0
175 3 48.3 47.8 67.9 47.0 453 66.8 54.5 522
175 4 456  43.0 60.1 46.3 45.8 60.6 50.2 54.0
175 5 38.6 39.1 449 40.8 40.0 49.5 42.1 41.7
176 0 36.6 34.1 50.3 39.2 364 43.0 36.7 41.8
176 1 41.8 394 65.1 429 40.7 54.7 48.2 47.9
176 2 46.6 41.9 68.2 44.5 41.8 62.2 49.4 524
176 3 48.1 46.6 65.0 47.2 44.4 63.7 55.5 53.6
176 4 46.1 435 58.7 48.1 452 61.7 49.7 51.0
176 5 37.9 39.7 442 38.8 39.5 50.1 43.6 430
178 0 39.0 37.1 50.6 38.2 37.7 42.6 39.0 395
178 1 42.6 39.6 61.8 42.1 39.6 55.7 49.3 47.7
178 2 44.9 41.2 65.2 44.1 41.4 63.9 49.8 52.9
178 3 48.9 45.0 65.9 473 44 4 66.8 54.3 51.7
178 4 43.5 44.7 63.8 439 441 61.1 50.0 52.8
178 5 38.8 36.9 44 .4 38.5 39.2 49.1 43.8 41.7
180 0 39.2 37.2 48.3 37.6 36.4 41.6 37.6 39.2
180 1 41.1 38.7 59.1 41.6 41.1 52.7 49.1 46.6
180 2 46.0 41.0 64.2 45.6 41.8 62.4 50.7 54.6
180 3 47.8 45.1 66.3 48.4 43.2 65.1 54.1 53.8
180 4 46.3 44.2 62.9 46.7 41.7 60.6 50.8 53.1
180 5 36.1 36.5 43.1 36.3 38.2 47.5 42.5 42.6
182 0 39.3 38.1 48.1 38.6 37.3 429 37.2 38.4
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Time .. Trtl Tre2 Tre3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
182 1 424 39.0 61.6 45.2 40.5 53.4 49.7 50.0
182 2 46.8 42.1 65.4 43.5 414 61.0 50.7 51.6
182 3 50.3 46.1 68.3 45.7 45.4 65.9 56.6 53.5
182 4 44 8 459 58.6 447 454 59.7 49.9 534
182 5 354 38.1 42.2 37.8 36.2 48.6 41.5 40.7
184 0 38.2 37.1 48.0 39.6 38.1 40.3 384 39.1
184 1 44.6 39.0 63.4 42.6 40.7 533 479 47.6
184 2 44.9 41.7 63.6 44.6 39.8 60.5 50.6 51.8
184 3 48.9 48.6 68.7 47.5 445 66.7 54.1 52.3
184 4 44.6 41.0 59.2 44.6 413 58.6 51.5 514
184 5 35.8 35.0 42.1 352 36.2 47.4 41.2 40.0
186 0 38.7 36.6 49.2 39.7 36.6 41.5 38.1 394
186 1 44 .4 38.6 63.9 43.8 41.9 52.3 47.6 48.0
186 2 46.1 437 65.6 477 42.3 60.6 51.1 52.1
186 3 45.5 44.6 65.1 48.4 43.7 65.2 54.8 54.3
186 4 42.8 433 59.1 44.1 41.5 60.6 51.2 51.7
186 5 34.5 37.0 42.0 37.4 35.8 47.5 40.2 41.5
188 0 36.0 38.0 48.4 40.1 359 39.3 38.6 39.6
188 1 42.0 40.7 624 42.5 40.1 55.0 494 47.1
188 2 46.4 39.6 63.8 45.1 41.2 61.8 51.6 512
188 3 46.3 44.6 68.1 499 43.6 64.5 55.2 52.8
188 4 46.2 42.0 60.0 431 423 584 48.6 49.7
188 5 36.2 37.9 433 37.9 36.8 48.0 43.0 40.9
190 0 37.9 38.1 47.7 39.8 34.8 42.2 40.1 39.9
190 1 40.3 41.8 62.5 46.9 40.2 51.6 49.3 48.4
190 2 43.4 40.3 64.4 46.1 40.7 60.4 50.4 50.5
190 3 47.7 445 66.4 47.3 434 63.6 559 53.8
190 4 432 41.7 59.5 42.6 438 57.8 52.2 51.0
190 5 36.4 37.3 41.9 395 377 494 424 41.6
192 0 38.6 36.9 48.6 40.5 35.5 42.1 41.4 419
192 1 42.2 41.4 63.8 447 37.7 52.6 49.0 47.4
192 2 48.0 42.5 64.4 46.7 394 60.9 514 51.4
192 3 474 45.6 70.2 48.4 43.8 64.6 54.6 519
192 4 439 432 59.5 441 435 57.3 52.5 51.9
192 5 36.6 40.4 44.8 35.7 38.3 50.3 43.4 42.3
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Time .. Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
194 0 38.1 37.1 479 40.8 364 40.6 404 40.5
194 1 40.7 412 63.3 45.5 39.7 52.5 513 48.1
194 2 48.6 409 64.3 46.5 41.3 59.3 51.6 52.0
194 3 472 463 66.7 48.3 43.1 63.9 56.2 52.4
194 4 445  41.1 59.7 433 44.0 61.4 517 52.8
194 5 39.5 38.9 43.6 40.1 39.6 50.0 44.6 41.8
196 0 372 384 47.9 41.1 36.8 40.9 41.5 42.6
196 1 42.7 37.0 59.2 49.2 41.2 51.6 51.7 48.6
196 2 46.3 40.1 65.7 47.6 414 60.4 523 515
196 3 47.0  46.6 64.8 46.4 45.2 654 57.1 53.8
196 4 438 426 58.0 45.2 43.2 60.8 50.1 515
196 5 373 36.8 45.8 36.7 37.9 47.7 442 425
198 0 41.5 36.8 48.9 41.5 37.1 414 42.0 433
198 1 439  39.1 62.6 46.7 40.1 52.1 49.5 50.2
198 2 453 424 67.1 47.7 42.4 58.0 532 523
198 3 478 457 65.8 49.1 44.8 65.5 579 53.2
198 4 44.5 429 58.4 44.5 45.1 582 522 49.1
198 5 374 364 41.0 36.8 38.1 47.1 44.4 41.3
200 0 380 386 47.8 41.5 375 41.7 40.6 42.5
200 ] 447 392 61.1 48.4 39.1 53.1 512 49.3
200 2 470 408 66.6 46.9 41.1 61.0 53.7 54.0
200 3 479 477 64.2 48.5 44.9 63.8 58.0 51.6
200 4 458 430 60.0 453 43.5 57.5 51.8 51.8
200 5 376 374 43.7 37.7 393 45.8 434 41.2
202 0 37.7 37.0 49.2 447 35.0 41.5 40.9 43.3
202 1 424 402 62.7 49.4 39.6 52.8 49.8 48.1
202 2 46.0 405 65.3 49.2 41.3 60.3 52.4 51.9
202 3 462 449 63.2 50.0 43.7 61.7 57.2 522
202 4 429 451 55.9 47.8 42.8 58.2 51.0 49.6
202 5 37.0  36.1 43.2 38.4 38.3 47.5 44.1 41.3
204 0 38.9 371 45.7 42.6 36.1 404 39.9 41.6
204 1 432 384 59.7 48.9 40.2 51.2 49.5 48.7
204 2 45.8 406 64.2 494 40.7 57.8 53.6 523
204 3 480 470 67.6 50.9 43.7 64.2 552 525
204 4 4277 416 574 45.6 40.7 57.7 52.0 513
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Time . Trtl Trt2 Trt3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
204 5 373 35.7 41.8 373 36.5 46.7 45.1 39.9
206 0 38.5 37.6 47.0 44.9 359 42.1 40.2 43.4
206 1 41.2 39.6 62.0 50.3 40.5 534 50.9 48.9
206 2 456 422 66.6 48.0 40.2 594 54.0 52.7
206 3 46.5 44.4 66.5 50.3 44.8 65.6 56.1 53.6
206 4 425 41.5 56.3 43.1 43.6 56.8 522 50.1
206 5 34.6 334 421 35.8 36.4 45.7 42.8 39.6
208 0 38.7 36.5 47.6 46.3 36.6 41.0 383 414
208 1 425 39.8 583 51.3 395 52.0 49.8 513
208 2 46.7 43.1 64.4 52.0 41.1 58.7 54.4 53.2
208 3 46.3 45.8 65.7 50.4 43.0 62.3 58.1 52.5
208 4 423 424 57.1 44.0 42.8 56.4 53.1 50.7
208 5 354 34.6 40.6 34.7 36.9 46.2 42.9 38.5
210 0 359 38.4 48.1 45.6 374 40.1 38.3 41.5
210 1 438 426 60.4 51.7 40.5 539 48.3 50.5
210 2 46.7  45.0 63.7 533 41.2 58.8 54.0 53.8
210 3 494 447 64.5 519 42.1 60.7 54.8 53.8
210 4 424 402 56.1 44.5 42.0 54.8 52.8 51.5
210 5 340 354 41.3 36.9 34.0 46.5 44.8 40.1
212 0 37.2 36.2 46.3 44.5 36.5 40.3 38.0 42.1
212 1 45.8 39.1 59.1 51.9 40.5 52.0 48.5 49.2
212 2 46.1 41.6 63.8 50.0 39.4 56.2 54.1 53.6
212 3 470 465 65.6 50.5 42.8 63.5 56.6 52.0
212 4 443 419 554 45.1 42.6 56.3 545 50.2
212 5 347 36.2 41.4 382 35.6 44.8 43.1 39.8
214 0 37.2 38.3 47.0 439 354 38.2 38.0 425
214 1 42.5 38.8 63.6 524 38.7 50.5 49.9 51.2
214 2 45.6 429 63.8 52.5 41.7 57.0 52.8 54.6
214 3 46.4 448 62.1 513 42.7 60.5 559 53.8
214 4 429 42.0 55.9 44.4 41.4 55.8 51.6 519
214 5 354 36.1 414 39.2 37.0 47.4 43.1 41.3
216 0 37.0 39.0 475 44.7 35.2 40.0 39.3 42.0
216 1 42.8 423 60.6 53.7 374 48.9 48.9 50.0
216 2 43.6 429 63.2 53.5 40.1 54.9 51.6 52.5
216 3 46.6 458 65.2 49.7 434 62.5 56.9 524
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Time .. Trtl Trt2 Trt3 Trt4
Position
(h) Rep! Rep2 Repl Rep2 Repl Rep2 Repl Rep2
216 4 444 439 56.5 45.7 42.9 54.5 511 51.3
216 5 369 345 399 379 37.8 47.5 441 41.9
218 0 37.5  39.1 45.8 44.6 36.4 38.1 394 39.5
218 1 422 392 59.4 53.7 393 477 46.9 48.8
218 2 444 423 62.9 54.9 410  56.2 51.7 515
218 3 482 4538 64.7 51.8 43.9 599 56.6 53.2
218 4 415 420 531 446 434 56.6 534 50.8
218 5 36.8  37.1 41.7 39.7 390 4638 449 40.0
220 0 383 370 472 458 34.8 384 38.0 42.8
220 1 435 394 60.1 55.7 400  50.1 47.5 52.2
220 2 423 436 62.8 535 40.7 58.0 532 534
220 3 459 468 64.0 52.7 432  60.8 57.4 52.1
220 4 41.8 403 56.5 440 429 532 525 50.9
220 5 362  36.1 41.1 38.8 374 472 432 39.8
222 0 377 380 475 43.4 36.9 39.3 38.7 41.8
222 1 43.1 38.7 61.5 532 396 500 483 50.1
222 2 437 414 62.5 544 417 579 51.6 527
222 3 464 449 65.8 54.5 42.8 60.6 56.5 54.1
222 4 432 422 552 459 43.7 54.6 524 49.8
222 5 359 360 408 40.1 37.5 45.7 44.7 41.2
224 0 375 390 490 453 36.3 39.6 38.7 412
224 1 423 399 56.5 51.9 39.8 50.1 48.9 50.7
224 2 452  43.1 63.3 57.1 42.3 552 52.4 52.3
224 3 458 468 63.8 51.3 43.7 60.7 55.7 52.9
224 4 41.8 416 529 459 42.7 53.3 50.0 49.9
224 5 360 368 41.1 389 382 452 430 407
226 0 394 385 46.9 48.2 354  40.1 37.8 42.2
226 1 437 400 582 54.6 39.1 500  48.6 50.5
226 2 446 450 605 540 409 56.8 514 53.1
226 3 471 44.9 63.2 51.8 42.6 58.9 54.2 50.7
226 4 425 395 53.9 43.2 43.3 51.9 49.8 49.5
226 5 355 343 41.7 39.7 370 448 42.2 389
228 0 389 375 474 467 35.8 38.5 38.1 413
228 1 413 400 616 552 390 475 49.2 50.8
228 2 440 420 63.2 54.2 40.5 57.7 49.6 524
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
228 3 449 463 617 557 448 586 560 519
228 4 423  41.1 531 466 427 533 515 470
228 5 337 354 413 398 373 440 419 384
230 0 390 385 475 483 363 387 374 389
230 1 433 416 604 581 403 499 480 504
230 2 464 423 625 560 418 566 523 525
230 3 453 445 638 547 425 583 552 513
230 4 40.0 412 528 475 416 522 514 484
230 5 328 341 403 384 353 418 423 398
232 0 374 357 443 445 354 370 348 387
232 1 412 415 588 527 401 479 469  49.1
232 2 432 419 643 578 404 542 511 521
232 3 447 472 625 553 442 586 534 510
232 4 403 405 549 482 425 499 494  47.1
232 5 324 345 402 352 344 402 393 374
234 0 378 384 452 484 358 393 351 395
234 1 425 402 583 571 409 491 465 483
234 2 428 427 621 557 394 551 507 515
234 3 479 437 616 554 432 579 541 498
234 4 388 404 535 460 415 488 475 479
234 5 317 330 383 366 347 401 403 374
236 0 377 367 452 494 347 382 358 393
236 1 426 413 606 613 392 489 465 499
236 2 442 434 629 586 395 550 471 51l
236 3 458 465 620 544 425 564 528 513
236 4 423 392 535 465 389 506 484 470
236 5 332 336 386 381 336 414 393 372
238 0 377 377 447 480 345 392 347 394
238 1 407 417 589 549 390 482 463 496
238 2 434 439 602 582 400 534 504 508
238 3 46.8 462 629 556 426 572 526 504
238 4 409 408 532 474 417 491 498 465
238 5 342 354 407 385 344 419 410 389
240 0 367 372 454 450 323 390 352 401
240 1 427 394 608 600 387 472 462 479
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Time . Trtl Trt2 Trt3 Trt4
Position

(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
240 2 45.5 407 65.1 59.5 40.4 56.1 49.0 50.2
240 3 432 442 63.1 555 42.3 57.9 524 50.3
240 4 43.1 38.9 52.5 48.6 40.7 489 47.8 45.6
240 5 355 347 43.1 40.4 360 419 40.1 39.0
242 0 379 387 45.7 50.0 354 38.7 354 39.1
242 1 402 402 59.7 57.6 393 47.9 45.6 47.3
242 2 447 415 61.2 59.0  40.1 54.9 49.7 523
242 3 46.6  44.1 66.5 55.7 442 563 49.9 48.1
242 4 40.8 429 550 498 41.8 502 469 46.4
242 5 350 353 39.8 38.6 346 415 38.1 37.3
244 0 389 385 46.8 48.9 35.5 40.7 36.0 40.0
244 1 428 417 60.4 59.0 37.8  49.6 46.4 47.0
244 2 434 436 61.7 59.5 40.7 550 484 50.3
244 3 47.1 42.8 63.0 58.1 44.9 54.5 51.7 48.6
244 4 40.2  39.8 54.5 52.1 419 473 46.0 46.1
244 5 355 354 429 43.1 36.7 41.1 39.7 38.9
246 0 379 396 475 46.4 359 408 352 41.1
246 1 404  40.6 58.8 57.0 37.5 48.3 46.6 47.5
246 2 46.0 439 60.7 593 402 540 48.2 50.4
246 3 455 444 63.6 584 41.8 56.3 515 48.5
246 4 409 421 552 493 424 475 46.9 44.9
246 5 344 350 410 406 357 42.1 40.5 38.8
248 0 36.7 382 465 46.5 342 408 36.7 41.3
248 1 417 422 60.1 56.6 385 48.2 45.7 48.9
248 2 444 421 59.4 60.5 39.8 53.7 48.5 49.3
248 3 448 434 64.7 59.6 434 572 51.0 49.7
248 4 419 410 53.8 514 418 488 45.5 46.3
248 5 355 353 39.7 42.0 36.4 39.9 38.7 37.2
250 0 359 404 467 47.8 350 413 359 40.1
250 1 408 414 57.3 584 373 48.5 46.5 49.5
250 2 440 428 64.1 60.8 39.8 53.6 48.3 49.3
250 3 454 428 62.5 59.0 418 55.6 499 47.2
250 4 413 429 52.5 493 432 474 45.6 45.5
250 5 36.1 34.7 40.9 41.8 348 404 38.5 37.5
252 0 356 380 456  47.1 35.5 40.2 36.8 38.8
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
252 1 424 425 586 586 373 479 472 478
252 2 444 415 613 599 396 538 467 500
252 3 463 445 639 588 424 570 510 495
252 4 409 405 544 511 396 468 446 452
252 5 359 340 401 419 375 393 382 359
254 0 38.1 399 454 490 353 392 359 398
254 1 420 426 577 565 405 492 447 485
254 2 459 434 590 593 396 540 482 509
254 3 437 464 622 598 425 532 487 476
254 4 39.7 421 520 529 425 489 450 437
254 5 347 348 379 394 362 385 360 373
256 0 36.2 387 458 471 345 390 345 383
256 1 424 433 597 606 379 481 451 470
256 2 425 439 602 602 408 539  47.1 489
256 3 459 425 606 580 429 543 484  46.8
256 4 42.1 401 518 529 398 471 434 442
256 5 333 347 397 385 356 390 376 358
258 0 36.7 365 440 492 346 403 339 389
258 1 41.1 421 603 602 388 505 452 485
258 2 447 449 591 640 398 532 486  50.1
258 3 445 438 603 623 427 532 484 463
258 4 387 398 535 490 405 445 441 449
258 5 335 326 387 392 335 384 376 359
260 0 36.5 37.0 437 477 346 392 359 399
260 1 419 450 580 587 379 481 450 468
260 2 436 462 607 616 392 518 464 4738
260 3 465 434  60.1 618 436 536 487  47.1
260 4 39.0 399 507 509 398 449 431 450
260 5 332 347 404 415 339 377 359 360
262 0 364 400 429 491 350 405 345 392
262 1 415 432 594 605 393 504 449 474
262 2 451 414 612 623 409 524 471 489
262 3 431 433 615 573 429 545 496 474
262 4 417 407 496 484 386 434 433 436
262 5 36.6 328 394 395 356 379 372 355
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Time . Trtl Trt2 Trt3 Tri4
Position

(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
264 0 36.1 393 45.8 47.1 34.8 40.2 36.1 40.5
264 1 41.9 41.9 60.6 61.6 38.3 49.9 44.5 48.2
264 2 41.9 441 60.0 65.0 39.0 532 46.8 48.7
264 3 45.7 437 614 58.9 433 524 49.6 49.4
264 4 42.1 39.2 52.6 49.1 42.0 45.5 42.1 43.2
264 5 37.2 35.6 38.9 433 35.0 379 37.1 36.3
266 0 394 38.5 45.0 48.5 349 42.8 37.3 40.0
266 1 41.3 43.1 56.9 60.3 37.4 50.2 46.1 48.0
266 2 427 43.6 62.3 60.6 40.2 534 47.1 47.0
266 3 44.2 44.7 61.4 59.0 433 54.0 46.5 46.7
266 4 41.7 40.8 51.7 50.9 42.7 44.9 434 43.9
266 5 34.8 34,7 38.0 41.1 36.2 38.6 37.7 38.1
268 0 34.6 39.9 48.0 48.8 35.0 40.5 359 40.5
268 1 42.0 42.6 61.8 59.9 37.6 49.7 44.7 47.4
268 2 44.0 439 61.2 61.7 39.5 53.2 46.9 499
268 3 46.0 46.0 61.7 59.2 42.8 53.0 47.1 46.7
268 4 40.0 41.7 541 53.1 40.8 45.7 42.6 43.1
268 5 34.4 34.8 39.9 41.8 36.5 37.8 374 37.1
270 0 354 39.8 45.5 45.9 354 40.5 36.8 41.7
270 i 40.1 45.1 56.8 56.3 379 499 45.7 46.6
270 2 43.1 42.8 58.6 62.7 40.0 53.2 45.0 48.1
270 3 45.2 44 4 63.0 62.6 44.0 53.9 47.9 46.1
270 4 42.7 404 53.8 529 40.0 454 42.4 439
270 5 34.8 359 40.1 40.7 35.5 39.0 36.3 37.3
272 0 36.1 38.0 443 48.4 333 41.5 35.8 40.9
272 1 39.2 422 59.9 61.0 39.3 51.2 46.8 48.5
272 2 40.3 44.8 60.6 61.3 40.4 50.8 46.4 49.3
272 3 45.7 449 61.7 62.8 43.8 52.1 47.7 45.9
272 4 40.5 40.0 54.8 52.8 41.4 449 41.6 42.3
272 5 32.5 344 38.5 44.1 36.2 379 37.3 34.9
274 0 35.1 36.7 44.9 48.3 338 41.2 36.8 40.2
274 1 41.1 41.3 55.8 59.0 38.7 493 44 4 48.6
274 2 43.5 45.0 62.8 60.5 38.3 514 45.3 48.7
274 3 457 437 60.2 62.2 440 52.7 46.3 47.0
274 4 40.4 38.7 54.2 53.1 40.6 45.7 42.6 42.9
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Time L Trtl Trt2 Trt3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
274 5 328 354 39.1 413 350 367 36.6 35.2
276 0 36.9 36.3 45.9 46.5 33.8 42.1 36.2 41.0
276 1 41.8 435 58.4 59.0 38.3 494  46.8 47.0
276 2 43.1 44.5 59.7 63.1 39.8 53.0 45.8 48.0
276 3 434 432 60.9 63.5 42.6 51.8 453 46.1
276 4 40.7 40.1 52.8 49.8 42.0 44.6 42.0 41.6
276 5 35.4 322 38.0 42.2 36.1 38.1 36.2 34.7
278 0 373 375 474 498 339 419 37.0 40.7
278 1 413 430 58.4 589 36.9 50.2 45.8 47.7
278 2 437 444 61.8 62.8 390 524 47.3 49.3
278 3 43.1 453 60.6 62.4 42.9 519 45.8 45.5
278 4 380 404 53.7 50.1 41.0 435 41.1 41.7
278 5 338 328 38.6 39.2 353 36.7 36.9 343
280 0 374 380 457 47.5 34.3 41.1 353 379
280 1 432 415 57.9 59.3 38.1 49.5 45.5 46.8
280 2 422 40.1 60.8 61.5 38.2 53.8 45.3 474
280 3 448 437 60.7 61.4 42.3 49.7 46.4 45.9
280 4 386 374 524 51.3 40.2 435 412 40.6
280 5 328 328 374  40.0 34.9 36.0 33.8 34.1
282 0 366 356 46.1 47.3 343 41.0 359 39.8
282 1 40.5 409 577 58.2 377 49.5 447 46.4
282 2 45.6 432 60.2 62.9 380 526 46.2 48.0
282 3 434 433 59.6 59.9 40.1 529 46.4 44.5
282 4 394 375 52.0 51.3 402 429 40.5 42.7
282 5 342 334 36.8 39.8 33.6 357 344 32.9
284 0 36.0 359 46.0 48.0 330 421 35.2 39.2
284 1 40.8  42.6 57.3 60.7 37.3 49.3 45.3 47.3
284 2 449 416 60.4 62.5 40.1 532 46.3 49.4
284 3 440 416 61.6 60.0 414 516 44.4 449
284 4 362 372 514 504 390 430 39.7 42.8
284 5 330 344 354 41.9 33.6 34.8 34.6 34.2
286 0 363 349 444 483 34.3 42.0 36.4 40.0
286 1 40.6  40.6 58.6 59.7 393 50.5 45.0 46.8
286 2 419 429 60.0 65.4 38.7 51.8 46.5 47.8
286 3 432 442 60.3 60.9 412 515 45.3 45.9
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Time . Trtl Trt2 Trt3 Trt4
Position

(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl! Rep2
286 4 39.8 36.6 52.5 49.3 39.9 42.3 39.5 43.0
286 5 35.1 36.4 393 41.9 35.7 37.7 34.6 36.0
288 0 372 373 45.2 49.5 32.9 41.5 38.9 40.7
288 1 39.1 40.5 58.9 58.2 35.9 49.6 46.2 47.6
288 2 43.9 39.7 60.6 63.3 39.8 51.5 45.1 49.8
288 3 459 420 59.5 58.9 43.2 51.0 45.9 46.1
288 4 376  38.1 524 54.9 39.7 42.8 40.7 41.8
288 5 35.6 355 40.0 41.1 355 37.0 37.1 36.0
290 0 364  36.8 44.1 47.6 334 42.5 38.0 41.3
290 1 40.5 39.2 57.9 59.0 37.8 515 44.0 478
290 2 437 433 60.0 62.8 39.5 50.7 46.5 49.3
290 3 422 429 60.0 63.9 44.1 50.3 44.8 44.7
290 4 393 406 51.2 52.5 41.3 43.0 40.6 42.8
290 5 34.1 36.5 41.3 43.2 36.6 389 344 359
292 0 35.5 36.8 474 48.7 33.1 43.2 37.1 40.7
292 1 40.7 39.0 57.5 59.0 37.2 523 47.2 49.5
292 2 39.8 415 60.3 59.5 38.6 52.3 45.3 47.0
292 3 434 421 60.0 58.4 42.5 51.3 46.0 45.4
292 4 40.1 38.0 52.8 50.1 44.0 44.6 395 43.0
292 5 35.1 34.9 41.5 44.0 372 385 343 36.0
294 0 359 36.7 45.7 47.5 329 43.1 37.0 42.2
294 1 38.7 38.5 584 63.4 37.1 48.7 46.5 48.2
294 2 40.7 42.6 57.5 64.3 395 514 46.8 48.2
294 3 424 423 59.0 60.6 43.5 50.8 447 45.4
294 4 39.3 39.2 53.5 52.0 41.1 44.8 39.9 41.8
294 5 37.1 36.8 40.1 42.7 36.0 35.8 35.3 33.7
296 0 34,7 35.2 45.5 47.5 34.7 42.6 40.2 42.5
296 1 40.8 39.8 58.6 60.0 38.2 49.2 48.7 49.1
296 2 42.5 433 60.7 66.5 41.0 49.9 47.0 48.9
296 3 40.7 420 58.2 61.0 43.9 48.2 44.7 449
296 4 424 385 51.8 49.2 42.1 42.5 40.5 43.0
296 5 31.6 33.5 40.5 39.6 36.8 35.6 33.8 34.7
298 0 35.7 373 455 48.7 333 43.5 38.3 42.6
298 1 39.9 38.0 57.8 60.4 38.7 493 47.7 47.6
298 2 40.8 420 59.3 64.5 39.6 51.8 46.4 48.2
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
298 3 40.8 424 607 61.2 43.7 49.5 46.3 46.7
298 4 386 390 51.8 539 40.7 423 40.4 41.9
298 5 35,6 348 38.8 42.4 36.3 37.1 342 34.7
300 0 347 351 46.7 46.2 346 420 39.3 42.8
300 1 42,6 4038 56.8 57.3 373 499 47.8 50.6
300 2 415 413 56.7 63.3 39.8 50.8 47.3 48.8
300 3 40.8 416 60.5 60.2 42.6 51.1 46.4 45.6
300 4 374 395 50.5 522 409 434 39.6 424
300 5 326 337 403 42.9 37.7 36.4 33.7 34.2
302 0 358 344 453 47.1 33.1 422 374 40.9
302 1 384 387 57.3 61.0 389 496  46.7 49.1
302 2 403 412 60.5 62.8 40.5 512 465 49.8
302 3 424 441 62.8 60.8 436 488 46.7 44.8
302 4 38.7 389 50.5 526 40.8 429 39.3 41.5
302 5 329 331 382 407 35.6 354 35.0 32.8
304 0 364 344 45.0 488 344 432 38.0 39.9
304 1 387 396 589 61.1 36.5 49.9 47.7 49.1
304 2 39.7 397 58.1 64.6 38.7 523 459 49.9
304 3 418 422 580 626 418 471 47.8 45.8
304 4 37.5 380 498 494 42.7 43.2 393 42.0
304 5 334 316 375 424 36.1 34.6 34.0 352
306 0 356 335 44.7 47.6 34.8 435 384 40.9
306 1 373 367 55.6 60.0 376 495 474 47.6
306 2 419 419 61.1 63.8 37.9 519 479 49.2
306 3 41.0 457 58.6 64.8 433 49.5 46.2 44.4
306 4 39.8  38.1 51.6 51.1 40.7 42.1 39.1 40.8
306 5 336 341 400 404 347 354 355 34.0
308 0 327 341 44.7 47.0 34.3 43.6 37.2 422
308 1 373 399 522 60.7 36,6  50.1 46.2 493
308 2 40.1 39.7 59.9 62.7 394 50.7 48.0 499
308 3 387 423 589 63.5 43.1 492 472 46.3
308 4 37.1 359 52.0 520 407 413 40.2 42.1
308 5 31.1 323 382  40.6 335 34.8 34.0 335
310 0 352 331 45.6 48.2 344 418 39.0 43.1
310 1 36.8  38.0 56.3 60.6 37.3 489 46.8 50.0
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Time Position Trtl Trt2 Trt3 Trt4
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
310 2 423 40.5 60.8 63.4 39.7 50.2 46.8 50.4
310 3 40.4 44.1 59.1 64.4 41.2 49.6 47.0 46.4
310 4 35.5 37.1 49.0 49.6 40.1 41.8 39.7 41.8
310 5 33.6 334 40.0 40.5 33.9 344 33.7 33.6
312 0 35.6 33.3 44.6 47.9 33.3 42.7 37.6 41.5
312 1 38.8 35.5 57.5 60.0 37.5 492 48.2 48.2
312 2 41.1 40.1 60.0 64.0 40.7 50.7 46.9 49.0
312 3 42.1 40.5 57.9 62.0 40.5 46.6 45.8 44.9
312 4 36.3 38.2 50.1 499 39.5 40.5 39.2 40.8
312 5 31.9 31.1 372 39.5 344 347 33.6 33.1
314 0 34.6 34.7 44.2 47.2 34.7 42.0 37.6 41.4
314 1 36.7 394 554 56.8 38.4 499 46.6 494
314 2 39.6 40.2 56.2 61.7 394 49.7 47.3 494
314 3 38.8 40.5 61.0 62.4 41.4 48.6 46.5 46.4
314 4 36.1 37.6 51.3 51.9 39.3 38.8 39.5 40.6
314 5 31.0 33.9 37.7 42.5 34.0 333 327 322
316 0 33.1 31.5 44.2 48.8 33.6 41.6 37.7 41.9
316 1 36.6 37.0 55.3 61.8 38.2 493 48.0 48.2
316 2 393 39.6 58.8 62.6 374 50.6 46.7 49.0
316 3 41.5 42.6 60.2 62.9 434 49.8 46.8 46.1
316 4 36.6 36.1 504 49.7 38.0 40.2 394 40.6
316 5 31.2 31.1 36.2 41.6 33.6 337 337 339
318 0 344 34.5 43.1 49.5 34.0 42.8 38.0 40.2
318 1 37.5 38.9 514 60.9 37.5 49.7 47.5 49.0
318 2 38.6 404 57.5 63.6 384 50.7 48.6 491
318 3 409 389 559 62.5 42.2 48.7 47.2 46.0
318 4 38.1 37.9 48.7 49.8 38.6 39.2 39.3 41.1
318 5 30.7 31.6 37.8 40.9 33.5 34.1 347 34.0
320 0 333 31.7 43.0 47.7 323 40.8 37.2 40.9
320 1 38.6 36.8 54.8 58.3 39.3 48.2 46.2 47.9
320 2 393 39.0 61.2 64.4 396 50.3 47.6 49.1
320 3 38.9 42.7 57.9 62.7 42.3 479 47.2 45.4
320 4 37.6 359 49.4 50.8 39.9 40.8 40.6 42.0
320 5 325 32.5 374 40.0 34.1 325 33.0 33.8
322 0 32.8 34,7 42.7 46.5 33.8 40.9 37.2 41.2
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Time - .. Trel Tri2 Tre3 Trtd
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
322 1 36.1 349 55.0 61.3 37.1 48.3 46.3 48.7
322 2 39.1 37.7 60.1 62.9 38.7 50.0 47.9 49.9
322 3 37.5 41.1 57.1 61.8 40.5 45.6 45.7 45.7
322 4 36.0 355 51.8 50.0 39.3 40.1 40.4 394
322 5 30.7 314 353 39.2 33.2 324 334 32.1
324 0 33.3 31.5 43.0 45.4 33.7 41.0 37.2 40.9
324 1 39.6 38.0 54.9 60.1 37.1 51.1 47.2 47.3
324 2 39.6 36.9 60.5 64.3 389 48.1 48.0 49.2
324 3 39.2 41.8 59.2 62.3 38.5 46.9 47.1 45.1
324 4 37.3 36.5 47.4 514 38.1 38.8 40.3 40.9
324 5 29.1 30.5 36.8 37.7 322 324 32.0 329
326 0 339 334 45.1 46.0 32.5 40.5 38.0 39.2
326 1 38.0 35.2 53.7 59.1 37.5 48.0 46.1 48.6
326 2 38.6 40.3 58.9 63.0 39.0 48.9 47.5 48.2
326 3 38.7 38.1 57.6 63.0 39.5 46.5 46.7 44.1
326 4 34.6 37.1 49.7 52.6 36.9 37.9 384 39.1
326 5 29.3 32.3 36.7 40.2 32.5 33.0 31.9 32.6
328 0 31.5 32,6 43.6 44.5 32.0 40.1 37.8 40.1
328 1 37.7 35.5 56.1 59.8 36.4 48.6 47.3 47.4
328 2 40.9 37.8 58.2 61.6 39.2 48.6 47.2 48.8
328 3 38.1 38.4 58.5 61.3 41.8 45.6 44 .4 46.0
328 4 37.0 37.8 48.9 46.9 38.5 38.1 39.6 41.2
328 5 29.6 28.4 34.8 39.8 32.0 324 32.5 34.0
330 0 33.6 30.7 423 45.6 30.8 41.7 37.7 40.9
330 1 38.0 35.0 56.6 58.0 37.0 47.2 47.8 47.2
330 2 38.7 374 57.3 64.9 377 494 48.5 49.6
330 3 37.9 40.4 559 61.2 41.1 45.6 46.3 44.5
330 4 35.5 35.7 49.0 49.0 38.3 38.6 39.5 40.2
330 5 30.3 30.5 36.3 40.7 33.0 32.2 32.5 33.1
332 0 32.5 32.0 452 47.5 33.0 41.3 36.9 39.7
332 1 38.1 36.0 56.6 61.7 36.8 47.5 47.1 47.3
332 2 37.8 36.4 59.6 63.5 37.6 47.4 47.7 49.6
332 3 38.7 404 59.2 61.4 40.3 44.5 45.6 44.2
332 4 334 36.0 49.4 50.2 37.6 36.5 39.5 41.0
332 5 304 31.1 35.7 39.1 31.3 31.8 31.8 32.7
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Time . Trtl Tre2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
334 0 323 316 429 459 329 396 363 379
334 1 363 353 556 585 380 476 469 468
334 2 39.5 377 579 640 379 476 452 480
334 3 373 383 569 595 405 443 467 444
334 4 366 353 452 521 363 366 392 390
334 5 29.8 312 367 379 311 317 318 319
336 0 32.1 317 436 454 326 400 378 396
336 1 384 354 550 60.8 363 47.6 458  47.1
336 2 394 380 564 609 376 472 488 493
336 3 369 386 570 588 411 443 468 449
336 4 337 344 500 484 363 362 392 395
336 5 287 293 361 398 310 313 324 327
338 0 313 302 435 464 319 388 373 384
338 1 378 361 566 572 365 473 470 464
338 2 393 358 584 642 368 475 468 482
338 3 392 379 568 604 400 448 483 449
338 4 349 353 495 465 381 349 397 388
338 5 30.1 285 355 381 312 318 327 318
340 0 323 300 410 455 301 403 367  38.1
340 1 365 369 549 608 365 470 466 463
340 2 377 371 570 628 370 489 473 485
340 3 393 392 573 620 399 437 475 436
340 4 325 336 458 489 368 37.1 409 393
340 5 282 305 360 366 306 303 329 315
342 0 31.8 331 436 436 327 384 355 373
342 1 357 374 526 614 365 465 461 469
342 2 367 358 556 595 376 482 476 493
342 3 379 384 553 612 396 438 479  43.1
342 4 323 341 471 487 369 363 393 390
342 5 289 289 341 385 316 309 315 314
344 0 303 325 433 457 312 388 367 364
344 1 380 358 552 581 352 456 466 463
344 2 375 355 552 606 371 458 463 491
344 3 365 379 570 588 398 425 444 454
344 4 350 347 465 491 373 358 393 391
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Time . Trtl Trt2 Trt3 Trt4
Position
(h) Repl Rep2 Repl Rep2 Repl Rep2 Repl Rep2
344 5 30.1 272 367 375 316 298 328 306
350 0 320 299 416 448 327 406 357 368
350 1 343 333 545 560 370 452 445 444
350 2 375 348 556 613 375 456 464 474
350 3 392 372 542 576  39.7 428 456 437
350 4 323 343 464 471 365 351 387 388
350 5 20.1 290 351 382 305 305 314 317
356 0 31.8 304 424 470 31,6 393 358 366
356 1 300 324 S51.8 570 353 453 460 437
356 2 381 370 577 616 361 435 465 467
356 3 356 371 563 574 402 408 458 425
356 4 336 334 465 450 355 352 395 389
356 5 275 284 352 362 309 306 320 314
362 0 206 297 414 432 314 379 346 350
362 1 334 315 516 598 341 447 461 420
362 2 36.9 338 559 633 373 437 453 447
362 3 349 364 525 560 392 406 454 434
362 4 309 322 450 477 365 343 392 393
362 5 274 279 336 363 300 297 319 308
368 0 326 296 421 449 30,1 384 341 337
368 1 333 327 501 565 338 436 432 417
368 2 344 359 559 605 357 439 469 447
368 3 352 376 554 599 392 401 455 426
368 4 306 327 435 459 358 330 386 381
368 5 289 273 327 399 301 297 318 308
-207 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



