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ABSTRACT 

In order to obtain time-resolved measurements of rapid proc

esses, such as coal devolatilization, it is often necessary to recover 

signal that has been distorted, by a weighting function, prior to detec 

tion. This work describes an experimental system designed to measure 

the relative rates of mass and nitrogen devolatilization from coal on a 

rapidly heated ribbon. The data presented can be analyzed using the 

Laplace transform method. 



CHAPTER 1 

INTRODUCTION 

1.1 Background 

During the acquisition of data for very rapid processes, two 

important problems are often likely to occur—either the signals to be 

recorded are too fast to be measured or the signals recorded have been 

distorted by a portion of the equipment. In either case, the true sig

nals must be recovered from the measured outputs. The output signals in 

both cases are related to the real (input) signals through convolution 

with weighting functions. 

In Figure 1.1, coal particles are heated very rapidly, and the 

volatiles are quenched by a stream of cold helium gas blown over the 

surfaces of the particles in a reactor used by Blair and Wendt (1978). 

The helium gas carries the volatiles through a capillary tube to a 

detector which measures the concentration of the gas as a function of 

time. In order to allow a detector to respond, the rapid process is 

spread out in time by keeping the helium flow rate small. The flow 

regime in the system is then laminar, and Taylor-Aris diffusion plays an 

important role by spreading out the signals so that the detector is able 

to record them. 

The problem now, clearly, is how to relate the output (recorded) 

signals to the actual (input) signals which are the rates of evolution 

of species out of the particle surfaces. 



HELIUM 
CARRIER 
GAS 

COAL PARTICLE 
VOLATILIZATION, 

PLATINUM 
RIBBON 

I(t) 

WELL-STIRRED 
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Figure 1.1 Reactor and capillary system. 
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From Blair and Wendt (1978). 
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1.2 Previous Work 

In order to retrieve the actual data from the distorted output, 

a mathematical model must be drawn. A partial differential equation 

(PDE) with a final condition describes the problem well, but analytical 

or numerical solution for such a PDE is not obvious; therefore, three 

different approaches to reduce the data have been attempted (Blair and 

Wendt, 1978). 

The first approach (Figure 1.2) was the use of a mechanistic 

model to represent the phenomenon occurring inside the particle when it 

is heated. The second approach (Figure 1.3) relied on the use of a non

linear regression to adjust a set of parameters which represents points 

of the input signal. The third approach (Figure 1.4) used a theory 

based on the Laplace transform of the input and the output. The Laplace 

transform (LT) of the output equals the LT of the input times the LT of 

the weighting function. A physical model can be developed based on the 

results obtained from this method without referring to any type of model 

as previously. 

Each of the three approaches described above required the knowl

edge of a weighting function representative of the physical retardation 

process. According to Blair and Wendt (1978), the nominal residence 

time of their reactor of Figure 1.1 was 

Tj = 2.04 s 

and that for the capillary was 

T2 = 3.474 s 

while the weighting function for the well-stirred reactor was 
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Figure 1.2 Mechanistic approach (method A). 
(1978). 

— From Blair and Wendt 
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Figure 1.3 Empirical approach (method B). — From Blair and Wendt 
(1978). 



6 
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Figure 1.4 Use of Laplace transform (method C). 
(1978). 

- From Blair and Wendt 



W (t) = exp (- ) 
1 1 

The weighting function of the capillary was 

(1 - )2 

W2(t) exp [ ^ ] 
2i2/m 

where M represents the dispersion number. In this work, M = 0.00011643 

(Blair and Wendt, 1978). The overall weighting function was 

t 
W(t) = / W (t - X)W (t)dX 

0 ^ 

Replacing Wj and in this equation, the integral can be analytically 

evaluated: 

T 1 
W(t) = exp {m( )2 + } [exp (- ) erf ( —-

* 1 1 1 1 2T2M 

T T 

- /ii — — ) - exp (- ) erf (- î M — — ) ] 
T1 2̂  T1 T1 2I/m 

The output 0(t) was related to the input I(t) through the convolution 

integral: 

t 
O(t) = / I(t - X)w(t)dX 

0 

The determination of 0(t) from I(t) was straightforward. The problem 

was then to determine I(t) from 0(t). 

Three approaches were tried by Blair and Wendt to reduce data 

obtained from a coal volatilization experiment from the apparatus of 

Figure 1.1. 



8 

The first approach, the mechanistic model/ contains various 

parameters on which Blair and Wendt (1978) used a non-linear regression 

technique to adjust them until the output O(t) agreed with the experi

mental data. As shown in Figure 1.5, the method was successful, but 

this model was limited by the shape of the input signal 1(t). 

The second model turned out to be unsuccessful. The non-linear 

regression diverged when this technique was attempted using the 

Marquardt algorithm (Blair and Wendt, 1978). 

Using the third technique, the LT of the output was obtained by 

direct numerical integration (Hahn and Wendt, 1978). The transform of 

the input 

00 

n(p) - / e ptI(t)dt 
0 

was related to that of the output 

... . LT of output 
n(p) = f^T e LT of weighting function (transfer function) 

The input, in the time domain, can be found by inversion of i"l(p): 

I(t) = LT_1ri(p) 

Both Bellman's and Krylov's (Blair and Wendt, 1978) procedures were uti

lized to invert the Laplace transforms of the inputs obtained with the 

data of the experiment of Figure 1.1. The results as presented in 

Figure 1.6 showed that the mechanistic model predetermined the shape of 

the curve while the LT approach did not. 

The Laplace transform method was pursued in this work in the 

hope of rapid and accurate determination of the input I(t). To do so, 
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Figure 1.5 Successful application of method A to time resolution of Exxon data. — From Blair 
Wendt (1978). 
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Figure 1.6 Comparison of Exxon data resolved using mechanistic model 
and Laplace transform. — From Blair and Weridt (1978). 
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the transfer function (LT of the weighting function) must be accurately 

known. 

1.3 Overall Objective 

The overall objective of this project was to devise an experi

mental method that allowed determination of the relative total mass and 

nitrogen devolatilization rates from coal which is rapidly heated on a 

platinum ribbon. 

1.4 Specific Objectives of the Research 

In order to accurately reduce the data, the true weighting func

tion must be known, and one of the main goals of this work was to find 

the true weighting function. It was mentioned previously that 

LT 1(t, = ̂  O(t) LT I(t) LT w(t) 

so that 

LT 0(t) 
Transfer Function = ^ ̂ ̂  

In the case where I(t) is equal to a delta function, the input 

LT is equal to unity so that the transfer function is equal to the LT of 

the output. The weighting function can then be obtained by inverting 

the LT of the output. 

It is clear now that, in order to generate a delta function, the 

construction of a specific probe is necessary. 

This work was divided into four parts. The first part dealt 

with the construction of the two experimental systems, which included 

the reactor, the detectors, and the pulse generator. The second part 



involved the determination of the weighting function of such a system. 

The final part concerned using this technique to determine rates of evo 

lution of nitrogenous and hydrocarbonaceous species from a pyrolyzed 

coal particle. 

In summary, the specific objectives of this research involved: 

1. Construction of a pyroprobe system to generate a delta function 

2. Construction of a detector system. 

3. Determination of weighting function. 

4. Determination of mass and nitrogen evolution rates. 



CHAPTER 2 

APPARATUS 

In this chapter are described in detail the system designed to 

fulfill the objectives stated in Chapter 1, and the different components 

constituting the system. This chapter also delineates the technical 

specifications of these components and the problems encountered during 

installation for future work. 

2.1 The System 

The system is shown in Figure 2.1 with a 10-mm OD, quartz tube, 

plug flow reactor into which a probe with the sample was inserted. A 

specially made Teflon fitting provided the possibility of moving the 

probe horizontally inside the reactor without leakage of the carrier 

gas. In order to minimize the residence time of the products coming out 

of the pyrolyzed samples, the extremity of the probe where the samples 

were sitting was introduced as close as possible to the exit of the 

reactor. Cold helium as a carrier gas swept the pyrolyzed products as 

soon as they evolved out of the particle surfaces. These products were 

then carried away in a helium stream to the stainless steel (SS) "tee" 

which split the latter into two equal streams passing into the capillary 

tubes going down to the flame ionization detector (FID) and the 

nitrogen-phosphorus detector (NPD). The volumetric flow rates of the 

two streams were more or less equal, because for a v̂  of about 60 cc/min 

the volumetric flow rates of the detectors at the jet tips were revealed 
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to be 30 cc/min for the FID and 28.6 cc/min for the NPD. The two 

streams were also assumed to have relatively close concentrations at 

high flow rates due to turbulence in the system. 

2.2 Thermal Conductivity Detector 

The thermal conductivity detector (TCD) was made by Chemical 

Data Systems (CDS), and has helium flowing through both the reference 

side and the sample side (Figure 2.2). The temperature of the detector 

shell is controlled by a temperature sensor device located on a switch

board manufactured by CDS. The bridge current and its control are from 

the same switchboard. It is mandatory to have helium flowing on both 

sides of the bridge before turning it on to avoid damage to the fila

ments. The bridge current can be set between 150 and 200 mA. A current 

greater than 200 mA might cause the filaments to burn out. On the right 

side of the switchboard, there are two controls for the coarse and fine 

balance of the bridge. The attenuation control allows one to keep the 

chart recorder pen on scale. The chart recorder can be hooked up at the 

rear of the control box. Inability to balance the bridge is a sure sign 

of burned bridge filaments. 

The TCD is a concentration-sensitive device, and detects all 

substances. The carrier gas used in this work was helium, and the flow 

rates investigated were between 10 and 45 cc/min without band spreading. 

2.3 Flame Ionization Detector 

Unlike the TCD, the flame ionization detector (FID) is a mass-

sensitive detector, and is sensitive to all organic substances but 

insensitive to water and inorganic materials. 
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Figure 2.2 Simplified schematic of a thermal conductivity detector. 



17 

The FID components were purchased from Perkin-Elmer (model 3920) 

and assembled at The University of Arizona. Figure 2.3 shows the gas 

supply system for a single FID operation. The signals from the detector 

are amplified and attenuated using a Perkin-Elmer electrometer amplifier 

(model 3920). The detector body is electrically heated, and the temper

ature monitored by the CDS control box. 

The carrier gas used was helium. In order for the detector to 

operate at optimum conditions, its flow rates need to be optimized. The 

main reason for this is, unlike the TCD, the FID is very flow sensitive. 

Once the carrier, hydrogen, and air flow rates are correlated, the 

detector works with a stable hydrogen flame leading to a stable base

line. The hydrogen flame burning at the jet tip is essentially a diffu

sion flame in which chemical reactions leading to CH ions take place. 

The carrier gas flow rates ranged from 10 to 120 cc/min. At 20 and 120 

cc/min, noisy baselines were noticed due to flow variations for the 

former and turbulent flame for the latter (Figure 2.4). The highest 

sensitivity for all thermoionic detectors was obtained at low flow 

rates. 

2.4 Nitrogen-Phosphorus Detector 

Even though the nitrogen-phosphorus detector (NPD) serves to 

detect the nitrogenous as well as phosphorus substances, it was used 

here only for detecting CN compounds. 

The NPD is a Perkin-Elmer model 3920. It is similar to the FID 

except the hydrogen flame is less hot, and an alkali source is situated 

in the flame right at the jet tip. In the presence of nitrogen- or 
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Figure 2.3 Flame ionization detector. 
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Figure 2.4 Noisy baselines obtained in the FID and the NPD at high flow rates of Ĥ -



phosphorus-containing products, a thermoionic reaction takes place 

releasing negative ions. The alkali source is a rubidium bead mounted 

on a platinum wire, and this bead shows very little loss in size with 

time unless halogeneous compounds enter the flame and attack it. Since 

the temperature of the flame is not high enough, it is necessary to heat 

the bead electrically in order to bring it to the ion emission point. 

These ions are collected by a positively charged cylindrical electrode, 

and the signals are sent via a coaxial cable to a Perkin-Elmer electro

meter amplifier (model 3920). The independent control unit monitoring 

the temperature of the bead is from Perkin-Elmer also. The body of the 

detector is electrically heated and the temperature controlled by a 

thermocouple hooked up to the same CDS control unit. 

The carrier gas used was helium also, and the highest sensitiv

ities were noticed with hydrogen flow rates of 4 and 7 cc/min. At 

3 cc/min, noisy baseline was obtained due to flow interferences 

(Figure 2.4). 

2.5 Optical Detector 

The optical detector allows the evaluation of the speeds of the 

pyroprobe 100, and the spark and flash probes. The detector is a Radio 

Shack TIL414 infrared-NPN-silicon phototransistor. It has a rising time 

of 8 microseconds and a falling time of 6 microseconds. The transistor 

was put in a metal case (Figure 2.5) to protect it against outside radi

ation. A window allows one to slide the probe in and out of the detec

tor optical field. The signals are amplified by a Burr-Brown low-gain 

operational amplifier (Figure 2.6). 
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Figure 2.5 Optical detector. — Radio Shack TIL414. 
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Resistances R̂  and R^ are zero and input resistances, respec

tively. The gain is set by R^ and R̂ . R^ and R^ work together to 

adjust the gain. R^ is a feedback resistance. The optical detector was 

used to determine the rising times of both the spark and flash probes. 

2.6 Spark Probe 

The idea behind the construction of this device was to get a 

very fast heating rate on the order of a few microseconds. As shown in 

Figure 2.7, the spark probe is composed of a SS hypodermic needle as one 

electrode, and a piece of SS tubing as the other. The needle is slipped 

into a Teflon tube to insulate it from the other electrode, and a sili

con rubber was used to assemble the two together. The whole assembly is 

hooked to an ignition transformer which, in turn, is powered by the 

pulse generator. Figure 2.8 shows that the heating reached a maximum 

value in only 35 microseconds. 

2.7 Flash Probe 

Like the spark probe, the flash probe was designed to provide a 

very fast heating rate. The flash element was a platinum ribbon 35 mm x 

1.5 mm x 0.0127 mm. The ribbon was connected to the pulse generator via 

a high-impedance cable. A crease was made along the ribbon to hold the 

samples. As seen in Figure 2.9, the heating profile hit a maximum value 

in about 4.5 ms. 

2.8 Pulse Generator 

The pulse generator was built to generate a "flash heating" pro

file using the platinum ribbon. It was also the source of an electric 
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Figure 2.7 Spark probe. 
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arc (spark) when attached to the ignition transformer (Figure 2.7). 

Seven capacitors (Figure 2.10) are supplied with a DC current through 

circuit ABCDEF. The AC voltage is provided by the rheostat, and is 

redressed through the bridge RB. R^ is a current limiter resistance and 

protects the diode CR^ and the bridge RB. One or several capacitors 

could be charged through ABCDEF and discharged through the trigger cir

cuit BGHIC when the switch SWj is closed. 

R_ and R., are current limiters for the diode CR,. R. and the 
2 3 14 

Zener diode are current and voltage regulators, respectively, to protect 

the SCR. A probe can be branched to one or several capacitors at points 

J and K. The platinum ribbon probe flashed in the IR and was visible at 

a voltage equal to or greater than 25 VDC. The rising time using the 

optical detector described above was 4.5 ms (Figure 2.9). A stainless 

steel probe made from a hypodermic needle (Figure 2.7) and connected to 

an ignition transformer which, in turn, was connected to the pulse gen

erator provided us with a controllable spark between points 1 and 2. 

The rising time proved to be approximately 35 microseconds (Figure 2.8). 

2.9 Chemical Data Systems Pyroprobe 100 

This probe provides slower heating rates than the flash and 

spark probes and was used for that purpose. The Chemical Data Systems 

(CDS) pyroprobe has eight linear heating rates between 0.1 and 20 C/ms, 

and a ramp-"off" which gives a non-linear but reproducible rate. The 

ramp-"off" has the highest heating rate of 75 C/ms. The control unit 

delivers an electrical current to a ribbon or a coil probe. In this 

work, a 35 mm x 1.5 mm x 0.0127 mm platinum probe was used. The 
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pyroprobe is also provided with a pyrolysis interval dial operating 

between 0.02 and 20 seconds. The interface temperature is also continu

ously variable between 50 and 500 C. A second electronic module is 

located at the bottom of the same unit. This option allows the use of 

the unit in the extended mode, but was not utilized. By using the opti

cal detector, the rising time of the platinum ribbon at 20 C/ms as 

heating rate, a pyrolysis interval of 50 microseconds, and a final tem

perature of 600 C was revealed to be 26 ms (Figure 2.11). 

2.10 Analoq-to-Diqital Converter 

The analog-to-digital converter is a very fast data acquisition 

device. The AI13 analog input system users' manual contains all the 

technical specifications. In this work, the AI13 analog-to-digital con

verter was used to determine the speeds of the spark and flash probes, 

respectively, and also to collect the pyrolysis data. 

2.11 Reactor and Capillary System 

As shown in Figure 2.12, the reactor is a 10-mm OD (7.78-mm ID) 

quartz tube terminated by a 8-mm OD (3.89-mm ID) quartz tube. The con

nection between the reactor and the capillary system to the detector was 

made possible by the use of a 1/4-inch SS Swagelok nut and 1/4-inch back 

and front Teflon ferrules on the 8-mm OD quartz tube portion. A 1/4- to 

1/8-inch SS Swagelok reducing union was then used to connect the reactor 

to a 1/8-inch SS Swagelok "tee" which splits the reactor effluents into 

two streams to feed the detectors running in parallel. The "tee" was 

then connected to the detectors via 1/8- to 1/16-inch SS Swagelok 

reducing unions running the effluents through 1/16-inch OD (0.43-in ID) 
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Figure 2.12 Reactor and capillary system. 



SS capillary tubes to the two detectors. This connection was later 

replaced by a 1/4- to 1/16-inch SS Swagelok reducing union to connect 

the reactor to a specially made 1/16-inch "tee." This latter goes 

straight from the reactor to the detector, minimizing dispersion as it 

occurred in the previous system. 

2.12 Gas Regulating System 

The gas regulating system as shown in Figure 2.13 was designed 

in such a way to fulfill the different and exigent gas requirements of 

the detectors. The different needle and quick shut-off valves as shown 

in Figure 2.14 served to restrict and regulate the different gas flow 

rates to the different detectors. Perkin-Elmer flow restrictors were 

used to limit the hydrogen flow rates to the FID and the NPD 

(Figure 2.15). Figures 2.16 and 2.17 show the flow rates of hydrogen as 

a function of downstream pressures of the flow restrictors for the FID 

and NPD, respectively. The flow diverters helped to direct the flows to 

bubble meters where they could be measured. 



i 

Figure 2.13 Gas regulating system (front view). 



Figure 2.14 Gas regulating system (rear view). 
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Figure 2.15 Hydrogen supply to the FID and NPD. 
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Figure 2.16 Hydrogen flow rate versus pressure of the Perkin-Elmer flow 
restrictor for the FID. 



37 

15 

OH 1 1——i 1 1 1 1 1 1 1 1 r 
0 5 10 

PSI 

Figure 2.17 Hydrogen flow rate versus pressure of the Perkin-Elmer flow 
restrictor for the NPD. 



CHAPTER 3 

EXPERIMENTAL PROCEDURES 

Chapter 2 described each of the individual devices constructed 

and/or put together. In this section, the components were assembled in 

a system and operated, or at least were expected to function, in harmony 

with each other. 

The pressure inside the reactor (Figure 2.1, page 14) was close 

to atmospheric pressure, and the path followed by the evolved products 

was electrically heated up to 300 C in order to avoid condensation of 

the latter. The temperature of the reactor and capillary was monitored 

by a thermocouple hooked up to an Omega temperature controller. 

The FID was used in this system instead of the TCD because the 

reactor was constantly opened between runs to load samples on the 

probes. Since the TCD filaments are easily oxidized when they are hot, 

operating the detector in the condition above did not seem very wise. 

Overall, to operate the system, it is necessary to observe the 

following steps: 

1. Put the samples on the probes as described in Section 3.3 

(page 41). 

2. Insert the probe into the reactor as close as possible to the 

exit. 

3. Open the carrier gas needle valve and set the flow at the 

desired value. 
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4. Turn on the power to the Omega temperature controller and set 

the temperature on the digital board. 

5. Set up the detectors and analog-to-digital (A/D) converter as 

described in Section 3.4 (page 42). 

3.1 Nitrogen-Phosphorus Detector Set Up 

The NPD was run in parallel with the FID as shown in Figure 2.1. 

To operate the detector, the following steps were observed each time: 

1. Turn on the CDS control unit and set the detector body tempera

ture at the desired value. 

2. Let the carrier gas start flowing through the system and set the 

air flow rate at about 100 cc/min. 

3. Set the duo-dial control of the rubidium bead temperature con

trol unit to zero and make sure the nitrogen-phosphorus select 

switch is on nitrogen. 

4. Turn both the NPD electrometer amplifier and the bead control 

unit on and allow 10 minutes to warm up. Meanwhile, a pen 

recorder should be hooked up to the detector. 

5. Set the amplifier attenuation switch to "S" to eliminate all 

input to the pen recorder and zero the latter. 

6. Turn the attenuation knob to "XI," the range switch to "BAL," 

and the fine and coarse controls all the way clockwise. If the 

pen recorder is off of zero, adjust the balance by using a 

screwdriver to turn the vise located between the coarse and fine 

balance knobs of the amplifier. 



7. Set the attenuation to "XI," the range to "X10," and adjust the 

pen recorder back to zero using the coarse and fine balances. 

8. Open the hydrogen needle valve and adjust the flow rate by 

setting its pressure on the gauge to the corresponding value 

read on Figure 2.16 (page 36). 

9. Starting at 100 mV on the duo-dial knob, slowly increase the 

rubidium bead voltage in steps of 100 until the bead glows 

orange (a 3- to 5-minute waiting period is required between 

steps in order to allow the bead to warm up and adjust to the 

new voltages). 

10. To obtain the best sensitivity, increase the voltage in steps of 

10 mV until the recorder pen starts jiggling. At that level, 

decrease the voltage by about 5 mV and obtain a stable baseline. 

11. The attenuation and range controls can be used to keep the 

recorder pen on scale. The detector is now ready. 

3.2 Flame Ionization Detector Set Up 

The FID set up follows more or less the same path as the NPD: 

1. The CDS unit controls both the FID and NPD body temperatures at 

the same time. 

2. Let the carrier gas start flowing through the detector and set 

the air flow rate to the corresponding value of the hydrogen 

rate as found by the flow optimization process outlined in 

Section 3.5 (page 43). 

3. Set the attenuation to "S" and the range to "BAL." Turn on the 

power to the electrometer amplifier and allow 10 minutes to warm 



up while hooking up a pen recorder to the latter. Zero the 

recorder. 

Set the hydrogen pressure and open the quick "SHUTOFF" valve to 

purge air from the line for a few minutes. 

Shut off the hydrogen valve and allow 1 to 2 minutes for the 

pressure to build up upstream of the quick "SHUTOFF" valve. 

Press the ignite button located at the top left side of the 

amplifier unit and check to see if the igniter is glowing by 

looking down into the detector body. 

Simultaneously press the ignite button and open the hydrogen 

quick "SHUTOFF" valve. An audible "pop" and a pen deflection 

signal that the flame is lit. 

Wait for a few minutes for the flame to stabilize (shown by a 

pen recorder return to a stable baseline). The detector is now 

ready. 

3.3 Probes Set Up 

The platinum ribbon probe was set up in the following manner: 

Hook up the probe to points J and K of Figure 2.10 (page 28). 

Set the voltage on the rheostat to 18 volts (never exceed 20 

volts). 

Select the capacitors to be charged and put them in the circuit 

using the copper jumpers provided. 

Put the samples along the platinum ribbon and insert the probe 

into the reactor. 
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5. Wait for a few moments for the detectors to restabilize (shown 

by the return of the recorder pens to their baselines). 

6. Turn on the power to the rheostat to charge the capacitors. The 

voltmeter on the pulse generator indicates the capacitors are 

charged when the dial needle is immobile. 

7. Turn off the power to the rheostat and push switch SŴ  to flash 

the probe. 

The spark probe follows the same route as the flash probe except 

that in step 1 the probe was connected to the ignition transformer 

which, in turn, was hooked up to points J and K. Also, in step 3, the 

samples were put on the SS needle point. 

The platinum ribbon was also used on the CDS pyroprobe 100 fol

lowing the steps outlined below: 

1. Plug the probe into the five pin holes located at the right top 

side of the unit and turn on the power. 

2. Set the final temperature for the ribbon on the digital dial. 

3. Set the pyrolysis time interval and the ramp control. 

4. Push the pyroprobe button to run the samples. 

5. To clean the ribbon of the residual samples, switch the function 

button to "CLEAN" and push the run button. 

3.4 Analoq-to-Diqital Converter Set Up 

The use of the A/D converter to collect the data required a com

puter program written in BASIC. The following steps were followed: 

1. The detectors were all set and first hooked up to a pen or digi

tal recorder to zero them and to ensure stable baselines. 
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2. The detector outputs were connected to the high-impedance wires 

of the A/D channels selected. 

3. The BASIC program was then called and run and the results stored 

on a diskette. Then a plotting routine, SCINEW, was run and the 

digital results were plotted on the screen. 

3.5 Flow Optimization 

This procedure very much concerns the FID. The sensitivity of 

this kind of detector is related to the temperature and stability 

of the hydrogen flame. To obtain the maximum sensitivity, the different 

gas flow rates need to be correlated. The steady-state sample method 

outlined below optimizes the flow rates. 

3.5.1 Hydrogen Flow Optimization 

The carrier gas was nitrogen with 520 ppm methane: 

1. The system shown in Figure 2.1 was used. The carrier gas flow 

rate was set to 30 cc/min for both detectors. The air was ini

tially flowing at 550 cc/min and the oven or detector body tem

perature at 125 C for both the FID and NPD. 

2. The reactor wall temperature was 200 C, and the FID was set up 

and connected to a pen recorder as outlined in Section 3.2. 

3. The hydrogen pressure, and thus its flow rate, was reduced down 

to 12 psi. Then the pressure was increased in 2-psi steps to 

bring the pen as far upscale as possible until a downscale 

deflection with a further increase in the pressure was obtained 

(Figure 3.1). That pressure corresponds to the optimal hydrogen 
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Figure 3.1 Hydrogen flow optimization graph. 



flow rate. A 3-minute waiting period should be respected 

between steps in order to allow the hydrogen flame to stabilize. 

3.5.2 Air Flow Optimization 

With the flame burning at the optimal hydrogen flow rate 

(Section 3.5.1), reduce the air flow down to 1.07 SCFH (500 cc/min). 

Then increase the flow in steps of 0.25 SCFH to bring the recorder pen 

as far upscale as possible until a downscale deflection is noticed 

(Figure 3.2). That air flow rate is the optimal one for the given 

hydrogen and carrier gas flow rates. 

Similar runs with helium/520 ppm CH^ as a carrier gas at differ

ent flow rates showed different hydrogen and air optimum flow rates 

(Table 3.1). 

3.6 Data Collection 

The following steps were utilized in data collection (refer to 

Figures 3.3 and 3.4): 

1. Once the samples had been pyrolyzed and the signals collected 

and converted into digital forms, the binary numbers were recon

verted to decimal numbers by lines 110 and 120. 

2. The results stored in arrays A(I) were saved on the diskette by 

lines 122 through 132. 

3. Line 135 called plotting routine SCINEW which, in turn, called 

graph format QUAD12. The necessary changes could be made in 

QUAD12 and the data points could also be scaled up or down. 
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Table 3.1 Hj and air optimum flow rates with 
He/520 ppm CH^ as a carrier gas. 

VHe/520 ppm CH^ Pressure H^ VOpt H VOpt Air 

(cc/min) (psig) (cc/min) (cc/min) 

20 18 53.0 934.6 

30 12 32.0 584.0 

35 18 53.0 820.0 

40 22 53.54 835.0 
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2 HIMEM: 38144 
5 INPUT "GAIN=?";GAIN 
10 INPUT "# OF READINGS=?";M 
15 D$ = CHR$ (4) 
20 PRINT D$; "BLOAD GETAI13,A$950 0" 
25 REM ARRAY SETUP 
30 DIM A%(1,M),A(M) 
50 SLOT = 7: REM All3 IN SLOT7 
60 A% (0,0) = SLOT:A%(1,0) = - M 
80 FOR J = 1 TO M 
82 A%(0,J) = 0 + 16 * GAIN: NEXT J 
90 PRINT "HIT SPACE BAR TO SAMPLE." 
92 GET C$: IF C$ < > " " THEN GO TO 92 
100 POKE 8,1; CALL 38144: REM U SE ARRAY A% 
110 FOR I = 1 TO M:A(I) = A%(1,I) * 5. / 4095 
120 PRINT A%(0,1),A(I): NEXT 
122 PRINT "HIT SPACE BAR TO SAVE DATA OR ANY OTHER KEY TO EXIT." 
124 GET C$: IF C$ = " " THEN GO TO 126 
125 END 
126 INPUT "SAVE AS WHAT FILENAME ?";F$ 
128 PRINT D$;"OPEN";F$: PRINT D$; "WRITE" ;F$: PRINT M 
130 FOR I = 1 TOM:: PRINT A(I): NEXT I 
132 PRINT D$;"CLOSE";F$ 
135 PRINT D$;"RUN SCINEW" 

Figure 3.3 Data collection computer code PRl. 
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HIMEM: 36864:GAI13 = 36864 
INPUT "GAIN=?";GAIN 
INPUT "# OF READINGS=?";M 
INPUT "ENTER DELAY VALUE:?";D 
D$ = CHR$ (4) 
PRINT D$;"BLOAD GETAI13.DELAY" 
REM ARRAY SETUP 
DIM A%(1 ,M),A(M) 
SLOT = 7: REM All3 IN SLOT7 
A%(0,0) = SLOT:A%(1,0) = - M 
FOR J = 1 to M STEP 2:A%(0,J) = 0 + 16 * GAIN 
A%(0,J + 1) = 1 + 16 * GAIN: NEXT J 
POKE 25,D: REM SET DELAY VALUE 
PRINT "HIT SPACE BAR TO SAMPLE." 
GET C$: IF C$ < > " " THEN GO TO 92 
POKE 8,1: CALL 36864 
FOR I = 1 TO M:A(I) = A%(1,I) / 4095 - .5 
PRINT I,A%(0,I),A(I): NEXT I 
PRINT "HIT SPACE BAR TO SAVE DATA OR ANY OTHER KEY TO EXIT." 
GET C$: IF C$ = " " THEN GOTO 126 
END 
INPUT "SAVE AS WHAT FILENAME?";F$ 
PRINT D$;"OPEN";F$: PRINT D$;"WRITE";F$" PRINT M 
FOR I = 1 TO M:: PRINT A(I): NEXT I 
PRINT D$;"CLOSE";F$ 
PRINT D$;"RUN SCINEW" 

Figure 3.4 Data collection computer code PR2. 
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3.7 Difficulties Overcome and Not Overcome 

Different kinds of problems and difficulties were encountered at 

different levels and moments during the assembly and operation of the 

above system. Among the numerous difficulties encountered and overcome, 

the most important were: 

1. When the TCD bridge was burned out it was replaced by a spare 

but different one and adjusted to work. 

2. At first, the plug flow reactor was connected to the capillary 

system using an Epoxy glue to prevent leakage of the carrier gas 

and its contents. This "chemical" connection was later replaced 

by a combination Swagelok, Teflon, and SS nut fitting which 

lasted longer because it was more heat resistant. 

3. During the runs using the flash probe, the hydrogen pressure was 

very much increased, far above the optimal value, in order to 

keep the flame lit when the ribbon flashed. The reason for the 

flame to go off was that the platinum ribbon sent waves through 

the system when it bounced. 

4. In the course of the experiments, the FID and later the NPD 

amplifiers were very noisy no matter what the hydrogen or car

rier gas flow rate. The reason for this was that the amplifier 

chips, at one time, were deteriorated; they were replaced and 

the runs resumed. 

In the attempt to reduce the residence time of the samples in 

the system, and thus the dispersion, the FID was run alone with a bleed 

as shown in Figure 3.5. The first and only run with this system had a 
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carrier gas flow rate of 167 cc/min through the reactor, with 50 cc/min 

going to the FID and 117 cc/min venting through the bleed. 

The FID did not reveal the presence of any sample passing 

through the flame no matter the amount of 2-aminopyrimidine put on the 

probe ribbon. Peaks 1 and 2 of Figure 3.6 represent pressure pulses, 

and they were also obtained without samples on the probe to prove the 

point. Peak 3 was simply a noise peak. 



TIME (x 2.13xlO~3 s) 

Pyrolysis curve obtained with the system in Figure 3.5. 



CHAPTER 4 

RESULTS 

The pyroprobe and the flash and spark probes were all operated 

in the hope that comparisons could be made among their heating rates in 

order to determine the weighting function of the system. This chapter 

presents the results of these runs, which were further applied to the 

final determination of the weighting function which, in turn, finally 

served to calculate the devolatilization rates. 

This chapter is divided into four parts. First, the attempt to 

determine the weighting function using the helium flash probe is 

described. This attempt was not successful, but provided critical 

information necessary to improve the system. Second, the final determi

nation of the weighting function using the spark probe is described for 

several helium flow rates and hardware configurations. From this, an 

optimum configuration was determined. Third, the outputs from coal 

devolatilization using the pyroprobe under high and low heating rates 

are described and compared to the appropriate preceding weighting func

tion. Finally, some conclusions are drawn with respect to the accuracy 

and quality of the data. 

4.1 Attempt to Determine Weighting Function 
Using the Flash Probe 

Two different sets of runs were performed using the flash probe. 

During the first set, two different substances were pyrolyzed at 
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different helium flow rates, v (cc/min), in the system shown in 
He 

Figure 2.1 (page 14), with the distance L equal to 280 mm. The times, 

0 (ms), between the beginning of the response and the appearance of the 

peak are reported in Tables 4.1 and 4.2 for the two detectors. 

In Figures 4.1-4.4, where only 2-aminopyrimidine was sampled, 

the first noticeable facts are the long asymptotic tails due to the 

cooling of the platinum ribbon. Also in these figures, the nitrogenous 

components came first, followed by the CH products a few fractions of a 

second later. It is also obvious that the NPD curves have steeper 

slopes than the FID curves. 

In Figures 4.1 and 4.2, the heights of the NPD curves are 

greater than the hydrocarbon curves. On the same curves, the widths at 

half peak, turn out to lar9er f°r the FID's than the NPD's. 

Unlike the curves of Figures 4.1 and 4.2, the FID curves appear 

taller than the NPD curves in Figures 4.3 and 4.4. The widths at half 

peak are the same for both the FID and the NPD curves; however, in 

Figure 4.3, f°r the FID curve is smaller than for the NPD curve. 

From the results of this portion using 2-aminopyrimidine on the 

flash probe, one conclusion that is clear to the alert reader is that 

the nitrogenous products come out first, since they probably diffuse 

less in the capillary system than the FID compounds. The sharper peaks 

of the former are very informative. 

By using sucinamide (C H O N ) in place of 2-aminopyrimidine, 
4 o 2 2 

different conclusions are reached. From Figures 4.5-4.9, it is evident 

that more products are flashed than in the previous experiments. This 

time, the CH compounds came out first. Due to a window problem on the 



Table 4.1 First set of runs using the flash probe at 
different He flow rates, v" . — 0 (ms) 
represents the time interval between the 
beginning of the pyrolysis and the appear
ance of the peaks, i.e., when the platinum 
ribbon is on. 

VHe 6 (ms) 
Compound Figure (cc/min) NPD FID 

2-Aminopyr imid ine 4, .1 45 11. .89 29. .73 
(C H N ) 4. .2 65 13. .80 30, .48 

fs 0 <3 
4. .3 75 11. .89 31. .22 
4. .4 95 7. .43 22. ,30 

Sucinamide 4. .5 30 62. .77 62. .77 
(C4H8°2N2) 4. ,6 45 62. .92 76, .50 (C4H8°2N2) 

4. .7 55 59. .50 
4. .8 75 35. .00 
4. .9 95 7. ,50 

Table 4.2 Second set of runs using the_flash probe 
at different He flow rates, v . — 0 (ms) 
represents the time interval Between the 
beginning of the pyrolysis and the appear
ance of the peaks, i.e, when the platinum 
ribbon is on. 

VHe Q (ms) 
Compound Figure (cc/min) NPD FID 

2-Aminopyrimidine 4.10 30 10.20 10.20 
(C H N ) 4.11 45 7.65 6.12 

4.12 55 10.20 7.10 
4.13 75 9.10 5.10 
4.14 90 7.14 3.57 
4.15 95 7.65 1.02 
4.16 100 noisy noisy 
4.17 109 noisy noisy 
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Figure 4.1 Pyrolysis curves using 2-aminopyrimidine on the flash probe at 45 cc/mm He flow rate. OI •j 



NPD 

t VID 

Ni 

31.61 ms 

-41.23 ms 

-3 
TINE (x 2.13x10 

Figure 4.2 Pyrolysis curves using 2-aminopyrimidine on the flash probe at 65 cc/min He flow 



38.48 ms 
FID 

NPD 

27.48 ms 

,-3 
TIME (x 2.13x10 

er 
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Figure 4.9 Pyrolysis curves of sucinamide on the flash probe at 95 cc/min He flow rate. 



A/D converter, it was not possible to trace the trailing tails of this 

component. In Figure 4.5 both the NPD and FID curves have the same 

Wl/2' the FID has fewer products than the NPD. In 

Figure 4.7 the NPD curve proved to be very noisy, probably due to satu

ration of the rubidium bead by the pyrolyzed products since the FID 

curve shows more products eluted than in the previous figures. 

The FID flame was turned off by the turbulence created by the 

high carrier gas flow rate (75 cc/min) in Figure 4.8, since only the NPD 

curve shows up on that figure. Furthermore, at high flow rates, the 

pressure pulses induced by the ribbon of the probe when flashed propa

gate through the carrier gas medium with negligible absorption on the 

capillary tubing walls. Consequently, the fragile hydrogen flame dies 

because of its nature, which is that of a diffusion flame. In addition 

to that reason, the hydrogen flow rates at high carrier gas flow rates 

are out of the optimization procedure range, so the flame was truly very 

unstable. 

For the same reasons as above, the FID curve is also absent from 

Figure 4.9. Also, this time, because of the relatively high helium flow 

rate, a slight shift of the NPD baseline is noticed (precursor sign of 

noisy output with further carrier flow rate increase). 

The moral of the history from this first set of runs, using both 

2-aminopyrimidine and sucinamide as samples, dicates the use of the 

former substance as a primary choice compound for future runs. The 

sucinamide molecules, for some reason, break down into different, heavy 

fragments when flashed, and consequently result in a long residence time 

in the system. Moreover, these fragments might be diffusing into the 



pores of the capillary tubing, consequently progressively transforming 

the tubing into a gas chromatograph column. 

The second set of runs was completed with only one component 

(2-aminopyrimidine) with the system of Figure 2.1, where the distance L 

was this time reduced to 145 mm to minimize dispersion as it occurred in 

the previous system. The results are shown in Table 4.4 (page 79). 

In Figure 4.10, due to the low value of the carrier gas flow 

rate (30 cc/min), the outputs are more or less noisy. As the flow rate 

increases, the curves show less ringing (Figures 4.11-4.14). The peaks 

in Figures 4.12 and 4.13 for both the FID and the NPD almost coincide. 

The FID curve in Figure 4.14 (90 cc/min) is almost a delta func

tion with a sharp return to the baseline, but the NPD curve still 

remains broader from the half width down. 

As flow rate is increased further (Figures 4.15-4.17), noise is 

predominant over the real signals because of turbulent flow. 

It is now pertinent to point out that, for all the figures, the 

FID signals appeared ahead of those of the NPD's. Moreover, because of 

the reduced length of the capillary system, dispersion is lessened. The 

quicker returns of the curves to the baselines prove this point. 

4.2 Final Determination of the Weighting 
Function Using the Spark Probe 

This device was utilized with the system of Figure 2.1 (page 14) 

when L was equal to 145 mm and with 2-aminopyrimidine as sample. The 

carrier gas was set at 60, 75, and 85 cc/min. Consequently, the hydro

gen and air flow rates for the FID corresponded to those dictated by the 

flow optimization process as opposed to the flow rates utilized when 
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FID 

i 

A; 
i 1 

CO 

s 
2 

4 
I 

i 
J 

jL97id% 

-14-te 

£ 

ft \J 

'j " i "  

15.79 ms 

% NPD 

••*- •*, 
;as • • mi »| ij— 

a 5 n j mm Ŝ f 
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using the flash probe. The results are shown in Tables 4.3-4.5, and are 

plotted in Figures 4.18-4.20. 

In this procedure using the spark probe, both the FID and the 

NPD curves appeared at the same time, irrespective of the flow rate. 

In Figures 4.18-4.20, the shapes of the FID curves are very 

close to delta functions, or are perfect delta functions if the trailing 

tails are cut off. By visual estimate, the concentrations of the CH 

compound appear to be less than those of the nitrogenous products for 

the three runs. The sharp returns of the curves to their backgrounds 

are very characteristic of dispersion occurring at a lesser extent than 

in the previous sections. Furthermore, for all three runs, 0, the time 

between the beginning of the response and the appearance of the peaks, 

is greater for the NPD's than the FID's, and Ŵ 2, width at half peak, 

appears smaller for the hydrocarbons than the NPD products. 

As can be seen, beside Figure 4.14, Figures 4.18-4.20 are very 

good approximations of delta functions, and thus one of them can be uti

lized as a weighting function to calculate the devolatilization rates. 

Taking into account the fact that the coal pyrolyses will be 

performed at 60 cc/min helium flow, the curves of Figures 4.18 appear to 

be the right choice of weighting function (WF). In order to evaluate 

the devolatilization rate, another characteristic variable, t, which 

represents the time interval between the beginning of the response and 

the return of the output to a stable baseline, was introduced. 



Table 4.3 Weighting function values using 2-aminopyrimidine at 60 
cc/min of He flow rate. 

Voltage Time Voltage Time . Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

FID 

0.2442 0.000 
-0.2442 0.102 
-0.2442 0.153 
0.2442 0.204 
1.7094 0.255 

6.1050 0.306 
9.5238 0.357 
10.5006 0.408 
9.0354 0.459 
8.0586 0.510 

7.0818 0.561 
4.6398 0.612 
3.1746 0.663 
3.1746 0.714 
1.7094 0.765 

1.2210 0.816 
1.2210 0.867 
0.7326 0.918 
0.2442 0.969 
0.2442 1.020 

0.2442 1.071 
-0.2442 1.122 
0.2442 1.173 
0.2442 1.224 
0.2442 1.275 

0.2442 1.326 
0.2442 1.377 
0.2442 1.428 
-0.2442 1.479 
0.2442 1.530 

0.2442 1.581 
-0.2442 1.632 
0.2442 1.683 
0.2442 1.734 
-0.2442 1.785 

-0.2442 1.836 
0.2442 1.887 
0.2442 1.938 
-0.2442 1.989 
0.2442 2.040 

0.2442 2.091 
-0.2442 2.142 
-0.2442 2.193 
0.2442 2.244 
0.2442 2.295 

-0.2442 2.346 
0.2442 2.397 
0.2442 2.448 
-0.2442 2.499 
0.2442 2.550 

0.2442 2.601 
-0.7326 2.652 
-0.2442 2.703 
0.2442 2.754 
-0.2442 2.805 

-0.2442 2.856 
0.2442 2.907 
-0.2442 2.958 
-0.2442 3.009 
0.2442 3.060 

0.2442 3.111 
-0.2442 3.162 
-0.2442 3.213 
0.2442 3.264 
-0.2442 3.315 

-0.2442 3.366 
0.2442 3.417 
-0.2442 3.468 
-0.2442 3.519 
0.2442 3.570 

0.2442 3.621 
-0.7326 3.672 
0.2442 3.723 
0.2442 3.774 
-0.2442 3.825 

-0.2442 3.876 
0.2442 3.927 
-0.2442 3.978 
-0.2442 4.029 
0.2442 4.080 

-0.2442 4.131 
-0.2442 4.182 
0.2442 4.233 
0.2442 4.284 
-0.2442 4.335 

-0.2442 4.386 
0.2442 4.437 
-0.2442 4.488 
-0.2442 4.539 
0.2442 4.590 

-0.2442 4.641 
-0.2442 4.692 
0.2442 4.743 
0.2442 4.794 
-0.2442 4.845 

0.2442 4.896 
0.2442 4.947 
-0.2442 4.998 
-0.2442 5.049 
0.2442 5.100 
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Table 4.3—Continued. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

NPD 

-0.2442 0.000 -1.7094 1 .326 -1.2210 2.601 -1.2210 3.876 
-0.7326 0.102 -1.2210 1 .377 -1.2210 2.652 -1.2210 3.927 
-1.2210 0.153 -1.7094 1 .428 -0.7326 2.703 -1.7094 3.978 
-1.7094 0.204 -1.7094 1 .479 -1.2210 2.754 -0.7326 4.029 
-15.3846 0.255 -0.7326 1 .530 -1.7094 2.805 -0.7326 4.080 

-25.1526 0.306 -1.2210 1 .581 -1.2210 2.856 -1.2210 4.131 
-25.1526 0.357 -1.7094 1 .632 -1.2210 2.907 -0.7326 4.182 
-15.8730 0.408 -1.7094 1 .683 -1.7094 2.958 -0.7326 4.233 
-11.4774 0.459 -1.2210 1 .734 -1.2210 3.009 -0.7326 4.284 
-8.5470 0.510 -1.7094 1 .785 -1.2210 3.060 -1.2210 4.335 

-6.5934 0.561 -1.2210 1 .836 -0.7326 3.111 0.2442 4.386 
-5.6166 0.612 -1.2210 1 .887 -1.2210 3.162 -0.7326 4.437 
-4.1514 0.663 -1.7094 1 .938 -0.7326 3.213 -1.7094 4.488 
T3.6630 0.714 -1.2210 1 .989 -0.7326 3.264 -0.7326 4.539 
-3.1746 0.765 -1.2210 2 .040 -1.7094 3.315 -0.7326 4.590 

-2.6862 0.816 -1.2210 2 .091 -1.2210 3.366 -1.7094 4.641 
-2.1978 0.867 -1.7094 2 . 142 -1.2210 3.417 -1.2210 4.692 
-2.6862 0.918 -0.7326 2 .193 -1.7094 3.468 -0.7326 4.743 
-2.6862 0.969 -1.7094 3 .244 -1.2210 3.519 -0.7326 4.794 
-1.7094 1.020 -1.7094 2 .295 -0.7326 3.570 -1.2210 4.845 

-1.7094 1.071 -1.2210 2 .346 -1.2210 3.621 -0.7326 4.896 
-2.1978 1.122 -0.7326 2 .397 -1.2210 3.672 -0.7326 4.947 
-1.7094 1.173 

o
 
H
 

C
M
 C
M
 

2 .448 -0.7326 3.723 -1.7094 4.998 
-1.7094 1.224 -1.2210 2 .499 -0.7326 3.774 -1.7094 5.059 
-1.7094 1.275 -0.7326 2 .550 -1.2210 3.825 -0.7326 5.100 



Table 4.4 Weighting function values using 2-aminopyrimidine at 75 

cc/min of He flow rate. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

FID 

-0.2442 0.000 
-0.2442 0.102 
-0.2442 0.153 
0.2442 0.204 
4.1514 0.255 

8.0586 0.306 
10.9890 0.357 
11.4774 0.408 
11.4774 0.459 
11.9658 0.510 

10.9890 0.561 
9.5238 0.612 
8.5470 0.663 
8.0586 0.714 
6.5934 0.765 

5.6166 0.816 
5.6166 0.867 
4.6398 0.918 
3.6630 0.969 
4.1514 1.020 

3.6630 1.071 
2.6862 1.122 
2.6862 1.173 
3.1746 1.224 
2.1978 1.275 

2.6862 1.326 
2.6862 1.377 
1.7094 1.428 
1.7094 1.479 
1.7094 1.530 

1.7094 1.581 
1.2210 1.632 
1.2210 1.683 
1.7094 1.734 
0.7326 1.785 

0.7326 1.836 
1.2210 1.887 
0.7326 1.938 
0.7326 1.989 
1.2210 2.040 

0.7326 2.091 
0.2442 2.142 
0.7326 2.193 
0.7326 2.244 
0.2442 2.295 

0.2442 2.346 
0.7326 2.397 
0.2442 2.448 
0.2442 2.499 
0.7326 2.550 

0.2442 2.601 
0.2442 2.652 
0.2442 2.703 
0.2442 2.754 
0.2442 2.805 

0.2442 2.856 
0.2442 2.907 
0.2442 2.958 
0.2442 3.009 
0.2442 3.060 

0.2442 3.111 
0.2442 3.162 
0.2442 3.213 
0.2442 3.264 
-1.7094 3.315 

0.2442 3.366 
0.2442 3.417 
0.2442 3.468 
-0.2442 3.519 
0.2442 3.570 

0.2442 3.621 
0.2442 3.672 
0.2442 3.723 
0.2442 3.774 
-0.2442 3.825 

0.2442 3.876 
0.2442 3.927 
-0.2442 3.978 
0.2442 4.029 
0.2442 4.080 

-0.2442 4.131 
0.2442 4.182 
0.2442 4.233 
0.2442 4.284 
-0.2442 4.335 

0.2442 4.386 
0.2442 4.437 
-0.2442 4.488 
0.2442 4.539 
0.2442 4.590 

-0.2442 4.641 
-0.2442 4.692 
0.2442 4.743 
-0.2442 4.794 
-0.2442 4.845 

0.2442 4.896 
0.2442 4.947 
-0.2442 4.998 
0.2442 5.049 
0.2442 5.100 
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Table 4.4—Continued. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

NPD 

0.2442 0.000 -4.6398 1 .326 -1 .7094 2 .601 -0.7326 3. 876 
0.2442 0.102 -5.6166 1 .377 -2 .1978 2 .652 -1.7094 3. 927 
-1.2210 0.153 -5.6166 1 .428 -1 .7094 2 .703 0.2442 3. 978 
-6.1050 0.204 -5.1282 1 .479 -0 .2442 2 .754 -1.2210 4. 029 
-24.1758 0.255 -3.1746 1 .530 -1 .7094 2 .805 -1.2210 4. 080 

-38.3394 0.306 -4.1514 1 .581 -1 .7094 2 .856 -1.7094 4. 131 
-46.1538 0.357 -4.6398 1 .632 -1 .7094 2 .907 0.2442 4. 182 
-44.6886 0.408 -3.6630 1 .683 -0 .7326 2 .958 -1.2210 4. 233 
-35.8974 0.459 -2.6862 1 .734 -1 .7094 3 .009 -1.7094 4. 284 
-27.5946 0.510 -3.6630 1 .785 -1 .7094 3 .060 -1.7094 4. 335 

-24.1758 0.561 -3.6630 1 .836 -1 .7094 3 .111 0.2442 4. 386 
-21.2454 0.612 -3.6630 1 .887 -0 .2442 3 .162 -1.2210 4. 437 
-18.3150 0.663 -2.1978 1 .938 -1 .7094 3 .213 -1.2210 4. 488 
-14.8962 0.714 -3.1746 1 .989 -1 .7094 3 .264 -0.7326 4. 539 
-14.8962 0.765 -3.1746 2 .040 -1 .7094 3 .315 0.2442 4. 590 

-12.9426 0.816 -3.1746 2 .091 0 .2442 3 .366 -1.7094 4. 641 
-11.9658 0.867 -1.7094 2 .142 -1 .7094 3 .417 -1.2210 4. 692 
-9.5238 0.918 -1.7094 2 .193 -1 .7094 3 .468 -0.7326 4. 743 
-10.0122 0.969 -2.6862 2 .244 -1 . 7094 3 .519 0.2442 4. 794 
-8.5470 1.020 -2.6862 2 .295 0 .2442 3 .570 -1.2210 4. 845 

-8.5470 1.071 -0.7326 2 .346 -2 .1978 3 .621 -0.7326 4. 896 
-6.5934 1.122 -2.1978 2 .397 -1 .7094 3 .672 -1.2210 4. 947 
-7.0818 1.173 -2.6862 2 .448 -0 .7326 3 .723 0.2442 4. 998 
-7.0818 1.224 -2.1978 2 .499 0 .2442 3 .774 -0.7326 5. 049 
-6.5934 1.275 -0.2442 2 .550 -1 .2210 3 .825 -1.2210 5. 100 



Table 4.5 Weighting function values using 2-aminopyrimidine at 85 

cc/min of He flow rate. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

FID 

-0.2442 0.000 
-0.2442 0.102 
0.2442 0.153 
0.2442 0.204 
2.6862 0.255 

7.0818 0.306 
8.0586 0.357 
8.0586 0.408 
7.5702 0.459 
6.5934 0.510 

5.1282 0.561 
3.6630 0.612 
4.1514 0.663 
3.1746 0.714 
2.1978 0.765 

2.1978 0.816 
1.7094 0.867 
1.2210 0.918 
1.2210. 0.969 
0.7326 1.020 

0.2442 1.071 
0.2442 1.122 
0.7326 1.173 
0.2442 1.224 
0.2442 1.275 

0.7326 1.326 
0.2442 1.377 
0.2442 1.428 
0.2442 1.479 
0.2442 1.530 

0.2442 1.581 
0.2442 1.632 
0.2442 1.683 
0.2442 1.734 
0.2442 1.785 

0.2442 1.836 
0.2442 1.887 
0.2442 1.938 
0.2442 1.989 
0.2442 2.040 

-0.2442 2.091 
0.2442 2.142 
0.2442 2.193 
-0.2442 2.244 
-0.2442 2.295 

0.2442 2.346 
0.2442 2.397 
0.2442 2.448 
1.2210 2.499 
0.2442 2.550 

-0.2442 2.601 
0.2442 2.652 
0.2442 2.703 
-0.2442 2.754 
0.2442 2.805 

0.2442 2.856 
0.2442 2.907 
0.2442 2.958 
0.2442 3.009 
0.2442 3.060 

-0.2442 3.111 
0.2442 3.162 
0.2442 3.213 
-0.2442 3.264 
0.2442 3.315 

0.2442 3.366 
0.2442 3.417 
0.2442 3.468 
0.2442 3.519 
0.2442 3.570 

-0.2442 3.621 
0.2442 3.672 
0.2442 3.723 
-0.2442 3.774 
0.2442 3.825 

0.2442 3.876 
-0.2442 3.927 
0.2442 3.978 
0.2442 4.029 
-0.2442 4.080 

-0.2442 4.131 
0.2442 4.182 
0.2442 4.233 
-0.2442 4.284 
0.2442 4.335 

0.2442 4.386 
-0.2442 4.437 
-0.2442 4.488 
0.2442 4.539 
0.2442 4.590 

-0.2442 4.641 
0.2442 4.692 
0.2442 4.743 
-0.2442 4.794 
0.2442 4.845 

0.2442 4.896 
-0.7326 4.947 
-0.2442 4.998 
0.2442 5.049 
-0.2442 5.100 



Table 4.5—Continued. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

NPD 

-0.2442 0.000 
-0.7326 0.102 
-1.7094 0.153 
-6.1050 0.204 
-19.2918 0.255 

-28.5714 0.306 
-24.1758 0.357 
-19.2918 0.408 
-15.3846 0.459 
-12.4542 0.510 

-10.9890 0.561 
-8.5470 0.612 
-7.5702 0.663 
-7.0818 0.714 
-5.6166 0.765 

-4.6398 0.816 
-4.1514 0.867 
-4.1514 0.918 
-3.1746 0.969 
-3.1746 1.020 

-3.1746 1.071 
-2.6862 1.122 
-2.1978 1.173 
-2.6862 1.224 
-2.1978 1.275 

-1.7094 1.326 
-2.1978 1.377 
-1.7094 1.428 
-1.7094 1.479 
-1.7094 1.530 

-1.7094 1.581 
-1.2210 1.632 
-1.2210 1.683 
-1.7094 1.734 
-1.2210 1.785 

-1.2210 1.836 
-1.7094 1.887 
-1.7094 1.938 
-1.2210 1.989 
-0.7326 2.040 

-0.7326 2.091 
-0.7326 2.142 
-0.7326 2.193 
-1.2210 2.244 
-1.7094 2.295 

-0.7326 2.346 
-1.7094 2.397 
-0.7326 2.448 
-1.2210 2.499 
-0.7326 2.550 

-1.2210 2.601 
-0.2442 2.652 
-1.2210 2.703 
-1.2210 2.754 
-0.7326 2.805 

-0.7326 2.856 
-1.7094 2.907 
-0.7326 2.958 
-0.7326 3.009 
-0.7326 3.060 

-0.7326 3.111 
-0.7326 3.162 
-0.7326 3.213 
-0.7326 3.264 
-0.7326 3.315 

-0.7326 3.366 
-0.7326 3.417 
-0.7326 3.468 
-0.7326 3.519 
-0.7326 3.570 

-1.2210 3.621 
-0.7326 3.672 
-0.7326 3.723 
-0.7326 3.774 
-0.7326 3.825 

-0.7326 3.876 
-0.7326 3.927 
-0.7326 3.978 
-0.7326 4.029 
-1.2210 4.080 

-0.7326 4.131 
-0.7326 4.182 
-0.7326 4.233 
-0.7326 4.284 
-0.2442 4.335 

-0.7326 4.386 
-0.7326 4.437 
-0.7326 4.488 
-0.7326 4.539 
-1.2210 4.590 

-0.7326 4.641 
-0.7326 4.692 
-1.2210 4.743 
-0.7326 4.794 
-0.2442 4.845 

-1.2210 4.896 
-0.7326 4.947 
-0.7326 4.998 
-0.7326 5.049 
-1.2210 5.100 
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Figure 4.18 Pyrolysis curves of 2-aminopyrimidine on the spark probe at 60 cc/min He flow rate. CD u> 
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Figure 4.19 Pyrolysis curves of 2-aminopyrimidine on the spark probe at 75 cc/min He flow rate. 
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Figure 4.20 Pyrolysis curves of 2-aminopyrimidine on the spark probe at 85 cc/min He flow rate. oo 
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4.3 Coal Devolatilization Outputs Determined 
from the CDS Pyroprobe 100 

The CDS pyroprobe 100 hopefully will provide slower pyrolysis 

rates than the spark and flash probes in order to evaluate the weighting 

function. The derivation of the transfer function will be based on the 

differences between the curves obtained using the spark or flash probe 

and the pyroprobe 100. 

This experiment was performed on two different kinds of coal, 

Beulah and Utah low sodium. The carrier gas was fixed at 60 cc/min for 

the four runs. The results and the conditions of the runs are summa

rized in Table 4.6, which also gives the characteristic values 0, t, and 

Ŵ 2 f°r the runs. 

For the pyrolysis of Utah low-sodium coal, at 10 C/ms with a 

final temperature of 900 C (Figure 4.21)), both the nitrogenous products 

and the CH containing compounds outgassed from the porous coal particle 

surfaces at the same time. The concentrations of the former, by visual 

estimate, seemed to be greater, but is the same for both. It is 

also very noticeable that t appears quite small compared to tNpD-

The nitrogenous compounds seem this time to be diffusing longer than the 

hydrocarbons out of the coal particle surfaces. The values of 0 are 

shown to be relatively close for both curves. 

As for Figure 4.22, the pyrolyzed Beulah low-sodium coal, also 

at 10 C/ms, let out the nitrogenous products first. The ripples 

(noises) appearing in this experiment demonstrate a_ priori that this 

type of coal presents some resistance to the heating rate. The concen

tration of the FID products as opposed to Figure 4.21 exceeds the NPD 



Table 4.6 Experimental parameters using the CDS 
pyroprobe 100. 

Heating Final 
Rate Temperature 
(C/ms) (C) 

Table 4.7 Figure 4.21 10.0 900 

Table 4.8 Figure 4.23 0.1 900 

Table 4.9 Figure 4.22 10.0 900 

Table 4.10 Figure 4.24 0.1 900 



Table 4.7 Values of the pyrolysis of Utah low-sodium coal at 10 C/ms, 
T = 900 C, and v = 60 cc/min. 
t He 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

FID 

-1.2210 0.00 
-0.7326 0.32 
-0.7326 0.48 
-1.2210 0.64 
-1.2210 0.80 

-1.2210 0.96 
-1.2210 1.12 
-1.2210 1.28 
-0.2442 1.44 
-0.2442 1.60 

0.2442 1.76 
-0.2442 1.92 
-0.2442 2.08 
-0.2442 2.24 
-0.2442 2.40 

-0.2442 2.56 
-0.2442 2.72 
-0.7326 2.88 
-1.2210 3.04 
-0.7326 3.20 

-1.2210 3.36 
-0.7326 3.52 
-0.7326 3.68 
-0.7326 3.84 
-1.2210 4.00 

-0.7326 4.16 
-0.7326 4.32 
-0.7326 4.48 
-0.7326 4.64 
-0.7326 4.80 

-0.7326 4.96 
-0.2442 5.12 
-0.2442 5.28 
-0.2442 5.44 
-0.2442 5.60 

-0.7326 5.76 
-1.2210 5.92 
-0.7326 6.08 
-1.2210 6.24 
-0.7326 6.40 

-1.2210 6.56 
-1.2210 6.72 
-1.2210 6.88 
-0.7326 7.04 
-0.7326 7.20 

-0.7326 7.36 
-0.7326 7.52 
7.0818 7.68 
-0.2442 7.84 
-0.7326 8.00 

-0.2442 8.16 
-0.7326 8.32 
-0.2442 8.48 
-0.2442 8.64 
-1 .2210  8 .80  

-0.7326 8.96 
-1.2210 9.12 
-1.2210 9.28 
-0.7326 9.44 
-0.7326 9.60 

-1.2210 9.76 
-1.2210 9.92 
-1.2210 10.08 
-1.2210 10.24 
-0.7326 10.40 

-0.7326 10.56 
-0.2442 10.72 
-0.2442 10.88 
-0.7326 11.04 
-0.7326 11.20 

-0.7326 11.36 
-0.2442 11.52 
-0.7326 11.68 
-0.7326 11.84 
-0.7326 12.00 

-0.7326 12.16 
-1.2210 12.32 
-0.7326 12.48 
-1.2210 12.64 
-0.7326 12.80 

-1.2210 12.96 
-1.2210 13.12 
-0.7326 13.28 
-1.2210 13.44 
-0.7326 13.60 

0.2442 13.76 
-0.2442 13.92 
-0.2442 14.08 
-0.7326 14.24 
-0.7326 14.40 

-0.2442 14.56 
-0.7326 14.72 
-0.7326 14.88 
-0.7326 15.04 
-0.7326 15.20 

-1.2210 15.36 
-1.2210 15.52 
-0.7326 15.68 
-0.7326 15.84 
-0.7326 16.00 
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Table 4.7—Continued. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

NPD 

-1.2210 0.00 -1.7094 4.16 -2.1978 8.16 -1.2210 12.16 
-1.7094 0.32 -1.7094 4.32 -1.7094 8.32 -1.2210 12.32 
-0.7326 0.48 -1.7094 4.48 -1.7094 8.48 -1.2210 12.48 
-0.7326 0.64 -1.7094 4.64 -1.7094 8.64 -1.2210 12.64 
-1.7094 0.80 -1.7094 4.80 -1.7094 8.80 -1.2210 12.80 

-1.7094 0.96 -1.7094 4.96 -1.7094 8.96 -1.2210 12.96 
-1.7094 1.12 -2.1978 5.12 -2.1978 9.12 -1.7094 13.12 
-1.7094 1.28 -2.1978 5.28 -1.2210 9.28 -1.7094 13.28 
-6.1050 1.44 -1.7094 5.44 -1.2210 9.44 -1.7094 13.44 
-4.6398 1.60 -1.7094 5.60 -1.2210 9.60 -1.7094 13.60 

-4.6398 1.76 -1.7094 5.76 -0.7326 9.76 0.2442 13.76 
-4.1514 1.92 -1.7094 5.92 -0.7326 9.92 -1.7094 13.92 
-3.6630 2.08 -1.7094 6.08 -1.7094 10.08 -1.7094 14.08 
-3.1746 2.24 -1.7094 6.24 -1.7094 10.24 -2.1978 14.24 
-2.6862 2.40 -1.7094 6.40 -1.7094 10.40 -2.1978 14.40 

-2.1978 2.56 -1.2210 6.56 -1.7094 10.56 -2.1978 14.56 
-2.1978 2.72 -1.2210 6.72 -1.7094 10.72 -1.7094 14.72 
-2.1978 2.88 -1.2210 6.88 -1.7094 10.88 -1.7094 14.88 
-1.7094 3.04 -1.7094 7.04 -1.7094 11.04 -1.7094 15.04 
-1.7094 3.20 -1.7094 7.20 -1.7094 11.20 -1.7094 15.20 

-1.7094 3.36 -1.7094 7.36 -2.1978 11.36 -1.7094 15.36 
-1.2210 3.52 -2.6862 7.52 -1.7094 11.52 -1.7094 15.52 
-1.7094 3.68 -1.7094 7.68 -1.7094 11.68 -1.7094 15.68 
-1.7094 3.84 -1.7094 7.84 -1.7094 11.84 -1.2210 15.84 
-1.7094 4.00 -2.1978 8.00 -1.7094 12.00 -1.2210 16.00 



Table 4.8 Values of the pyrolysis of Utah low-sodium coal at 0.1 
C/ms, T, = 900 C, and v_ = 60 cc/min. 

r He 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

FID 

-0.6105 0.00 
-0.3663 0.68 
-0.3663 1.02 
0.1221 1.36 
-1.0989 1.70 

-0.3663 2.04 
0.1221 2.38 
0.1221 2.72 
-0.3663 3.06 
-0.1221 3.40 

-0.6105 3.74 
0.1221 4.08 
-0.1221 4.42 
0.1221 4.76 
-0.6105 5.10 

-0.1221 5.44 
-0.1221 5.78 
-0.3663 6.12 
-0.8547 6.46 
-0.3663 6.80 

-1.5873 7.14 
-0.1221 7.48 
0.1221 7.82 
-1.3431 8.16 
-0.1221 8.50 

0.1221 8.84 
-0.3663 9.18 
-0.3663 9.52 
-0.1221 9.86 
0.6105 10.20 

0.6105 10.54 
0.8547 10.88 
1.0989 11.22 
1.8315 11.56 
1.5873 11.90 

1.5873 12.24 
0.6105 12.58 
3.0525 12.92 
5.0061 13.26 
4.7619 13.60 

5.0061 13.94 
5.2503 14.28 
3.7851 14.62 
2.0757 14.96 
0.3663 15.30 

0.6105 15.64 
0.1221 15.98 
0.1221 16.32 
-0.3663 16.66 
-0.1221 17.00 

0.1221 17.34 
0.1221 17.68 
-1.3431 18.02 
-0.1221 18.36 
0.8547 18.70 

0.1221 19.04 
-0.3663 19.38 
-0.3663 19.72 
0.1221 20.06 
0.1221 20.40 

-0.3663 20.74 
-0.3663 21.08 
-0.1221 21.42 
0.1221 21.76 
-0.1221 22.10 

-0.3663 22.44 
-0.3663 22.78 
0.1221 23.12 
-1.0989 23.46 
-0.1221 23.80 

0.3663 24.14 
0.1221 24.48 
-0.1221 24.82 
-0.1221 25.16 
-0.6105 25.50 

-0.1221 25.84 
-0.1221 26.18 
0.1221 26.52 
-0.3663 26.86 
-0.3663 27.20 

-0.1221 27.54 
0.1221 27.88 
-0.3663 28.22 
-0.1221 28.56 
-1.3431 28.90 

0.1221 29.24 
0.3663 29.58 
-0.3663 29.92 
0.1221 30.26 
0.1221 30.60 

-0.3663 30.94 
-0.3663 31.28 
-0.1221 31.62 
0.1221 31.96 
-0.3663 32.30 

-0.3663 32.64 
-0.3663 32.98 
0.1221 33.32 
-0.1221 33.66 
-0.3663 34.00 



Table 4.8—Continued. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

NPD 

-0. 1221 0. 00 -2.3199 8.84 -1 .8315 17. 34 -0.8547 25. 84 
0. 8547 0. 68 -3.0525 9.18 -1 .5873 17. 68 -0.6105 26. 18 
0. 1221 1. 02 -5.2503 9.52 -1 .3431 18. 02 -0.3663 26. 52 
-0. 1221 1. 36 -7.6923 9.86 -1 .5873 18. 36 -0.3663 26. 86 
-0. 1221 1. 70 -11.5995 10.20 -1 .3431 18. 70 -0.8547 27. 20 

0. 1221 2. 04 -15.9951 10.54 -1 .0989 19. 04 -0.6105 27. 54 
-0. 1221 2. 38 -20.8791 10.88 -1 .8315 19. 38 0.6105 27. 88 
-0. 3663 2. 72 -24.2979 11.22 -1 .0989 19. 72 -0.1221 28. 22 
-0. 8574 3. 06 -24.5421 11.56 -1 .0989 20. 06 -0.3663 28. 56 
-0. 1221 3. 40 -24.2979 11.90 -0 .8547 20. 40 -0.6105 28. 90 

-0. 1221 3. 74 -21.8559 12.24 -0 .6105 20. 74 -0.3663 29. 24 
-0. 1221 4. 08 -18.9255 12.58 -0 .8547 21. 08 -0.3663 29. 58 
0. 1221 4. 42 -0.8547 12.92 -0 .8547 21. 42 -0.3663 29. 92 
0. 1221 4. 76 -3.7851 13.26 -0 .8547 21. 76 -1.3431 30. 26 
-0. 1221 5. 10 -12.3321 13.60 -0 .8547 22. 10 -0.1221 30. 60 

-0. 3663 5. 44 -11.1111 13.94 0 .3663 22. 44 -0.3663 30. 94 
-0. 3663 5. 78 -8.9133 14.28 -0 .8547 22. 78 -0.3663 31. 28 
0. 3663 6. 12 -6.9597 14.62 -0 .8547 23. 12 -0.3663 31. 62 
-0. 3663 6. 46 -5.2503 14.96 -0 .3663 23. 46 -0.1221 31. 96 
-0. 8547 6. 80 -3.7851 15.30 -0 .6105 23. 80 -0.3663 32. 30 

-0. 8547 7. 14 -3.0525 15.64 -0 .8547 24. 24 -0.3663 32. 64 
-0. 6105 7. 48 -2.3199 15.98 -0 .8547 24. 48 -0.6105 32. 98 
-0. 8547 7. 82 -4.7619 36.32 -1 .3431 24. 82 0.6105 33. 32 
-1. 5873 8. 16 -1.8315 16.66 -0 .3663 . 25. 16 -0.1221 33. 66 
-2. 5641 8. 50 -0.8547 17.00 -0 .6105 25. 50 -0.1221 34. 00 



Table 4.9 Values of the pyrolysis of Beulah low-sodium coal at 10 
C/ms, T = 900 C, and v = 60 cc/min. 

£ He 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

FID 

-0.8547 0.00 
-0.8547 0.32 
-0.3663 0.48 
-0.3663 0.64 
-0.6105 0.80 

-1.8315 0.96 
0.1221 1.12 
1.0989 1.28 
0.1221 1.44 
0.6105 1.60 

2.3199 1.76 
4.2735 1.92 
5.2503 2.08 
5.7387 2.24 
5.4945 2.40 

4.5177 2.56 
3.5409 2.72 
2.8083 2.88 
1.8315 3.04 
1.0989 3.20 

-0.3663 3.36 
0.1221 3.52 
0.1221 3.68 
-0.1221 3.84 
0.6105 4.00 

-0.1221 4.16 
-0.1221 4.32 
-0.1221 4.48 
-0.1221 4.64 
-0.1221 4.80 

0.1221 4.96 
-0.1221 5.12 
-0.1221 5.28 
-0.1221 5.44 
0.1221 5.60 

0.1221 5.76 
-0.1221 5.92 
-1.3431 6.08 
-0.1221 6.24 
0.6105 6.40 

-0.6105 6.56 
-0.3663 6.72 
-0.6105 6.88 
-0.6105 7.04 
-0.8547 7.20 

-0.6105 7.36 
-0.3663 7.52 
-0.6105 7.68 
-0.3663 7.84 
-0 .1221 8.00 

-0.1221 8.16 
0.1221 8.32 
-1.0989 8.48 
0.1221 8.64 
0.1221 8.80 

-0.1221 8.96 
0.3663 9.12 
-0.1221 9.28 
-0.1221 9.44 
-0.1221 9.60 

-0.3663 9.76 
-0.3663 9.92 
-0.3663 10.08 
-0.3663 10.24 
-0.6105 10.40 

-0.8547 10.56 
-0.3663 10.72 
-0.3663 10.88 
-0.3663 11.04 
-1.5873 11.20 

-0.1221 11.36 
0.6105 11.52 
-0.1221 11.68 
0.1221 11.84 
0.1221 12.00 

-0.1221 12.16 
-0.1221 12.32 
0.1221 12.48 
-0.1221 12.64 
-0.1221 12.80 

-0.3663 12.96 
-0.3663 13.12 
-0.1221 13.28 
-0.3663 13.44 
-1.5873 13.60 

-0.6105 13.76 
-0.3663 13.92 
-0.6105 14.08 
0.1221 14.24 
-0.6105 14.40 

-0.3663 14.56 
-0.3663 14.72 
-0.3663 14.88 
-0.1221 15.04 
-0.8547 15.20 

0.1221 15.36 
-0.1221 15.52 
-0.1221 15.68 
0.1221 15.84 
0.1221 16.00 



Table 4.9—Continued. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

NPD 

-0.1221 0.00 
-0.3663 0.32 
-0.3663 0.48 
-0.6105 0.64 
-4.2735 0.80 

-0.3663 0.96 
-0.3663 1.12 
-0.8547 1.28 
-5.0061 1.44 
-7.4481 1.60 

-6.9597 1.76 
-11.3553 1.92 
-15.9951 2.08 
-16.7277 2.24 
-15.9951 2.40 

-15.5067 2.56 
-13.5531 2.72 
-11.3553 2.88 
-8.9133 3.04 
-7.2039 3.20 

-5.4945 3.36 
-4.2735 3.52 
-3.5409 3.68 
-3.0525 3.84 
-2.5641 4.00 

-2.3199 4.16 
-1.8315 4.32 
-1.8315 4.48 
-1.5873 4.64 
-1.8315 4.80 

-1.3431 4.96 
-0.3663 5.12 
-1.3431 5.28 
-1.0989 5.44 
-0.8547 5.60 

-0.8547 5.76 
-0.8547 5.92 
-0.8547 6.08 
-0.6105 6.24 
-0.8547 6.40 

-0.8547 6.56 
-0.6105 6.72 
-0.6105 6.88 
-0.6105 7.04 
-1.8315 7.20 

-0.8547 7.36 
0.1221 7.52 
-0.8547 7.68 
-0.8547 7.84 
-0.8547 8.00 

-0.8547 8.16 
-0.8547 8.32 
-0.8547 8.48 
-0.8547 8.64 
-0.8547 8.80 

-0.8547 8.96 
-0.3663 9.12 
-0.3663 9.28 
-0.3663 9.44 
-0.8547 9.60 

-0.3663 9.76 
-0.3663 9.92 
-0.3663 10.08 
0.1221 10.24 
-0.3663 10.40 

-0.3663 10.56 
-0.3663 10.72 
-0.8547 10.88 
-0.8547 11.04 
-0.6105 11.20 

-0.6105 11.36 
-0.8547 11.52 
-0.8547 11.68 
-0.6105 11.84 
-0.3663 12.00 

-0.8547 12.16 
-1.5873 12.32 
-0.6105 12.48 
0.1221 12.64 
-0.6105 12.80 

-0.3663 12.96 
-0.3663 13.12 
-0.3663 13.28 
-0.6105 13.44 
-0.3663 13.60 

-0.3663 13.76 
-0.6105 13.92 
-0.3663 14.08 
-0.3663 14.24 
-0.6105 14.40 

-0.3663 14.56 
-1.5873 14.72 
-0.6105 14.88 
-0.8547 15.04 
-0.3663 15.20 

0.1221 15.36 
-0.6105 15.52 
-0.6105 15.68 
-0.3663 15.84 
-0.3663 16.00 
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Table 4.10 Values of the pyrolysis of Beulah low-sodium coal at 0.1 
C/ms, Tf = 900 C, and v = 60 cc/min. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

FID 

-0.3663 0.00 0.1221 8.84 0.1221 17.34 0.1221 25.84 
-0.3663 0.68 -1.3431 9.18 0.1221 17.68 0.6105 26.18 
-0.3663 1.02 0.1221 9.52 -0.3663 18.02 -0.1221 26.52 
0.1221 1.36 1.3431 9.86 -0.1221 18.36 -0.6105 26.86 
-0.6105 1.70 0.8547 10.20 0.1221 18.70 0.1221 27.20 

-0.6105 2.04 0.8547 10.54 0.1221 19.04 0.1221 27.54 
-0.6105 2.38 1.0989 10.88 -0.3663 19.38 -0.1221 27.88 
-0.1221 2.72 1.5873 11.22 -0.1221 19.72 -0.6105 28.22 
-0.3663 3.06 2.3199 11.56 -1.0989 20.06 0.1221 28.56 
-0.3663 3.40 2.0757 11.90 0.1221 20.40 0.1221 28.90 

-1.8315 3.74 2.3199 12.24 0.3663 20.74 0.1221 29.24 
0.1221 4.08 2.5641 12.58 -0.1221 21.08 -0.6105 29.58 
0.6105 4.42 3.5409 12.92 0.6105 21.42 -0.3663 29.92 
-0.3663 4.76 3.7851 13.26 0.1221 21.76 0.1221 30.26 
-0.8547 5.10 4.7619 13.60 -0.1221 22.10 0.1221 30.60 

0.1221 5.44 4.5177 13.94 -0.3663 22.44 -1.3431 30.94 
-0.1221 5.78 4.7619 14.28 -0.1221 22.78 -0.3663 31.28 
-0.3663 6.12 2.5641 14.62 0.1221 23.12 0.6105 31.62 
-0.8547 6.46 2.0757 14.96 -0.1221 23.46 0.1221 31.96 
0.1221 6.80 1.8315 15.30 -0.3663 23.80 -0.8547 32.30 

-0.1221 7.14 0.8547 15.64 -0.6105 24.14 -0.3663 32.64 
-0.1221 7.48 0.6105 15.98 0.1221 24.48 -0.1221 32.98 
-0.8547 7.82 0.1221 16.32 -0.1221 24.82 0.1221 33.32 
-0.3663 8.16 -0.1221 16.66 -0.3663 25.16 -0.3663 33.66 
-0.1221 8.50 0.1221 17.00 -1.5873 25.50 -0.3663 34.00 



Table 4.10—Continued. 

Voltage Time Voltage Time Voltage Time Voltage Time 
(mV) (s) (mV) (s) (mV) (s) (mV) (s) 

NPD 

-0.3663 0.00 
-0.6105 0.68 
-0.6105 1.02 
-0.3663 1.36 
-0.3663 1.70 

-0.6105 2.04 
-0.6105 2.38 
0.1221 2.72 
-0.3663 3.06 
-0.3663 3.40 

-0.6105 3.74 
-0.6105 4.08 
-0.3663 4.42 
-0.3663 4.76 
-1.3431 5.10 

-0.3663 5.44 
-0.1221 5.78 
-0.3663 6.12 
-0.3663 6.46 
-0.6105 6.80 

-0.3663 7.14 
-0.1221 7.48 
-0.6105 7.82 
0.1221 8.16 
-0.8547 8.50 

-0.8547 8.84 
-1.3431 9.18 
-2.3199 9.52 
-3.0525 9.86 
-3.7851 10.20 

-5.4945 10.54 
-6.2271 10.88 
-7.4481 11.22 
-8.1807 11.56 
-8.6691 11.90 

-8.6691 12.24 
-8.4249 12.58 
-1.0989 12.92 
-0.8547 13.26 
-5.2503 13.60 

-5.4945 13.94 
-5.0061 14.28 
-4.0293 14.62 
-3.2967 14.96 
-2.8083 15.30 

-2.3199 15.64 
-2.3199 15.98 
-1.3431 16.32 
-1.3431 16.66 
-1.3431 17.00 

-0.6105 17.34 
-0.8547 17.68 
-1.0989 18.02 
-0.8547 18.36 
-0.8547 18.70 

0.1221 19.04 
-0.6105 19.38 
-0.8547 19.72 
-0.8547 20.06 
-0.3663 20.40 

-0.3663 20.74 
-0.8547 21.08 
-1.5873 21.42 
-0.6105 21.76 
-0.6105 22.10 

-0.8547 22.44 
-0.8547 22.78 
-0.3663 23.12 
-0.8547 23.46 
-0.6105 23.80 

-0.6105 24.14 
0.1221 24.48 
-0.3663 24.82 
-0.3663 25.16 
-0.8547 25.50 

-0.8547 25.84 
-0.3663 26.18 
-0.3663 26.52 
-1.5873 26.86 
-0.6105 27.20 

-0.3663 27.54 
-0.3663 27.88 
-0.6105 28.22 
-0.6105 28.56 
-0.3663 28.90 

0.1221 29.24 
-0.3663 29.58 
0.1221 29.92 
-0.6105 30.26 
-0.3663 30.60 

-0.3663 30.94 
-0.6105 31.28 
-0.8547 31.62 
-0.3663 31.96 
-1.3431 32.30 

-0.8547 32.64 
-0.6105 32.98 
-0.3663 33.32 
-0.1221 33.66 
-0.3663 34.00 
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Figure 4.21 Pyrolysis curves of Utah low-sodium coal at a heating rate of 10 C/ms and a final 
temperature of 900 C. jo 
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Figure 4.22 Pyrolysis curves of Beulah low-sodium coal at a heating rate of 10 C/ms and a final 
temperature of 900 C. 
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products. In addition, the hydrocarbon residence time, more than 

quintupled the NPD products residence time, however, 0 for both 

FID and NPD curves on both figures presents very little difference. 

How these two figures for the coal devolatilizations discussed 

so far compare to the weighting function (WF) is the question that 

occurs to the alert reader. As shown in Table 4.11, both t„̂  and t.,„„ 
FID NPD 

for the WF are greater than their homologues in Figures 4.21 and 4.22. 

On the one hand, the value of t „ for the WF is over twice the t in 
FID FID 

its homologue of Figure 4.21, and over six times the t of 

Figure 4.22. On the other hand, the value of t for the coal pyroly-3 NPD 

sis of Figure 4.21 appears to be seven times less than the tNpD of the 

WF, which is only a few numbers over the t̂ p̂  of Figure 4.22. Further

more, the values of both ©FID and ®NpD in Figures 4.21 and 4.22 double 

more or less (except 0NPD in Figure 4.22) the values of their homologues 

of the WF. This result is definitely a good sign, for 0 physically 

represents the slope of the heating ramp—the smaller 0 is, the faster 

the heating rate. The width at half peak, wĵ 2' seems without any doubt 

smaller for the FID in Figure 4.18 (WF) than in Figures 4.21 and 4.22, 

while the NPD width is relatively the same as the ones in the same 

figures. 

This qualitative analysis leads to the fact that there defi

nitely exist some large differences between the WF of Figure 4.18 and 

the devolatilization outputs of Figures 4.21 and 4.22. These differ

ences indeed represent the rates of devolatilization of the hydrocarbon 

as well as the nitrogenous compounds out of the pyrolyzed coal particles 

and can be analyzed. 



Table 4.11 Values of characteristic param
eters for the weighting func
tion and the coal devolatiliza-
tion outputs. 

0 t Wl/2 
Figure Detector (ms) (ms) (ms) 

4.18 FID 
NPD 

8.947 
8.947 

23.59 
26.03 

3.15 
9.44 

4.21 FID 
NPD 

19.327 
18.583 

55.00 
185.83 

18.70 
18.70 

4.22 FID 
NPD 

18.583 
11.893 

163.53 
31.22 

21.58 
21.58 

4.23 FID 
NPD 

38.25 
49.22 

181.90 
85.60 

4.24 FID 
NPD 

47.8 
42.8 

68.48 
100.58 
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As shown in Figure 4.23, the two outputs present noises, since 

the heating rate introduced to the coal particles by the ribbon is so 

slow (0.1 C/ms) that the particles are heated non-uniformly, and the A/D 

converter has the time to pick up some parasite noises. Even though the 

distortions which occurred in this run are not substantial, the overall 

shapes of the curves still predominate. The NPD compounds come first, 

but for the FID 0 is less than for the NPD curve. The hydrocarbons have 

longer residence time than their counterparts in the same figure. As 

compared to Figure 4.23, the outputs of Figure 4.24 are seriously dis

torted; however, not all the points of these curves need to be taken 

into consideration for the estimate of the devolatilization rate. The 

absolute difference between t„,„ and of Figure 4.23 (90.9 ms) 
FID NPD * 

appears more than double that for Figure 4.24 (32.32 ms), because more 

nitrogenous products diffuse out of the Utah low-sodium coal particles 

than the Beulah low-sodium particles. 

As for comparison with the WF, ®FID and t D values in Figures 

4.23 and 4.24 turned out to be much larger than the WF values. Further

more, ®NpD for the Wf is on the order of more or less five times less 

than its homologues of the coals. 

Once again it turns out that the WF presents enough differences 

with the low heating rate also. So, quantitative devolatilization rates 

which are not part of this work can be obtained in the future. 

A brief comparsion between the high (10 C/ms) and low (0.1 C/ms) 

heating rate figures reveals that the data obtained with the high 

heating rate turned out to be smoother than those obtained with the low 

heating rate. 
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Figure 4.23 Pyrolysis curves of Utah low-sodium coal at a heating rata of 0.1 C/ms and a final 
temperature of 900 c. 
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4.4 Conclusions 

These different experiments led to some valuable conclusions 

which provide some valuable tools for the determination of the weighting 

function and the qualitative estimates of the devolatilization rates: 

1. By running both samples, 2-aminopyrimidine and sucinamide, on 

the flash probe it became possible to opt for one substance (the 

former) for future runs. 

2. Even though the flash probe provides some sharp peaks, the spark 

probe gives the opportunity of a multiple choice for the compar

ison for the weighting function, and also allows bringing the 

hydrogen flow rate back down to the optimization range value, 

i.e., a more stable flame. 

3. The investigation of the samples at different carrier gas flow 

rates also shows the limits of sensitivity of the detectors. A 

correct value of the helium flow (60 cc/min) was consequently 

selected for the runs concerning the different types of coal. 

4. Also, it is fair to point out that, by experimenting with dif

ferent lengths of capillary tubing, dispersion was greatly 

reduced in the system, thus allowing for the determination of a 

weighting function from Figures 4.18-4.20. 

5. Quantitative estimates of the devolatilization rates which are 

not part of this work are rendered possible in the future. 



CHAPTER 5 

DIFFICULTIES, CONCLUSIONS, AND RECOMMENDATIONS 

5.1 Difficulties 

Most of the difficulties that arose were in part technical and 

in part theoretical. The technical problems encountered were surmounted 

as mentioned in the previous chapters. Among those, the most critical 

appeared to be: 

1. The reduction of the capillary length of Figure 2.1 from 245 mm 

to 145 mm. This modification, as pointed out earlier, allowed 

appreciable reduction of dispersion in the system. A brief com

parison of the figures of Tables 4.1 and 4.2 prove this. 

2. The numerous runs using both 2-aminopyrimidine and sucinamide on 

the flash probe. These multiple runs finally gave appreciable 

results from which a choice of 2-aminopyrimidine was finally 

opted for. A short qualitative analysis of the figures of 

Table 4.1 was very informative. 

3. The choice of the carrier gas flow rate at which the weighting 

function, and consequently the devolatilization rates, should be 

evaluated. An intelligent decision was made based on the exper

iments performed at different flow rates with the two organic 

compounds named above. 

As for the theoretical problems encountered during this work, 

they arose right from the beginning due to the lack of information on 

104 
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the different detectors and accessories used; however, a lot of sense 

was made from the little information received and also from the multiple 

test runs and checks performed on these detectors and accessories. 

5.2 Conclusions 

This work was divided, as mentioned before, into two parts, the 

construction-assembly of the equipment and the collection of the data. 

Two separate conclusions were drawn: 

1. The different devices were adequately assembled and rationally 

operated. Each of the detectors was tested and operated sepa

rately before put to work in the system. As far as the reli

ability of the equipment was concerned, these instruments func

tioned rationally in the limits of their design. 

2. From the qualitative analysis of the results of this work, dif

ferent beneficial conclusions were made, and the goal of this 

work was thus attained. The incredible differences between the 

weighting functions of Figure 4.18 and the coal devolatilization 

outputs of Figures 4.21 and 4.24 allow qualitative estimates of 

both the hydrocarbon and nitrogenous compound rates out of the 

pyrolyzed coal particles. A quantitative analysis in the future 

will strengthen the merits of these results. 

5.3 Recommendations for Future Work 

In light of the problems which occurred in the course of these 

experiments, the following guidelines might be of interest for future 

work: 
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The stainless steel capillary system of Figure 2.1 should be 

replaced by a glass or quartz tubing system in order to lessen 

the frequent use of methylene chloride to clean the system. The 

latter attacks the rubidium bead, and consequently lessens its 

life. 

The use of a high-speed display program will facilitate the 

experimental procedures. 

Find an alternative for the electrical heating tape, since the 

tape was a source of parasite noises easily picked up by the 

system. 



NOMENCLATURE 

I Input signal 

L Length of capillary line, mm 

LT Laplace transform 

LT * Inverse of Laplace transform 

M Dispersion number, uL/2D 
E 

0 Output signal 

t Time interval between the beginning of the response and the 

return of the curve to the base line, ms 

T Laplace transform of the weighting function 

v„ Helium flow rate, cc/min 
He 

VQ Volumetric flow rate, cc/min 

V Volume of system, cc 

V Average volumetric flow rate, cc/min 

W, Wi Weighting function of apparatus 

WF Weighting function 

Wl/2 Width at half peak, ms 

II Laplace transform of input 

Q Time interval between the beginning of the response and the 

appearance of the peak, ms 

T Residence time, s 

Laplace transform of output 
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