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ABSTRACT
EXPLORATORY STUDIES OF CONVECTIVE

FLOWS DUE TO ARC TRACKING

Publication No.

Richard R. Mitchell, M.S.

The University of Texas at Arlington, 2007

Supervising Professor: Frank K. Lu

The objective of the research was to develop an understanding of how a flame
propagates through an electronic enclosure. FLUENT®, a Navier-Stokes solver, was
chosen due to its widespread commercial use, the availability of turbulence models and
its ability to handle combustion. The relevance of this study with respect to the
aerospace and domestic appliance industry was shown through case reports. Initial
observations were made on arc discharges, chemical compounds and their relevance to
establishing the flame.

Experimental bench tests highlighted the instigating factors for flame ignition.
The first round of bench testing revealed that solder node separation played an
important role in establishing an arc discharge. Next, a water/Solventol solution was

added to the tests to sustain the arcing of the solder nodes. Once the arc discharge was

il



sustained, the next round of testing moved into the initiation of the flame on a printed
circuit board (PCB). The bench testing showed that a minimum solder node separation
of Imm was necessary to achieve arcing with the water/Solventol solution at 120 VDC.
The results also indicated that ignition of the flame was possible after several seconds of
arcing occurred on the PCB panel. A method of flame suppression, through expanded
metal foil, was suggested.

The control volume was described in detail starting with the computer aided
design drawing in Pro/ENGINEER™. The preprocessing software GAMBIT™ was
used to further simplify the model and to add a finite volume mesh and initial boundary
conditions. The partially-premixed solver was chosen in FLUENT® with a unique
incorporation of the non-premixed and premixed combustion chemistry to establish an
arc and to track the flame front.

Simulation results indicated a flame front propagation with a spark discharge as
the ignition source. Three- and two-dimensional contour plots were used for the flame
front visualization and analysis. Additional volume-averaged analysis of the discrete
phase model burnout rate, species mole fraction, temperature and progress variables
show track the ignition and flame propagation in the control volume. Overall, the
results indicate the successful implementation of a hybrid partially-premixed
combustion model, to simulate arc tracking and flame propagation in a three-

dimensional enclosure.
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CHAPTER 1

INTRODUCTION

1.1 Dramatic Arc Tracking Events

On July 17, 1996: Trans World Airlines Flight 800 crashed off the coast of
Long Island, New York. The final National Transportation and Safety Board (NTSB)
report concluded that a short circuit and subsequent arcing had ignited the center wing
fuel tank of the Boeing 747 killing all 230 people on board [1]. Almost a year later, on
July 5, 1997, another incident of arcing occurred on Northwest Airlines Flight 1446, a
McDonnell-Douglas DC-9. A position light autotransformer connected to a 3 A circuit
breaker shorted out. The high current fused the breaker in the closed position and
melted the surrounding insulation which resulted in “smoke billowing” from the center
instrument panel. The air crew was forced to put on oxygen masks and the aircraft
landed prematurely at Bishop International Airport, Flint, Michigan, without incident
[2]. On December 29, 2000, Delta Airlines Flight 219, a Lockheed L-1011 aircraft, in
flight from San Francisco, California, to Honolulu, Hawaii, encountered turbulence
while flying through a layer of clouds. The crew noted hearing loud popping noises
over their communications equipment while flying through the clouds, which is
associated with a phenomenon known as Saint Elmo’s fire. Soon after the electrical
discharges were heard over the radios, sparks, smoke and a strong acidic smell erupted

from the co-pilots side of the aircraft. It was determined that the strange aroma was the



result of Kapton®, a common aerospace wire insulator, burning as an arc discharge
occurred. Later investigation revealed that a static charge built up on the skin of the
plane as it flew through the clouds. The static electricity discharged through some of
the cockpit equipment and wiring, damaging the Kapton® coating and causing the
smoke [3].

Over four years later, the Canadian submarine HMCS Chicoutimi left Falane,
Scotland in the United Kingdom on her maiden voyage destined for Halifax, Nova
Scotia, Canada. Three days later, October 5, 2004, the submarine had a substantial
amount of water enter through the conning tower. A series of electrical events
eventually lead to the arcing of the main power cables and a fire that spread through two
decks. FEight injuries and one fatality resulted from the incident [4]. After the fires
were contained and outside help arrived, the submarine was towed back to Scotland.

Each of the above examples is a case in which arcing played an important role
that resulted in a disaster or near disaster. Usually, the initial arcing phenomenon draws
enough current to trip breakers, singe wires or disconnect the circuit from the power
supply. However, this “lucky break” is not always so and the results can be
catastrophic. As in the previous examples, arcing can inadvertently ignite aircraft fuel,
fill a cockpit with smoke or almost sink a submarine.

1.1.1  Previous Research in Arc Tracking

Much of the previous research in arc tracking has been conducted within the

aerospace industry including the air and space transportation sectors. The National

Aeronautics and Space Administration (NASA) and the Federal Aviation



Administration (FAA) conducted the majority of the arc tracking and mitigation
research.

1.1.1.1 NASA Research

In the early 1990s, NASA began presenting reports on arc discharge and arc
tracking in a space environment [5-8]. At the time, the Space Station Freedom was in
the last stages of design work with a large price tag and a heavier than expected final
mass. Polyimide and polyimide-compound wire insulators such as Kapton® appeared
to be feasible alternatives to old polymer technology, being well suited for the extreme
temperatures of space. The compounds also helped to reduce the mass of the space
station. Kapton® insulation was a common wire covering that had been used for years;
however, studies showed that degradation of the polyimide insulation could be
significant for space applications [9]. The NASA report reflected the known properties,
benefits and risks with using polyimide [9]. Figures 1.1 and 1.2 illustrate some of the

testing conducted by NASA on potential arc tracking damage.

Figure 1.2. Damage to Kapton® coated wire by arc tracking [5].
3



Requirements for space applications are the most stringent because of the strict
guidelines that must be followed for selecting insulation. Among the general
requirements, the wire insulation must not be flammable, not release toxic gases, not
release aromatic gases, be resistant to inside environment especially moisture and be
resistant to the outside environment (radiation, cold, vacuum) [10]. All of these
requirements are an effort that collectively alleviate, but do not eliminate, the potential
risk of fires in space. “In the space environment, the cables and wires considered to be
critical parts in flammability and toxicity have to meet a large number of operational,
functional, safety and reliability requirements with the supplementary limitations of
space and weight” [10]

Increased understanding of the destructive behavior of Kapton® pyrolysis, arc
tracking and propagation phenomenon were crucial for deploying the new space station.
Some of the initial reports concentrated on the Flexible Current Carrier (FCC) that ran
from the photovoltaic panels to the Space Station Freedom (SSF) [8]. Later reports
focused on arc tracking inside spacecraft with the possibility of flame propagation [6].
One of these reports concluded that wire insulators being used at the time were not

flame retardant after arc tracking occurred [7].
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Figure 1.3. Arc tracking propagation in a low pressure and gravity environment [7].
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1.1.1.2 FAA Research

Reports filed by the National Transportation and Safety Board (NTSB) are
primarily to state the cause of aircraft incidents. Some examples of these reports were
mentioned earlier [1-3]. Continuing the research to understand the foundation of an
aviation safety problem, such as arc tracking, however was deemed the responsibility
the Federal Aviation Administration (FAA).

Congress passed the Aviation Safety Research Act of 1988 after an explosive
decompression of a Boeing 737 in service with Aloha Airlines [11]. The Act enlarged
the FAA mission to include research into the causes, effects and mitigation of fatigue
and environmental degradation of aircraft structures. The FAA later created the Arc
Fault Evaluation Laboratory (AFEL) to investigate electrical ignition of materials and
mitigation techniques [12]. The FAA, with the help of companies such as Eaton
Aerospace, Texas Instruments, Letromechanical Design Company and others, have
conducted multiple investigations on dry arc tracking, arc fault ignition and mitigation,
aircraft material fire testing and interconnection electrical systems [13].

1.1.1.3 Whirlpool Corporation

The Whirlpool St. Joseph Technology Center, located in St. Joseph, Michigan,
was tasked with researching arc discharges and their potential risk in household
appliances. General inspection of these household appliances does not occur as in
routine maintenance schedules of the airlines and in the aerospace industry. However,
much like the airline and aerospace industries, many appliances are kept in homes and

businesses in working order for tens of years. Everyday use can easily result in the
5



appliance suffering progressive housing damage while the mechanical and electronic
components remain in working condition. The circuitry of the appliance may be
exposed to contamination and further damage. Contaminants, especially organic
compounds such as those found in cleaning chemicals, can increase the arcing potential
on printed circuit boards (PCBs).

The inclement nature of arc tracking in domestic appliances recently became
more evident when Maytag® and Jenn-Air® recalled approximately 2.3 million
dishwashers under the advisement of the U.S. Consumer Product Safety Commission
[14]. By February 1, 2007, when the recall was issued, 135 reports of fires that resulted
in property damage and personal injury were filed. The hazard that initiated the
recalled was determined to be a leak in the liquid rinse-aid dispenser. In some cases,
liquid came into contact with the dishwashers’ internal wiring causing arcing and
igniting internal components.

1.1.2  Definitions of Arc, Arc Discharge and Arc Tracking

According to [10], the definition of an arc discharge is a continuous, luminous
discharge of electric current crossing a gap or an insulating surface between two
conductors. The same steady luminous phenomenon is also deemed a glow discharge
[15]. This type of electrical fault does not necessarily draw a large enough current to
trip a breaker or melt a wire, but can create enough Joule heating to damage
surrounding wiring and other components. A simple example of this is a wire with
cracked or missing insulation. Once the exposed wire is energized, it can short to other

electrical or mechanical components (e.g. hydraulic lines).



An arc discharge is described as a high current discharge that occurs when two
electrodes are shorted and then separated [15]. High current flow will allow an arc
discharge to occur over a relatively large gap, connecting the electrode or exposed wire
to another grounding source. High current draw of this nature usually trips breakers or
melt components, cutting off the power supply. However, in some cases the arc and arc
discharge can melt components in the closed, or continuous current flow, position
allowing the discharge to continue for extended periods of time [2].

If the arc and/or arc discharges continue, damage will occur to the surrounding
area. This is the phenomenon of arc tracking. According to [10], arc tracking is an arc
between two or more wires that will sustain itself through a conductive path provided
by the degradation of the insulation. An example of this was described earlier in the
case of the Lockheed L-1011 flying from San Francisco to Honolulu [3]. The strong
aroma smelled by the pilots was a result of the Kapton® wiring being pyrolized, or heat
treated, and releasing the aromatic molecules from the polyimide compound.

1.1.3  Polyimide and Polyimide Compounds

Wiring commonly used in aerospace and other industrial applications contains a
variety and combination of many different polymers. Some such polymer insulations
include polyimide (i.e Kapton ®), tetrafluoroethylene (TFE), and cross-linked ethylene
tetrafluroethylene (PTFE). These polymers also contain some of the same chemical
constituents that were chosen for the FLUENT® simulation model. The polyimide
Kapton®, for example, includes a central nitrogen atom that is essentially surrounded

by carbon atoms and two double bonded oxygen atoms (Figure 1.4).
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Figure 1.4. Polyimide compound structure [16].

It is assumed that initial arcing produces enough energy to break the bonds of
the fluorine, nitrogen and oxygen atoms, thus leaving a pyrolized carbon substance
behind. These carbon atoms have two effects. First, the carbon provides a conductive
path, thereby enabling repeated arcing. Second, the carbon also provides fuel to feed
the electrical fire and create a flame front.

1.2 Arcing Phenomenon in Electronic Circuits

While an arc is defined as a high current discharge that occurs when two
electrodes are shorted and then separated [15], this description is not necessarily what
occurs in electronic packaging. Current investigations by the Air Force and FAA are
examining damaged wire insulation and the effects of arcing on surrounding material
[12,17] The Materials Directorate of the Air Force Research Labs concluded that arc
discharges can occur from four main sources: chemical contamination, mechanical
failure, thermal effects and electrical disruptions [12]. Alone, arc tracking in an aircraft
can be severely damaging to an aircraft. As seen in Figure 1.5, arc tracking inside an
aircraft lead to the rupture of a high pressure hydraulic line. The fluid in the line ignited

when it was exposed to subsequent arc discharges. The crew was able to successfully



land without further incident and the damage was confined to the internal wiring

components.

(a) (b)
Figure 1.5. (a) Location of fire and internal damage, (b) arc discharge location (box) and hydraulic
damage (arrow) [18].

Similarly, contamination of an electronic package can come from many sources.
Dust collection, being one of the most common, is not usually as hazardous or
degrading to protective coatings on electronic components.  However, other
contaminants such as moisture can cause particles to stick to electric components and
connections, such as the solder nodes. In some cases, the moisture may contain other
secondary contaminants such as chemical reagents in the form of cleaning compounds
and detergents. These types of reagents contain organic compounds that can chemically
wear down a PCB’s protective coating and pose an additional arcing threat [19].

In addition to environmental contaminants, another factor in the arcing process
is the high current draw from the shorting of the circuit. When the arc is established the
resistance approaches zero and the high power consumption chars the surrounding
material. Charred polymers can act as either fuel, for an electrical fire, or hazardous

connectors that continue the arcing process. The process by which arcing chars and
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melts the surroundings is called joule heating, which is also referred to as ohmic or
resistance heating. From Ohm’s law, the power dissipated as heat by the electronics is
proportional to the square of the current. The data from [20] shows that the current can
briefly exceed 80 A in a high-power electronic circuit, which exceeds a typical draw of
about 20 A. Thus, the heating can momentarily increase sixteen times. When the
power surge occurs, the electrodes that were once spaced properly are now too close.

1.3 Objectives of the Present Study

The primary focus of the FLUENT® simulation was in creating an initially non-
reactive carbon-rich environment. A medium-volatile coal model, described in later
sections, was used for this purpose. The exact chemistry of the flow will not be the
primary purpose of this study; however, by monitoring the carbon content of the model,
the flame propagation could be followed

The objectives of the study is to (i) localize the cause of arc tracking and
ignition source of the flame and (ii) simulate the same type of ignition and flame front
propagation in an electronic closure by means of a Navier-Stokes solver. Chapter 2
highlights a series of benchtop experiments that isolated the cause of arcing and arc
tracking on a PCB. The spacing and contamination is related to the operating
environment of the PCB as part of a control panel in a dishwasher. The results were
summarized to explain the cause and effect of the arc tracking.

Chapter 3 begins with the creation of a computer-aid design drawing of a
dishwasher control panel. The simplification of the model in Pro/ENGINEER™ is

described, followed by the meshing and application of the initial boundary conditions in
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GAMBIT™., The choice of combustion models is described, followed by the choice of
the solver to create a hybrid arc tracking simulation. The results are summarized in
Chapter 4 with a series 2-D and 3-D of transient contours plots. Chapter 5 is an in
depth analysis of the results. The transient analysis is given more detail and additional

interpretation of the flame front propagation was explored.
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CHAPTER 2
EXPERIMENTAL BENCH TESTS

2.1 Whirlpool Beginnings

Arcing is obviously an undesirable electrical phenomenon that, as highlighted in
Chapter 1, can occur in domestic appliances [14]. In most cases, arcing causes power
disruption by failure of the electrical components. However, in some isolated cases, the
power remains intact, resulting in continuous arcing following by arc tracking and
possibly fire.

The Whirlpool Corporation is an international manufacturer of domestic
appliances with millions being produced annually. Even though the chances of arc
tracking are slim, the Whirlpool Corporation expressed interest in arc tracking research
and mitigation techniques with the University of Texas at Arlington (UTA).

During the fall of 2005, a trip was made to the Whirlpool Corporation Saint
Joseph Technology Center to observe arc tracking tests of a dishwasher. The
experimental work was conducted at a near by facility, nicknamed “The Campus,”
located in Benton Harbor, Michigan. While at the Benton Harbor facilities, the UTA
team was able to take notes, pictures and videos of procedures, equipment used for the
experiment and examine arc tracking first hand (Figures 2.1 and 2.2). All materials

were used as guidelines for the continued work at UTA.
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T Fa

Figure 2.1. neric anel before Figure 2.2. Door panel ready for testing (note

testing (note injection tubes top right; injection tubes are connected to syringes;
courtesy: St. Joseph Technology courtesy: St. Joseph Technology Center).
Center).

After all the testing was complete, two sample PCBs, like the ones seen in the
dishwasher panel (Figure 2.3) were provided to UTA. One PCB, a complete control
board, had not been exposed to any testing (Figure 2.4). The other PCB had previously
been tested and had experienced arc tracking (Figure 2.5). These boards were used to

determine the next phase of testing to be completed at UTA.

Figure 2.3. PCB located inside door pa‘l‘lél' assembly
- Note injection ports tubes located at bottom of
picture (courtesy: St. Joseph Technology Center).
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Figure 2.4. PCB before arc tracking Figure 2.5. PCB after arc tracking (courtesy:
(courtesy: St. Joseph Technology Center). St. Joseph Technology Center).

2.2 UTA Benchtop Experiments

Soon after the visit to the Whirlpool Saint Joseph Technology Center, the
Aerodynamics Research Center (ARC) at UTA began bench tests to evaluate the effects
of contamination. This work was reported in [20].

2.2.1 Separated Node Bench Tests

The original tests conducted at Benton Harbor by Whirlpool were given a
pass/fail grade with respect only to fire prevention. Arc tracking was considered a
consequence of the testing and was not studied in depth. The UTA tests were aimed at
understanding the effects of contamination of the PCB solder nodes on arc tracking. A
benchtop setup was constructed to simulate just the solder nodes, without the PCB or
other potential sources of arcing (Figure 2.6). A solution of one part Solventol (Rooto
Corporation of Howell, Michigan 48843), a commercial cleaner, with four parts
distilled water was mixed to represent household dishwasher contaminant. The
experimental setup was as follows. The on/off switch at the top left corner of Figure 2.6
was used simply as a safety measure. Variable power for the arrangement was supplied

by the autotransformer, second from the left. The autotransformer was equipped with
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an 80A fuse. A multimeter, third from the left, was used to measure the voltage output
from the autotransformer. Power output from the autotransformer went into the power
strip located on the far right. The multimeter was plugged into the power strip and read

to determine the output voltage delivered to the nodes (located at the bottom).

(b)
Figure 2.6. (a) Equipment used for benchtop test and (b) solder nodes placed inside ceramic
holders.

Initial tests placed the solder nodes inclined at a 60 degree angle with two
different spacings of 3.175 mm (1/8 inch) and 1 mm apart. These dry runs were
conducted with no distilled water or no solvent at a maximum supply of 120V DC. No
arcing or unusual phenomenon occurred for any of the dry tests. The results show that

the spacing of the nodes without the influence of any contamination is acceptable.

Figure 2.7. View of initial testing with Figure 2.8. View of initial testing with
solder 1/8 in. apart at angle of 90 deg. solder 1 mm apart at angle of 90 deg.
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Next, the nodes were placed parallel to each other and perpendicular to the
bench. The nodes were sprayed with distilled water. Again, there was no reaction for
the nodes spaced 3.175mm (1/8 inch) apart. However, the nodes spaced at | mm began
to fizzle and experienced a “vapor explosion” at 100 VDC. Further tests concluded that
solder contamination from solder flux was the probable cause of explosion.

During the final testing, the nodes were sprayed with the Solventol solution
[19]. Once again, the 1/8 in. spaced nodes did not show any visible arcing. The 1 mm
spaced notes did however begin to arc at 110 VDC, following by smoke and violent
arcing that burst off the soldering nodes from the wiring.

The conclusion from theses tests attributed two factors that can cause arcing: the
distance of the base of the solder nodes and the mixture (or contamination) that the
nodes are exposed to when power is supplied.

2.2.2 Mounted Node Bench Tests

Following the bench test with successful arcing of isolated solder nodes, the
next set of bench tests was to mount the node on a PCB (Radio Shack), with similar
spacing and wire configuration. A two-node configuration demonstrated a simple
circuit of voltage supply and return Figure 2.9. A four-node configuration demonstrated

a configuration similar to control panels that contained four current driven nodes Figure

2.10.

16



Figure 2.9. Two node test configuration. Figure 2.10. Four node test configuration.
Testing protocol called for the power to be increased in 10 VDC increments.

After each voltage increase, the solder nodes were sprayed with the Solventol solution
and allowed to soak for one minute. The results summarized in Table 2.1 show that
fizzing of the Solventol solution between the nodes began at voltages as low a 30 VDC
and brief arcing occurred as low as 50 VDC. Continual arcing and smoking occurred
for voltages from 90 to 110 VDC. When 120 VDC was applied, the arcing and flame

persisted for 20 s when the nodes blew off.

Table 2.1. Two node experimental test results.

Volts (V) _Arcing (Y/N) Observations
10 N
20 N
30 Y Fizzing
40 Y Fizzing plus arcing
50 Y Brief arcing, then stop
60 Y Brief arcing, build up of Solventol
70 Y Brief arcing, smoke
80 Y Brief arcing
90 Y Arcing, smoke
100 Y Arcing, slight flame
110 Y Arcing, slight flame
120 Y Arcing, then slight flame, 20 seconds later, explosion

The two-node, PCB mounted test concluded with continual arcing, smoke and a
slight flame located at the node pairs. It was assumed that a four-node configuration,

will also present these features.
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Two different tests were performed using the same type of PCB with four solder
nodes. The same procedure was used for each test. The results are summarized in
Table 2. For the first test, slight fizzing of the electrodes began at a low voltage of 20
VDC, followed by bubbling at the nodes at 30 VDC. The solder nodes were relatively
inert until 70 VDC was reached, when a sudden burst occurred followed by sparking
and flickering at the nodes. It was noted that the loud burst sounded very similar to the
popping heard and recorded in the Benton Harbor, Michigan tests. When the voltage
was increased to 80 VDC, the sparking continued until 90 VDC when a small flame
erupted from the board. The second test was less active. A slight blackening at the base
of the solder nodes occurred at 20 VDC. No activity was recorded until 60 VDC when
the nodes smoked slightly. At 70 VDC the nodes smoked again, followed by a bursting

of the nodes and the subsequent end of the test.

Table 2.2. Four node experimental test results.

Test 1 Test 2
Volts (VDC) | Arcing (Y/N) Observations
10 N N
20 N Slight bubbling from Solventol mixture | N  Blackening of base
30 N Bubbling N
40 N N
50 N N
60 N N Slight smoke
70 Y Burst, Flame, sparking and flickering N Smoking, nodes burst
80 Y Sparking, arcing, flame NA
90 Y Flame, continuous sparks NA
100 NA NA NA
110 NA NA NA
120 NA NA NA

Overall, arcing was successfully achieved, followed by unstable flames for test

one. Test two yielded only smoke and the bursting of nodes. However, no continuous
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flame was experienced even with the four-node arrangement. Upon examining the
PCBs purchased from Radio Shack, it was noted that a protective, fire retardant coating
was applied to the board. The original tests conducted by Whirlpool used production

line PCBs that were not coated with the same type of fire retardant film.
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Figure 2.11. Five nde configuration on computer PCB.
Next, a PCB was removed from an obsolete computer, which did not have a
flame retardant coating, and used for mounting solder nodes. This time, five electrodes
were mounted on the board and the same test protocol was used. The results are

summarized in Table 3.

Table 2.3. Five solder node experimental PCB test results.

Volts (VDC) Arcing (Y/N) Observations
40 N
50 N
60 Y Evaporation, arcing from rear
70 Y Arcing, steady smoking
80 Y Arcing, smoking, increase, smoking from back
90 Y Persistent arcing, smoke
100 Y Smoking, arcing
110 Y Smoking, arcing
120 Y Initial flame, arcing
110 (8 min. exposure) Y Initial flame, arcing, flame left side, smoking
120 (10 min. exposure) v fS‘lmokm.g, shght flame, sparking, loss one node,
ame right side
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The tests of the five-node arrangement did not yield any activity from 10 — 50
VDC. At 60 VDC arcing began to occur on the reverse side of the board. The arcing
persisted with increasing smoke as the voltage was increased and solution was added.
The voltage was increased to 120 VDC without the nodes bursting off the board, so an
extended run was conducted. After the board was sprayed with the solution and run for
eight minutes at 110 VDC a slight flame was achieved. When the voltage was increase
to 120 VDC, sprayed again and run for ten minutes, a slight flame was maintained
(Figure 2.12a), followed by a stronger flame (Figure 2.12b). The flame was

extinguished when the power was removed.

(b)
Figure 2.12. (a) Short initial flame located at PCB solder nodes at 120 VDC, (b) longer secondary
flame located at PCB solder nodes at 120 VDC.

2.2.3 Flame Suppression Tests

As part of the series of tests, an attempt at flame suppression was made with the
use of a different PCB board. No solder nodes or voltages were applied during the test.
The main objective was to explore the effectiveness of an expanded metal network in
flame suppression. A clear Plexiglas enclosure was constructed to fit around the PCB
as seen in Figure 2.13. The Plexiglas enclosure simulated the close panel that surrounds

the dishwasher control panel and allowed the flame to be seen.
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A flame accelerant was utilized to ensure the continued combustion. The
accelerant was a mixture of a 1/2 tablespoon of gasoline, a 1/2 tablespoon of two-cycle
engine oil and 55 ounces of polystyrene (Styrofoam™). This was all combined and
stirred occasionally for a period of five hours, when all the foam dissolved. The

mixture was applied to the PCB in a 0.04 in. thick layer, 1 in. by 1 in. square.

Plexiglas
Enclosure

Expanded
Metal

| Accelerant

(@ (b)
Figure 2.13. (a) Side view of Plexiglas container, PCB and expanded metal foil, (b) front view of
same flame suppression testing configuration.

Initial testing of expanded metal did not utilize the plastic enclosure. Instead, a
series of tests placed multiple layers of expanded metal, measuring 6 in. by 2 in.
approximately 2 in. above the ignited PCB to simulate the distance to the enclosure.

Examining Figures 2.14-2.17, it can be seen that one layer of expanded metal
foil did not suppress the flame (Figure 2.14). Two layers of material were more
effective, but a flame can still be seen above the mesh (Figure 2.15). Three layers were
highly effective, but slight flames were still seen through the mesh (Figure 2.16). The
last test used four layers of expanded metal foil and, as seen in Figure 2.17, was

effective in stopping the flame.
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Figure 2.14. One layer of expanded Figure 2.15. Two layers of expanded
metal foil with flame. metal foil with flame.

Figure 2.16. Three layers of Figure 2.17. Four layers of expanded
expanded metal foil with flame. metal foil with flame.

2.2.4 Bench Test Observations

Experiments were performed to isolate the cause of arc tracking between solder
nodes on a PCB when subjected to a Solventol/water solution. The preliminary results
indicate that a minimum spacing of 1mm is susceptible to arc tracking and an initiation
of a flame. The results also indicate a spacing of approximately 3.2 mm (1/8 of an inch)
is adequate in preventing arc tracking.

If arc tracking does occur and a flame is ignited, a unique solution of flame
suppression shown through the use of expanded metal networks. As Figures 2.14-2.17
indicate, the more layers of network, the more effective suppression. One minute tests

show a quenching of the flame with no resulting damage to the enclosure (Figure 2.18).
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(b)
Figure 2.18. (a)One minute flame test with four layers of expanded metal foil, (b) enclosure after
one minute test, black residue with no visible damage.

The use of expanded metal foils is recommended for flame suppression in small
enclosures. Further investigations and testing should be conducted in full-scale

domestic applications to ensure a more realistic environment.
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CHAPTER 3
ESTABLISHING THE COMPUTATIONAL MODEL

3.1 Creating the Model

The first step to starting the simulation in FLUENT® was to create a computer-
aided design (CAD) model of a generic dishwasher door panel. The experiments
observed at both the Saint Joseph Technology Center and the Aerodynamics Research
Center were key to isolating the relevant components for the simulation. Basic
geometry was created in Pro/ENGINEER™, exported to GAMBIT™ for meshing and
run in FLUENT®.

After the successful generation of the CAD model, the governing equations for
the computational model were explored in detail. The partially premixed combustion
model was chosen from the available reaction models in FLUENT®. In particular, a
unique combination of the non-premixed and partially premixed combustion solvers is
detailed, followed by the construction of the chemical constituents. Background into
the basic transport equations of the models are discussed in second section.

3.1.1 Pro/ENGINEER™ Model

A generic CAD model of a dishwasher door panel was obtained from the Saint
Joseph Technology Center. The front and back views (Figure 3.1) show the full door
panel assembly with all of the mechanical parts. Electrical components such as the

wiring, printed circuit board and electrical switches were not included in the model.
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Even though the model was fairly basic and generic, it contained too many details for

the computational model.

1 e
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Figure 3.1. Generic door panel assembly (a) front side and (b) back side.

Disassembly of the door panel began with the back inside cover. Behind the
panel was the control panel holder (Figure 3.2, circled) with additional parts like the

door handle and a separate vent that were not needed.

| I T E I L &
Figure 3.2. Location the control panel holder (circled).
Additional geometry was removed to further simplify the model. Figure 3.3

shows the close-up perspective of the control panel holder. The main interest is the
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outer cover (brown) in Figure 3.3a and highlighted (in red) in Figure 3.3b. This later

became the outer control volume boundary for the computational model.

(a) (b)
Figure 3.3.(a) Magnified image of top panel and (b) control volume highlighted.

Various electrical components lie inside the assembly. The control panel cover
was removed to show the inside components. The PCB holder, seen in Figures 3.4a and
3.4b on the far left in purple, was other volume used from the Pro/ENGINEER™
model. The handle assembly, seen in Figure 3.4a, was removed and replaced with a
rectangular flow blockage. The handle had a gap around the edge that was modeled as

a vent (Figure 3.4b).

(a) (b)
Figure 3.4. (a) Location of PCB holder and flow blockage, (b) flow blockage removed to show vent.

The final simplified model, as seen in Figure 3.5, comprised of two volumes
with many of the geometry assembly line details removed. The flow blockage and
additional vents were added later in GAMBIT™. The approximate dimensions were
9.03 in. in the x direction, 2.36 in. the y direction and 1.7 in. in the z direction.

Additional simplifications were performed in GAMBIT™,
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(b)

Figure 3.5. (a) Front and (b) back isometric views of final simplified model, ready for export.

3.1.2 GAMBIT™ Model

GAMBIT™ is a preprocessing application that was used for its three-
dimensional mesh capabilities and to also apply the initial boundary conditions to the
geometry. Some of the Pre/ENGINEER geometry was subtracted and replace with
walls to simulate the flow blockage from the dishwasher handle. Two outlets were also
added. One outlet was already designed on the control panel holder, as seen in red in
the bottom left-hand portion of Figure 3.8a and bottom right-hand portion of Figure
3.8b. The other outlet was added to simulate the gap between the door handle and top
door panel.

A solid panel, 0.2 in. thick, that measured 4 in. long by 2 in. tall was created.
This panel, the PCB, was positioned inside the PCB holder approximately 0.2 in. from

the holder wall. The PCB was partitioned, or mutually joined, with the PCB holder to
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get rid of extraneous volumes that would otherwise exist in between the solid
geometries and which can create skew elements in the model. The connection of the
two volumes eliminated the gaps between the PCB and the PCB holder, similar to the
way that the board is actually secured. The PCB was also partitioned from the air
volume to establish flow continuity.

The partitioning process is important to ensure that no skew elements are created
between any interfaces. Partitioning also creates a connection between adjacent
volumes for the purposes of solid/solid, solid/fluid or fluid/fluid interactions. Examples
of this include conduction heat transfer between two solids, convection heat transfer

between a fluid and solid or radiation heat transfer between fluids.

(b)

(©) (d)
Figure 3.6. (a) Front and (b) back isometric views before meshing PCB panel, (c)front and (d) back
isometric views after meshing PCB panel.

As seen in Figures 3.6c and 3.6d, a non-uniform tetrahedral volume mesh was

used on the PCB to create a concentration of elements around the fuel inlet site. Since a
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3-D volume mesh was used, the element spacing becomes smaller on both sides of the
board, even though the fuel was injected on one side. The injection site can be seen in
Figures 3.6b and 3.6d.

The PCB holder was meshed next. Since the PCB panel was located inside the
PCB holder, approximately 0.2 in. from the inside wall, a partitioning of the two
volumes was required. This created a solid/solid boundary condition to connect the two
volumes and recreate the seal between the panel and holder. In addition, the PCB
holder had to be partitioned from the control volume to create a solid/fluid boundary

condition. Three-dimensional tetrahedral volume elements were used to mesh the PCB

holder.

(b)
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(©) (d)
Figure 3.7. (a) Front and (b) back isometric views before meshing PCB holder, (c)front and (d)
back isometric views after meshing PCB holder.

The previous steps established separate entities, or partitioned the inner

volumes, from the surrounding control volume. The control volume, for this case, is
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where the combustion and flame front phenomena will take place. The outer walls, as

seen in Figure 3.8a, were meshed with the rest of inner control volumes such as the

PCB panel and the PCB holder.

(b)
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Figure 3.8. (a) Front and (b) back isometric view before meshing control volume, (c)front and (d)
back isometric view after meshing control volume.

3.1.2.1 Mesh Generation and Preprocessing

The approximate dimensions of the model were 9.03 in. in the x direction, 2.36

in. in the y direction and 1.70 in. in the z direction (Figure 3.9).

Ty

Figure 3.9. Control volume with axes for dimensioning.
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The model was non-symmetric and had two inner volumes that were partitioned from
the outer control volume. Smaller spaces between inner volumes such as the inner wall
of the PCB panel (Figure 3.6b) and the inside wall of the PCB holder (Figure 3.7a) were
only a fraction of an inch in separation. Larger gaps between areas such as the outer
control volume walls were, in some cases, over two inches. The large gradients caused
by the differences in the gaps and volume sizes created a problem for most grid
generators. A tetrahedral/hybrid mesh was chosen because it contained the most the
most flexible mesh generator scheme. The Tet/Hybrid, as it is labeled in GAMBIT™,
had the ability to create a mesh compromised of tetrahedral, hexahedral, pyramidal and
wedge elements (Figure 3.10). The TGrid™ option was also selected to create a

volume mesh compromised of mostly tetrahedral elements.

PEEEETE FP

8 node 6 node
(a) (b)

4 node 5 node
© (d

Figure 3.10. Examples of basic volume elements in GAMBIT™: (a) hexahedron, (b) wedge, (c)
tetrahedron, and (d) pyramid [21].

Some initial meshes were generated with the Tet/Hybrid TGrid™ scheme using
a fixed spacing assumption. In essence, the generator determined the smallest gap

between any two edges or surfaces and began the mesh based on that length scale.
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These meshes were unsuccessful as each one generated more than the maximum
number of elements allowed in GAMBIT™. The result was an incomplete mesh and an
error message.

To overcome this error, the edge line nodal points were arbitrarily moved to
create self-imposed meshing gradients. In addition to the aforementioned benefits, the
tetrahedral mesh generator also allowed for the most flexible movement of the edge line
nodal points. These nodal points are located along the outer edges of the geometry and
are the points from which the center volume mesh is generated. By moving these nodal
points, the overall number of elements was reduced, thereby generating a complete
mesh.

The final unmodified mesh contained 89,355 tetrahedral cells in 2 zones, with
191,933 triangular wall faces and 21,206 nodes. The final preprocessing in GAMBIT™
included adding boundary conditions such as the walls, the outlets and one inlet. A
mesh file was created for the export of the model to FLUENT®.

3.2 FLUENT® Reaction Model

Five reaction models are provided in FLUENT® for species transport and
chemical reactions. These are: (i) generalized finite-rate model, (ii) non-premixed
combustion, (iii) premixed combustion, (iv) partially premixed combustion and (v) the
composition probability density function (PDF) transport model. Of these five, the
partially premixed combustion was chosen because it appears best suited, for reasons
later described, to model the problem of a propagating flame front in an electronic

enclosure with partially premixed reactants.
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According to FLUENT®, the non-premixed combustion model is primarily
used for coal combustion whereas the premixed and partially premixed models are used
for gaseous combustion (e.g. methane with air). The non-premixed model is ideal for
systems that are particle laden with multiple fuel streams and char particles. The
premixed combustion model is ideal for characterizing the flame propagation, but it
does not have the capability to use a PDF to predict discrete-phase (volatile and char)
composition of a flow field.

A unique solution is hereby proposed by using a hybrid of these two systems
with the partially premixed combustion solver. In brief, the non-premixed combustion
model allows for an injection of discrete-phase particles and also allows for a premixed
inlet at the same site. However, the model will not track a flame front propagation
whereas the premixed combustion model will track a flame front propagation, but will
not calculate volatile evolution of the fuel constituents. The hybrid approach of the
combustion scheme used the discrete-phase particles, a fuel/oxidizer premixed inlet, and
the progress variable to track the flame through the partially premixed solver.

The series of events that were modeled in FLUENT® are as follows:

(1) As seen in the previous experimental investigations, an arc was sustained for a
period of time before a flame ignited. During this time it is assumed that potentially
combustible gases are released (i.e., the premixed fuel injection).

(1)) An increase in voltage brought on more vigorous arcing that ejected char

particles from the board (i.e. the discrete-phase injection).
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(i) Continued arcing at higher voltage ignited the mixture resulting in a small,
unsustained flame.

According to [22], the partially premixed solver is a combination of the non-
premixed and premixed models. A brief description of the solver is provided in [22],
but no details were given about the coupling of the two models. The transport equations
for the non-premixed and premixed combustion models are presented as found in [22]
and are used to substantiate the hybrid partially-premixed model.

3.2.1 Species Transport and Non-Premixed Combustion

In order to fundamentally understand the partially premixed combustion model,
the governing transport equations must be examined. These are the continuity,
momentum and energy equations, with equations of state and constitutive relations.
These will not be reviewed for brevity except for the species transport equation. The
species transport equation that solves the conservation equations for the local mass

fraction of each species, Y;.

0 ~ -
E(PK)+V'(PVK)=—V'J,-+R,»+S,» 3.1)

The typical assumption of the same diffusivities for the various species equal
reduces the multiple species transport equations to one equation. The new transport
equation becomes a function of the mixture fraction, f.

The mixture fraction, the basis of the non-premixed combustion model, simply
determines the instantaneous thermal and chemical state of the fluid. The equation for /'
is written in terms of the atomic mass fractions [22] as
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f= AT 3.2)

i, fuel i,0x

The subscripts ox and fuel denote the oxidizer and fuel mass fractions of the ith species.
Assuming equal diffusivities, the species transport equation is rewritten as a
function of the mixture fraction. Equation 3.3 is thus the Favre-averaged, mixture

fraction Navier-Stokes equation

%(p7)+ V(i f)=v- [? vfj £, +S,, (33)

where [ is the mixture fraction scalar, S is the source term due to mass transfer; S

is an optional user-defined source term that is not used in the present study. The

mixture fraction is the one of the variables used in the generation of the PDF table.

In addition to the Equation (3.3), the mixture fraction variance, f~, is used to

solve for turbulent chemical interactions. The mixture fraction variance plays an
important role in generating the probability function density (PDF) table, scribed later

in chapter.

%(PF)+ V. (va)= V. (i v?j +C 4, (V?)Z +C,p, %F +S, (3.4)

o,

where f'= f —7; C,, Cy, and o; are predefined constants in FLUENT® and Syger, is

once again a user-defined source term that is not used.
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The equivalence ratio ¢ is defined as the local fuel/air mixture to the

stoichiometric fuel/air mixture

(fuel/air)actual

= T Jackual (3.5)
(fuel/alr)stoichiometric

Consider a combustion system that include a fuel stream (F), an oxidant stream (O) and
a product stream (P). A simple stoichiometric representation can be written as:

F+rO0—(1+7)P (3.6)

where r is the air-to-fuel mass ratio. Equation (3.5) is used to rewrite Equation (3.6),
yielding

¢F+I’O—)(¢+I")P (3.7)

Deducing from the left side of the equation, the mixture fraction can be written in terms
of the equivalence ratio. Equation (3.8) allows for the computation of the mixture

fraction for all conditions from fuel-lean to stoichiometric to fuel-lean conditions.

¢

:¢+r

/

(3.8)

Assuming chemical equilibrium, the thermal and chemical scalar properties of
temperature, density and species fraction are now related to the mixture fraction. In

general, the equation for a non-adiabatic system can be described as:

6, =¢(/.H) (3.9)
where H is the instantaneous total enthalpy based on the mass fraction of each species:
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Equations (3.9) and (3.10) describe the relationships between the mixture
fraction and the resulting scalar quantities of temperature, species fractions and density.
Again, these are calculated assuming a full equilibrium model.

The probability density function (PDF) p(f) is a representation of the fraction of
time that the fluid spends in the state f. Figure 3.11 is a graphical description of a PDF,
showing the time trace of the mixture fraction at a point (right plot) and the probability

density function of f'(left plot).
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Figure 3.11. Graphical representation of PDF [22].

The equation describing the PDF is:

p(f)af = 1im%27,~ (3.11)

T—ow

where T is the period and 7; is the amount of time that /' spends in the band of 4f. The

shape of the probability density function, p( f ), depends on the turbulent fluctuation of
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the state of the fluid ( f ) Actual PDFs depend on experimental observations to
determine the shape of the function.

The PDF describes the state of the fluid at the individual time steps. This can be
used to calculate average scalar values like temperature, density and mass fractions.
For an adiabatic system the mean density-weighted mass fraction and temperature is
computed as a function of the PDF and the instantaneous mass fraction.

1
¢ = [ p(F W (f (12

0

The time-averaged density of the fluid can also be calculated from the shape of the

PDF.
L_plr),
- J‘ p If (3.13)
p orlf)
A PDF Shape
Scalar | pf)=p(f. )
Value |
i % PV o Chemistry Model
ANl S R 04(F)
i/ o7 = T TSTA 257 Scaled
= /4 L2 Variance i 7
1/ / 0= L p(f)o,(f)f
—— Mean ¢
Mixture
Fraction Look-up Table ‘IT, =0 (fi, fi'z)
Figure 3.12. Visual representation of an adiabatic, Figure 3.13. Logic dependence of an
single mixture PDF [22]. adiabatic system [22].

Reacting flows have local, time-dependent thermochemical properties. The

previous relations show the PDF only calculated as a function of the local state f .
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However, non-adiabatic systems, such as particle-laden system (e.g. coal combustion)
that includes heat transfer in the flow, need an additional term because turbulent
fluctuations cause heat loss or gain in the fluid. The enthalpy H is used for this purpose.
A series of joint PDFs are calculated to find the normalized heat loss of the fluid at the

discrete time and location in the fluid, see Figures 3.14 and 3.15.

normalized

heat loss/gain |

PDF Shape
p(f)=p(f.17)

¥ “—"" normalized
heat loss/ga in“

Chemistry Model
0i(f, H)

normalized
heat loss/ gain

Scalar
Value
- 1

01 =] p(t) oy (F H)df

Scaled

- / Variance ‘

— + Mem Look-up Table &; = ¢ (f,%H)
Mixture
Fraction

Figure 3.14. Visual representation of a non- Figure 3.15. Logic dependence of a non-
adiabatic, single mixture PDF [22]. adiabatic system [22].

The previous transport equation has to be altered to include the terms for enthalpy

change as follows:

%(pﬁ)+v-(p\7ﬁ)= V. f—;vﬁ +S, (.14)

where S, accounts for the source terms due to radiative heat transfer with dispersed

phase.
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3.2.2 Premixed Combustion

The next step is to add the premixed combustion theory to achieve a partially-
premixed model. Another transport equation is added to track the flame front
propagation:

0 -
5(pc)+v-(pvc)zv-(§l—éVc]+pSC (3.15)

where ¢ is the mean reaction progress variable, Sc,is the turbulent Schmidt number
and S, is the reaction progress source term.

0 -
5(pc)+V-(pvc)=V-(§f—’Vc]+pSc (3.16)

The transport equation is solved in terms of pS,.

1/4
pS, = AGpM]|: b } Vel (3.17)
where A4 is a constant of the solver, G the flame stretch factor, 7 is a turbulent time
scale, 7. 1s the combustion time scale, A, is the preferential diffusion (heat based) and ¢
is the reaction progress variable.
Premixed combustion also uses a non-adiabatic temperature calculation

k

+k
¢, : th + Sh,chem + Sh,rad (3.18)

Z(on+v -
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where 7 is the enthalpy, S), 4 1s the losses due to radiation and Sy, .y, 1s the gains

due to chemical reactions. This is based on:

S =pS H,,.,Y

h,chem comb™ fuel

(3.19)

where Y. 1s the fuel mass fraction, H,,;, is the heat of combustion for 1 kg of fuel

(defined by user) and S, is the normalized average rate of product formation.

3.2.3 Partially Premixed Combustion

According to [22], the partially premixed solver is a combination of the
previously described non-premixed and premixed combustion models. The premixed
reaction variable ¢ indicates the flame front position. Ahead of the flame front, ¢ =0
and the unburnt mixture is calculated from mass fractions, temperature and density.
Behind the flame front, ¢ =1 and the burnt mixture is calculated by an equilibrium
mixture fraction.

The partially premixed model solves a transport equation for a mean reaction

progress variable ¢ in addition to solving the mixture fraction 7 and the mixture

fraction variance f°. Then, density mean scalars, such as mixture fraction and

temperature, are calculated from the PDFs of fand c.

9= [[o(r.c)p(f.chrdc 620)

Assuming a thin flame, unburnt reactants and burnt products exist, the mean scalars are

determined from:
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6= )plror + (=) (ol G2

The partially premixed model is initialized by the progress variable.

To reiterate, the non-premixed model allows the user to input either a gaseous,
liquid or solid fuel to mix with an oxidizer within a control volume (Figure 3-16a). In
some cases, such as a furnace coal bed, an oxidizer may be injected at high
temperatures over a discrete phase model (DPM) solid fuel (Figure 3-16b). The non-

premixed model allows for either full rich ( f =1) or full lean inlets ( f =0). No other

combination of fuel and oxidizer (0 < f <1) is allowed in FLUENT®.

s

fue] —— =1

DPM Injection, f= 1
Oxidizer, f=0 > [ »
OXi(iZEf = = ()
I
(a) (b)

Figure 3.16. Illustrations of non-premixed systems for (a) separate fuel and oxidizer inlets and (b)
hot oxidizer blowing over DPM injection.

A premixed model allows the user to combine a fuel and oxidizer at the inlet,
but only in a fully premixed ( /' =1) condition (Figure 3.17). The DPM is not allowed
for premixed systems. The premixed combustion model is most commonly used for
gaseous fuel/oxidizer simulations such as methane/air or propane/air. The user can

define a fully burnt (¢ =1) or fully unburnt (¢ =0 ) mixture at the inlet.
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_ f=1
Fuel/oxidizer =
— c¢=0orc=1

Figure 3.17. Illustration of a premixed system.

The partially-premixed model allows the user to combine the non-premixed and
premixed systems. In most cases, the partially premixed is again used for gaseous
combustion [22]. A non-uniform mixture is used at the inlet and injected into a lean, or

oxidizer rich, atmosphere.

Fuel/oxidizer
(0<f<1)

Figure 3.18. Illustration of a partially-premixed system.

A unique approach is proposed here to simulate the partially premixed

combustion inside the appliance control panel. A fully premixed inlet (f =1),

consisting of gaseous coal volatiles and air, was injected with a secondary medium-
volatile DPM solid fuel (Figure 3.19). Both fuels contained the same chemical species,
enabling two discrete fuels to be calculated from a single fuel stream PDF. By avoiding
the secondary fuel stream calculations, the computational time can be drastically

reduced [22].
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The premixed inlet had a mass flow rate 0.008 kg/s of gaseous reactants at an
injection speed of 0.2 m/s. This gaseous fuel was used to simulate the outgassing of the
PCB panel when continual arcing pyrolizes the surrounding material. The DPM model
also had the same mass and velocity rates and was used to simulate the injection of solid
fuel by violent bursting caused by arc tracking. The mass injection rates were
calculated on a scaled basis from [24]. The velocity was assumed to be at or below the

laminar burning velocity [23].

Fuel/oxidizer 0<f<1
+ —-

DPM Injection c=0

Figure 3.19. Illustration of the hybrid partially-premixed system.

As seen from the experimental results in Chapter 2, a flame may not ignite even
though arcing occurs. For the purpose of the computational model, it was assumed that
during this time the surrounding material was being pyrolized, or thermally broken
down, and the electrical components were releasing gaseous fuel. The benchtop
experiments also showed bursting, or strong arc discharges, at the nodes that did not
always ignite a flame. Additionally, it was assumed that during this time the bursting
caused solid particles of carbonized material to be ejected from the PCB. This material

was simulated by the medium-volatile DPM injection.
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3.2.4 Injection Site and Discrete Phase Model

The injection site has to be treated with special consideration. A combusting
solid particle injection will undergo devolatilization or char combustion. In addition to
solving the transport equations, FLUENT® offers the discrete phase model (DPM).
The DPM can be used to simulate injected particles, of a spherical nature, that are
dispersed into the continuous phase. Once the particles are introduced, the trajectories
and the heat and mass transfer of the particles must be calculated. Specifically for this
simulation, the DPM is used to calculate the volatile evolution and char rate of the
medium-volatile coal model.

An injection site was overlaid on the surface of the inlet, as seen in Figure 3.19,
for the mass injection. The injected fuel is described as “combusting particles” that are
reacted with oxygen [24]. In addition, the injection site is giving an “escaped”
boundary condition, allowing the all combusting particles to be freely emitted. The
adjacent walls of the PCB panel and PCB holder are set to the “reflecting” boundary
condition, so all of the DPM particles will rebound off the walls.

3.2.5 Chemical Constituents for Combusting Particles

When coal is modeled by a single mixture fraction, the fuel stream composition
can be input using the conventional approach or an empirical fuel approach [24]. For
the present case the fuel consists of 30.4% volatiles and 69.6% char. References
[23,24] suggest similar chemical constituents. The ultimate analysis, to define the coal

composition, char and volatiles content, is derived as follows.
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Convert the standard coal mole percentages to a dry-ash-free (DAF) model as shown in

Table 3.1.

Table 3.1. Approximated weight percentage of volatiles and char particles in coal [24].

Proximate Analysis | Wt% (dry) | Wt% (DAF)
Volatiles 28 304

Char [c(s)] 64 69.6

Ash 8 -

The ultimate analysis for the DAF model is shown in Table 3.2.

Table 3.2. Weight percentage of coal chemical constituents [24].

Element | Wt% (DAF)
C 89.3

H 5.0

O 34

N 1.5

S 0.8

The sulfur content of the coal can be combined into the nitrogen mass fraction, to
further simplify the model, as listed in Table 3.3.

Table 3.3. Simplified weight percentage of coal chemical constituents [24].

Element | Wt% (DAF)

C 89.3
H 5.0

0 34

N 23

S -

Combine the approximate and ultimate analysis data to yield the following elemental
composition of the volatile stream (Table 3.4).

Table 3.4. Mole fraction of coal chemical constituents [24].

Element | Wt% | Moles | Mole Fraction

C 89.3 | 7.44 | 0.581
H 5.0 5 0.390
0 3.4 0.21 0.016
N 2.3 0.16 |0.013

Total 100 | 12.81 | 1.0
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3.2.6 Spark Ignition Model

Spark ignition is commonly used to initiate combustion at a desired time and
location in a computational model. A physical spark is accomplished by sending a high
voltage across the gap between two electrodes. The spark is relatively quick and its
energy can be several orders of magnitude less than the chemical energy released by the
reaction. The true physical nature of the spark is complicated to describe, so the
modeling is simplified. The governing transport equation is modeled from the premixed

theory. The spark region is set to a burned state (¢ =1) and the density and temperature

quantities are calculated afterwards via

0 -
5(/?0)+V'(PVC)=V'(D,VC)+ pUVe| (3.22)

where D; is the turbulent diffusivity, p, is the density of the unburnt mixture and U, is
the turbulent flame speed. The spark size is very small compared to the grid size, so the
Zimont model is used to simplify the turbulent diffusivity to laminar [24].

0 .
5(,00)+ V-(pic)=V-|(x+D,)Vc]+ pU |V¢| (3.23)

This effectively creates a spark with a decaying exponential characteristic and
propagation behavior.

The spark theory can be used for any combustion model, but it is most
compatible with the premixed and partially premixed combustion models. In some

cases, the spark will only increase the temperature of the immediate area of discharge,
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but will not initiate combustion. This non-trivial matter can be attributed to issues such
as the chemical mixture at the node, spark size and the diffusion rate of the spark.
Simply the flow did not receive enough energy from the spark to initiate combustion
even though ¢ =1 is imposed at that node.

3.3 Boundary Conditions

In addition to applying the hybrid combustion model, boundary conditions must
be applied. The main solver is a three-dimensional, double precision and segregated
model. The double precision solver was used to alleviate errors associated with the
high aspect-ratio grid. The turbulence was computed using the standard x—& model in
FLUENT®. An unsteady or transient solver was chosen to capture the initiation of the
combustion and track the flame front propagation. Additional details and more
comprehensive set up of the boundary conditions are supplied in Appendix C.

The solution was initialized with two patches. The (i) progress variable was set
to zero and (ii) the temperature was set to 350 K. Both patches were imposed on the
entire control volume. These patches were only initial boundary conditions of the
solution and did not have an effect on transient solver. Each time step was determined
and monitored by the solver with an adaptive time step scheme.

Two simulations were run. Each solution started at =0 seconds with the
hybrid model comprising a fully premixed injection and a DPM injection. The DPM
injection was modeled with a medium-volatile coal that contained 69.6% solid char and
30.4% volatiles. For the first transient analysis, a 220 J spark occurred at 1 ms for a

duration of 1 ms. The delay of the spark allowed for the gaseous fuel to propagate
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through the control volume, simulating the volatile release due to arc tracking. The
contour plots do not show the entire simulation because the flame front propagation
decays after 1.01E-3 seconds. The control volume chemistry begins to refill with
combustible particles and contours look vague.

The second simulation initiated combustion also with a 220 J spark but at 1 =10
ms and also for a duration of 1 ms. The contour plots are shown at 10 ms and 10.01 ms

for comparison with the first transient analysis.
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CHAPTER 4
RESULTS

4.1 Description of Contour Plots

The results from the combustion modeling are mostly displayed as two-
dimensional (2-D) cuts or isometric views. In order to properly show the flame front
propagation, two isometric views are shown with complementing 2-D plane cuts. The
2-D plane cut show one top view (x-z plane), one back view (x-y plane) and four
lengthwise views (y-z planes). All eight views are grouped together to make one figure
for each time step. Since a large number of figures are needed to highlight the flow
characteristics, only two time steps are chosen for brevity.

The 3-D isometric views located at the top of each time step figure show the
outline and features of the PCB panel, PCB holder and control volume. The 2-D plane
cuts are also seen in the isometric views to give an approximate location of each of the
planes. The 2-D top view or x-z 01 is a plane cut intersecting the fuel/oxidizer and
spark ignition site. The PCB panel is seen in the 2-D top view as a thick, white line
located at the bottom, right portion of the view. The 2-D back view or x-y 01 is another
plane cut that also intersects the fuel/oxidizer and spark ignition location and is placed
between the PCB panel and PCB holder. The next set 2-D plane cuts are located along
the x-axis of the geometry. The first cut labeled y-z 01, is also located at the

fuel/oxidizer and spark ignition site. Additionally, this plane is perpendicular to an

50



outlet and that seen as a red outline at the bottom of the view. The next plane cut y-z 02
is arbitrarily placed half-way from the first plane and the third plane cut. The third
plane cut, y-z 03 is placed at a contraction of the geometry where an inside wall is
located. This wall is part of the handle assembly and created a potential area of interest.
The last plane cut, y-z 04 is arbitrary located perpendicular to the gaps in the handle
assembly that were modeled as outlets and are seen as red outlines..

4.2 Description of First Transient Analysis

A spark was initiated at 1 ms for the first transient analysis. The data shown at
I ms do not indicate any chemical changes because the spark and associated reactions
did not propagate until the next time step of 10 ps. Proliferation of the chemical
reactions was tracked by the DPM burnout rate, and carbon monoxide, carbon dioxide
and carbon mole fractions. Additionally, flame front verification was monitored by the

temperature and progress variable contours.
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4.2.1 Discrete Phase Model Char Burnout Rates (First Simulation).

According to the non-premixed combustion theory in [24], the DPM char
burnout rate is an indication that the solid char particles are oxidizing. An example
characteristic equation is seen below.

char(s) + Spox (g)—) products(g) 4.1

The following contour plots for the DPM burnout rate show a relatively
diminutive amount of activity, but did still offer visible results. This was mainly
attributed to the small amount of solid fuel that was present when the ignition spark
occurred. The most notable contour change is seen in the 3-D isometric back view and

the 2-D back view (x-y 01). The range of results for both sets of contours is indicated

from 0 — 4E-12 kg/s for the DPM burnouts rate.
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Figure 4.1. DPM burnout rate contours at t = 1.0E-03 sec.
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Figure 4.2. DPM burnout rate contours at t = 1.01E-03 sec.
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4.2.2 Mole Fractions of Carbon Monoxide (First Simulation)

For hydrocarbon reactions, such as coal, Equation (4.1) can yield two primary
products. One of the products, carbon monoxide, is more commonly associated with
the char-oxidizer interaction and is shown in the next set of contours [23]. Section 4.2.3
will highlight the evolution of the other primary product, carbon dioxide.

The first set of contour views are at 1 ms and indicates no production of carbon
monoxide. The second set of contour views are 10 ps after the spark ignition. The
range of results for both sets of contours is indicated from 0 — 1E-9 for the mole fraction

of carbon monoxide.
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Figure 4.3. Mole fraction contours of carbon monoxide at t = 1.0E-03 sec.
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Figure 4.4. Mole fraction contours of carbon monoxide at t =1.01E-03 sec
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4.2.3 Mole Fractions of Carbon Dioxide (First Simulation)

As previously stated, the char-oxidizer yields two primary products. The
second product, carbon dioxide was examined and showed higher mole fraction
concentrations. The first set of contour views were taken at 1 ms and indicated no
production of carbon dioxide. The second set of contour views were taken 10 ms after
the spark ignition. The range of results for both sets of contours is indicated from 0 —

1E-6 for the mole fraction of carbon dioxide.
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Figure 4.5. Carbon dioxide contours at t = 1.0E-03 sec.
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Figure 4.6. Carbon dioxide contours at t =1.01E-03 sec
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4.2.4 Mole Fractions of Carbon (First Simulation)

Most analysis contained in the literature [23-25], assumes solid char is the
predominate reactant available for the oxidation process. However, the differences
between DPM burnout rate and mole fraction contours indicate the solid carbon is not
primary reactant. It was therefore assumed the gaseous carbon was the main source of
fuel for the oxidization process.

As shown from the previous DPM burnout rate and mole fraction contours, a
reaction does occur. The carbon contours are shown for visual reference of the
dispersion of the gaseous volatiles within the control volume. The first set of contour
views were taken at 1 ms and indicated a uniform dispersion of carbon that was
concentrated between the PCB panel and PCB holder. The second set of contour views
was taken at 10 ps after the spark ignition. The contour levels changed and showed the
propagation of flame front away from the ignition source. This ignition point is most
visible in the second set of contours views, on the 2-D back view (x-y 01) as a dark blue
spot. The range of results for both sets of contours is indicated from 0 — 1E-5 for the

mole fraction of carbon.
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Figure 4.7. Mole fraction contours of carbon at t = 1.0E-03 sec.

62




1.00e-05
l 950e-06

9.00e-06
850e-06
8.00e-06
750e-06
7.00e-06
6.50e-06
6.002-06
550e-068
5.00e-06
450e-06
4.002-06
350e-06
3.002-06
250e-06
2.000-06
150e-06
1.00e-08
5.00e-07
0.00e+00

Contours of Mole fraction of ¢ (Time=1.0100e-03)

Jul 29, 2007
FLUENT 8.2 (3d, dp, segregated, pdf20, ske, unsieady)

3-D Isometric Front View

1.00e-05

l 950208
9.00e-06
850208
8.00e-06
7.50e-08
7.00e-06
6.50e-08
6.00e-06
550e-08
5.00e-08
450e-08
4.00e-08
350e-06
3.00e-08
250e-06
2.00e-06
150e-06
1.00e-06 Y
500007 Xz

0.00e+00

Gontours of Mole fraction of ¢ (Time=1.0100e-03) Jul 20,
FLUENT 6.2 (3d, dp, segregated, pdi20, ske, unsteady)

29, 2007

3-D Isometric Front View

1.00e-05
l 950e-06
9.00e-06
850e-06
8.00e-06
750e-06
7.00e-06
6.50e-06
6.002-06

o
3
?

1
3

5.00e-0%
0.00+00

Contours of Mole fraction of ¢ (Time-1.0100e-03) Jul 26, 2007

FLUENT 8.2 (3d, dp, segregated, pdf20, ske, unsieady)

2-D Top View (x-z 01)

1.00e-05
l 950208
9.00e-06
850208

8.00e-06

7.50e-08

3.00e-08
250e-06
2.00e-06
150e-06
1.00e-06 Y

5005703(4

0.00e+00

Gontours of Mole fraction of ¢ (Time=1.0100e-03)
FLUENT 6.2 (3d, dp, segregated, pdi20, ske, unsteady)

Jul 20, 2007

2-D Back View (x-y 01)

1.00e-08
l 950e-06

9.00e-06
850e-06
8.002-06
750e-06
7.00e-06
6.50e-06
6.002-06
550e-08
5.00e-06
450e-08
4.00e-06
350e-068
3.00e-06
250e-06
2.00e-06
1502-06
1.00e-06
5.00e-07
0.00e+00

rz

Gontours of Mola fraction of ¢ (Time-1.01002-03) Jul 31, 2007

FLUENT 8.2 (3d, dp, segregated, paf20, ske, unsteady)

2-DS

de View (y-z 01)

1.002-05
l 950e-08
9.00e-06
850¢-08
8.00e-06
7502-06
7.00e-06
6.502-06
6.00e-06
5502-08
| 5.000-06
450e-08
4.00e-06
350e-06
3.00e-08
250e-06
2.00e-06
150e-08
1.00e-06 Y
500007yl g

0.00e+00

Gontours of Mole fraction of ¢ (Time=1.0100e-03;
FLUENT 6.2 (3, dp, segregated, pdf20, ske, unsteady)

Jul 29, 2007

2-D Side View (y-z 02)

1.00e-05
l 9.80e-08

9.00e-06
8.580e-08
8.00e-06
7508-06
7.00e-06
650e-06
6.00e-06
550e-06
5.00e-06
450e-068
4.00e-06
350e-06
3.00e-06
250e-06
2.002-06
150e-06
1.00e-06
5.00e-07
0.002+00

.

Gortours of Mole fraction of ¢ (Time=1.0100e-03) ul 28, 2007

Jul 28,
FLUENT 6.2 (3d, dp, segregated, pdi20, ske, unsteady)

2-DS

de View (y-z 03)

1.002-05
l 950e-08
9.00e-06
850¢-08
8.00e-06
7502-06
7.00e-06
6.502-06
6.00e-06
5502-08
| 5.000-06
450e-08
4.00e-06
350e-06
3.00e-08
250e-06
2.00e-06
150e-08
1.00e-06 Y
500007yl g

0.00e+00

Gontours of Mole fraction of ¢ (Time=1.0100e-03; i 29,
FLUENT 6.2 (3, dp, segregated, pdf20, ske, unsteady)

29, 2007

2-D Side View (y-z 04)

Figure 4.8. Mole fraction contours of carbon at t =1.01E-03 sec
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4.2.5 Temperature Profiles (First Simulation)

According to [23], solid coal char can ignite at 410 °C (683K) and coal volatiles
can ignite at 350 'C (623K). Therefore, temperature profiles are used in conjunction
with the progress variable, DPM burnout rate and mole fractions to determine the
location of the flame. If the temperature is above the injection temperature of 350 K,
has a progress variable greater than zero, and it producing CO or CO, then it is probable
to assume a flame front. The first set of contour views was taken at 1 ms and indicated
a uniform temperature of 350 K through entire control volume. The second set of
contour views were taken at 10 ps after the spark ignition. The contour levels indicated
a temperature spike at the ignition source with little or no propagation. The range of

results for both sets of temperature contours is indicated from 350 — 700 K.
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Figure 4.9. Temperature contours at t = 1.0E-03 sec.

65




7.00e+02
l 6830402
6.66e+02
6.48e+02
6308402
6.13e+02
5052402
5.78e+02
5.602402
543e+02
5.250402
5.08e+02
4908402
4.73e+02
4550402
4382402
| 4.20e+02
4.032+02
385e102 Y

3.68e402 %
350e+02

Gontours of Static Temperature () (Time=1.0100e-03) Jul 28, 2007
FLUENT 8.2 (3d, dp, segregated, pdf20, ske, unsteady)

3-D Isometric Front View

7.00e+02
l 6830402
6.66e+02
6.48e+02
6.302+02
6.13e+02
5050402
5.78e+02
5.60e+02
543e+02
5.250+02
5.08e+02
4908402
4.73e+02
4550402
4382402
| 420e+02
4.032+02
385e+02 Y
3.682+02 X
350e+02

Gontours of Static Temperature (k) (Time=1.01002-03) Jul 28, 2007
FLUENT 6.2 (3d, dp, segregated, pdf20, ske, unsteady)

3-D Isometric Front View

7.002+02
l 6832402
6.658+02
6482402
630e+02
6132402
595e+02
5.78e+02,
5.60e+02)
5432402
5.25e+02)
5.08e+02]
4902402
4.73e+02
4552402
438e+02
I 4208402
4.03e+02
3852402
3.68e+0%
350e+02

Gontours of Static Temperature (< (Time=1.0100e-03) Jul 28, 2007
FLUENT 6.2 (3, dp, segregated, pdi20, ske, unsteady)

2-D Top View (x-z 01)

7.00e+02
l 6.83e+02
6.656+02
6.48e+02
6.30e+02
6.132+02
595e+02
5.782+02
5.60e+0;
5.432+40;
5.25e+0
5.082+0
490e+0!
4.73e+0
4550402
438e+02
| 2208402
4.03e+02
3850402 Y

3680:03—

3502402

Gontours of Static Temperature (k1 (Time=1.01008-03) Jul 28, 2007
FLUENT 6.2 (3d, dp, segregated, pdi20, ske, unstesdy)

2-D Back View (x-y 01)

7.00e+02
l 6830402
6 65202
6482402
6302402
6130402
5950402
5.780+02
560e+02
543e+02
5.26e+02
5086402
4902402
473e+02
4852402
438e+02
B 4.20e+02
4.03e+02
3850402 Y
368202 ,J_Z

3508402

Contours of Static Temperature () (Time=1.0100e-03, Jul 28, 2007
FLUENT 8.2 (3d, dp, segregated, pdf20, ske, unsieady)

7.00e+02
l 6830402
6.65e+02
6.480+402
6.30e+02
6130402
595e+02
5.780+02
5.60e+02
5.43e+02
5.250+02
5.08e+02
4902+02
4.73e+02
4550402
438e+02
| 4200402
4.03e+02
3850402 Y

368402 >J—z

3508402

Gontours of Static Temperature (kj (Time=1.0100e-03) Jul 28, 2007
FLUENT 6.2 (3d, dp, segregated, pdf20, ske, unsteady)

2-D Side View (y-z 02)

2-D Side View (y-z 01)
| ps g

6650402
6.4Be-02
6300402
6.13e+02
5860402
5.78e+02
5608402
543e+02
5.25e+02
5082402
490e+02
4730402
485e+02
438e402

| 4208402
4030402
385e+02 Y
3.68e+02 >J—z
350e+02 L —

Gontours of Static Temperature () (Time=1.0100-03) Jul 28, 2007
FLUENT 6.2 (3d, dp, segregated, pdi20, ske, unsieady)

2-D Side View (y-z 03)

7.00e+02

l 683e+02 R
6650402 T =
648e+02 \ A
6300402 — .
6.13e+02
5950+02
5.78e+02
5.60e+02
543e+02
5.25e+02
5080402
490e+02
4.73e+02
4565e+02
438e+02

| 420e+02
4.030402
385e+02 Y
3680402 >J—z

350e+02

Gontours of Static Temperature (k) (Time=1.01008-03) Jul 28, 2007
FLUENT 6.2 (3, dp, segregated, pdi20, ske, unsteady)

2-D Side View (y-z 04)

Figure 4.10. Temperature contours at t =1.01E-03 sec
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4.2.6 Reaction Progress Variable Contours (First Simulation)

The progress variable contour plots are a method of tracking the flame front
propagation by the premixed transport equation (Equation 3.15). The variable ranges
from 0 to 1 (0<c¢ <1) depending on the burnt or unburnt species combination. When
¢ =0 the chemical reactions are inert and when ¢ =1 the reactions have gone to full
completion. The products of a completely reacted system are calculated by the PDF
function. The first set of contour views were taken 1 ms and indicated no reaction. The
second set of contour views were taken at 10 ps after the spark ignition. The contour
levels changed and showed the propagation of flame front away from the ignition
source. The second set of contour views indicate the reaction between the gaseous
constituents dominate the flow chemistry. The range of results for both sets of contours

is indicated from 0 — 1 for the reaction progress variable.
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Figure 4.11. Reaction progress variable contours at t = 1.0E-03 sec.
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Figure 4.12. Reaction progress variable contours at t = 1.01E-03 sec
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4.3 Description of Second Transient Analysis

The contours from the first transient analysis indicated that the numerical
modeling was viable, but further analysis was needed to show more prominent results.
The next simulation contained all of the same boundary conditions but the spark
discharge was delayed until 10 ms which allowed for larger concentrations of fuel to be
injected.

The following results are planar and isometric views of the second transient
analysis. The same contour plots, view point and plane cuts were made for the second
analysis as were for the first. Again, all eight contour plots represent one time step and
only two time steps are shown for brevity. The second set of contour data were

examined at the same time step after the spark (10 ps) as the first transient analysis.
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4.3.1 Discrete Phase Model Char Burnout Rates (Second Simulation)

As previously stated in section 4.2.1, the DPM char burnout rate is an indication
the solid char particles oxidizing. The following contour plots for the DPM burnout
rate showed relatively more activity when compared to the first transient analysis.
These differences are most notable around the ignition source. As with the first
analysis, this was mainly attributed to the small amount of solid fuel that was present
when the ignition spark occurred. The most notable contour changes are seen in the 3-
D isometric back view and the 2-D top view (x-z 01), back view (x-y 01) and side view
(y-z 01). The contour plot legend indicates a range of 0 — 4E-12 kg/s for the DPM

burnouts rate.
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Figure 4.13. DPM burnout rate contours at t = 1.0E-02 sec.
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Figure 4.14. DPM burnout rate contours at t = 1.001E-02 sec.
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4.3.2 Mole Fractions of Carbon Monoxide (Second Simulation)

As previously stated in section 4.2.2, hydrocarbon reactions, such as coal can
yield two primary products. The carbon monoxide, more commonly associated with the
char-oxidizer interaction, is shown in the next set of contours. Section 4.3.3 will
highlight the evolution of the other primary product carbon dioxide.

The first set of contour views were taken at 10 ms and indicated no production
of carbon monoxide. The second set of contour views were taken at 10 ps after the
spark ignition. The range of results for both sets of contours is indicated from 0 — 1E-9

for the mole fraction of carbon monoxide
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Figure 4.15. Mole fraction contours of carbon monoxide at t = 1.0E-02 sec.
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Figure 4.16. Mole fraction contours of carbon monoxide at t = 1.001E-02 sec.
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4.3.3. Mole Fraction of Carbon Dioxide (Second Simulation)

As previously stated, the char-oxidizer yields two primary products. The second
product, carbon dioxide was examined and showed higher mole fraction concentrations.
The first set of contour views were taken at 10 ms and indicated no production of
carbon dioxide. The second set of contour views were taken at 10 ps after the spark
ignition. The range of results for both sets of contours is indicated from 0 — 1E-6 for

the mole fraction of carbon dioxide.
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Figure 4.17. Mole fraction contours of carbon dioxide at t = 1.0E-02 sec.
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Figure 4.18. Mole fraction contours of carbon dioxide at t =1.001E-02 sec.
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4.3.4 Mole Fractions of Carbon (Second Simulation)

Even though more solid fuel was injected for the second transient analysis, the
DPM burnout rate and mole fraction contours indicated the oxidization of solid carbon
was not the prominent reaction. As shown from the above DPM burnout rate and mole
fraction contours for the second transient analysis, a reaction does occur. It was
therefore assumed the gaseous carbon was the main source of fuel for the oxidization
process.

The carbon contours are shown for visual reference of the dispersion of the
gaseous volatiles within the control volume. The first set of contour views were taken
at 10 ms and indicated carbon was dispersed throughout much more of the control
volume than the first transient analysis. The second set of contour views were taken at
10 us after the spark ignition. Similar to the first analysis, the dark blue spot located at
the ignition point indicates the oxidization of carbon. The range of results for both sets

of contours is indicated from 0 — 1E-5 for the mole fraction of carbon
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Figure 4.19. Mole fraction contours of carbon at t = 1.0E-02 sec.

81




1.00e-05
950e-06
9.00e-06
850e-06
8.00e-06
750e-06
7.00-06
6.80e-06
6.00e-06
550e-06
5.00-06
H 450e-08
4.00-06
350e-06
3.008-06
250e-06
2.00-06
150e-08
1.00e-06 Y
5.00e-07
0.00e+00

Gantours of Mole fraction of ¢ (Time=1.0010e-02) X
FLUENT 6.2 (3, dp, sagragated, pai20, ske, unsteady)

Jul 30, 2007

3-D Isometric Front View

1.00e-05
950206
9.00e-06
850e-08
8.00e-06
7.502-06
7.00e-06
6.60e-06
6.00e-06
550e-08
5.008-06
H 4560e-08
4.00e-06
350e-08
3.00e-08
2502-06
2.00e-06
1500-08
1.00e-06

5.00e-07 X:

0.00e+00

v

Gontours of Mole fraction of ¢ (Time=1.0010e-02)

Jul 30,
FLUENT 6.2 3, dp, segregated, pdf20, ske, unstaady)

130, 2007

3-D Isometric Front View

1.00e-08
950e-06
9.00e-06

350206
3.00e-06
2502-06
2.00e-06
1508-06
1.00e-08
5.008-0%
0.00+00

Gantours of Mole fraction of ¢ (Time=1.0010e-02) X
FLUENT 6.2 (3, dp, sagragated, pai20, ske, unsteady)

Jul 30, 2007

2-D Top View (x-z 01)

1.00e-05
950208
9.00e-06
850208
8.00e-06
7.502-08
7.00e-06

6.502-06

1.00e-06
5.008-0%
0.00e+00

v

Gontours of Mole fraction of ¢ (Time=1.0010e-02) Jul 30,
FLUENT 6.2 3, dp, segregated, pdf20, ske, unstaady)

130, 2007

2-D Back View (x-y 01)

1.00e-05
950e-06
9.00e-06
8.580e-08
8.00e-06
750e-06
7.008-06
6.50e-06
6.00e-06
5.580e-08
5.000-06
H 450e-08
4.000-06
350e-06
3.00e-06
250e-06
2.000-06
150e-06
1.00e-08 Y

500007 Ly

0.002+00

Gontours of Mole fraction of o (Time=1.0010e-02)
FLUENT 6.2 (3d, dp, segregated, pdi20, ske, unsieady)

Jul 30, 2007

2-D Side View (y-z 01)

1.00e-05
950206
9.00e-06
840e-08
8.00e-06
7.50e-08
7.00e-06
6.50e-06
6.00e-06
5560e-08
5.00e-08
H 450e-08
4.00e-08
350e-08
3.00e-08
250e-06
2.00e-06
150e-06
1.002-08
5.00e-07
0.00e+00

v

-

F

k=

Gontours of Mole fraction of ¢ (Time=1.0010e-02)

Jul 30, 2007
FLUENT 6.2 (3, dp, segregated, pdi20, ske, unsteady)

2-D Side View (y-z 02)

1.00e-05
950e-06
9.00e-06
8.580e-08
8.00e-06
750e-06
7.008-06
6.50e-06
6.00e-06
5.580e-08
5.000-06
H 450e-08
4.000-06
350e-06
3.00e-06
250e-06
2.000-06
150e-06
1.00e-08 Y

500007 Sy

0.002+00

R —

Gontours of Mole fraction of o (Time=1.0010e-02)

Jul 30, 2007
FLUENT 6.2 (3d, dp, segregated, pdi20, ske, unsieady)

2-D Side View (y-z 03)

1.00e-05
950206
9.00e-06
840e-08
8.00e-06
7.50e-08
7.00e-06
6.50e-06
6.00e-06
5560e-08
5.00e-08
H 450e-08
4.00e-08
350e-08
3.00e-08
250e-06
2.00e-06
150e-06
1.002-08
5.00e-07
0.00e+00

v

Gontours of Mole fraction of ¢ (Time=1.0010e-02)

Jul 30, 2007
FLUENT 6.2 (3, dp, segregated, pdi20, ske, unsteady)

2-D Side View (y-z 04)

Figure 4.20. Mole fraction contours of carbon at t = 1.001E-02 sec.
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4.3.5 Temperature Profiles (Second Simulation)

As previously stated in section 4.2.5, solid coal char can ignite at 410 'C (683K)
and coal volatiles can ignite at 350 "C (623K). Therefore, temperature profiles are used
in conjunction with the progress variable, DPM burnout rate and mole fractions to
determine the location of the flame. If the temperature is above the injection
temperature (350 K), has a progress variable greater than zero, and it producing CO or
CO; then it is probable to assume a flame front. The first set of contour views was
taken at 10 ms and indicated a uniform temperature of 350 K through entire control
volume. The second set of contour views were taken at 10 us after the spark ignition.
The contour levels show a temperature spike at the ignition source. However, the
propagation appears to be on both sides of the PCB panel. It was assumed that a large
enough molar concentration of carbon is present on both side of the board to cause a
reaction. Additionally, the spark energy was transmitted to the flow through conjugate
heat transfer (a coupling of conduction and convection heat transfer) to initiate
combustion on the reverse side. The range of results for both sets of temperature

contours is indicated from 350 =700 K.
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Figure 4.21. Temperature contours at t = 1.0E-02 sec.
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Figure 4.22. Temperature contours at t =1.001E-02 sec.
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4.3.6 Reaction Progress Variable Contours (Second Simulation)

As previously described in section 4.2.6, the progress variable contour plots are
a method of tracking the flame front propagation by the premixed transport equation
(Equation 3.15). The variable ranges from 0 to 1 (0 <c¢ <1) depending on the burnt or
unburnt species combination. When ¢ =0 the chemical reactions are inert and when
c =1 the reactions have gone to full completion. The products of a completely reacted
system are calculated by the PDF function. The first set of contour views were taken at
10 ms and indicated no reaction through the control volume. The second set of contour
views were taken at 10 ps after the spark ignition. When compared to the first transient
analysis, the contour levels indicate a much stronger reaction by the greater
concentration of burnt species around the ignition source. Similarly, the contours also
indicate the gaseous fuel dominate the reactions. The range of results for both sets of

contours is indicated from 0 — 1 for the progress variable.
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Figure 4.23. Progress reaction variable contours at t = 1.0E-02 sec.
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Figure 4.24. Progress reaction variable contours at t = 1.001E-02 sec.
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4.4 Discussion of Results

The data above showed the flame front propagation and general characteristics
of the flow at discrete time steps. The contour levels served as a visual aid indicated the
range of results, but did not allow for detailed analysis of the data. Further analysis was
conducted and is shown as volume-weighted averages. According to [22], this method
of data reduction is used to obtain a volume average of mass sources, energy sources or
discrete-phase exchange of quantities. Conventional inlet-to-exit approaches used for
2-D or axisymmetric cases will not work for the 3-D nonsymmetric geometry.
Additional single point analysis does not offer a broad perspective of the flow
characteristics. Therefore, the volume-weighted average was chosen to significantly
reduce the number of data points.

In order to establish the validity of the flame propagation, several volume
averaged data were used to define the flame front based on chemical reaction products.
The data shown in the next section were extracted from the second transient analysis.
Molar concentrations of the fuel and char reactants were higher from this simulation
than the first, which made for easier analysis of the chemical reactions.

Reference [23] describes a flame as a thin region of rapid exothermic chemical
reactions, that is, the flame front is the separation between the products and reactant of
the chemical reaction. The control volume used for the simulation initially had a
78.89% nitrogen and 21.01% oxygen mixture to simulate an air atmosphere. The mole

fraction of the reactants injected into the control volume did of course increase over
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time, however, it is the interaction between all species that was the primary focus for

the analysis. As an example, consider the formation of carbon monoxide:

C +lo — BIK 5 CO,., —94.05 kcal (4.2)
(S) 2 2(g) (g)

The transient system under consideration is 3-D and could not be analyzed from one
specific point. Since the entire system was based on equilibrium reactions a volumetric
analysis was used. Referring to Equation (4.2), a decrease in the volume-weighted mole
fraction either reactant, would increase the volume-weighted mole fraction of the
product. Figure 4.25 validates this statement by showing several reactions over the

duration of the spark.
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Figure 4.25. Volume-averaged mole fractions of C, CO, CO, and O, (second transient analysis).
The mole fractions from Figure 4.25 can be added together for each indicated
time step to achieve an approximate value of 0.2101 (or 21.01% of total molar species).

This indicates that all diatomic oxygen in the system reacted with the gaseous carbon to
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form either carbon monoxide or carbon dioxide. However, the number is only
approximately equal to 0.2101 and does not account for other reactions that are many
orders of magnitude smaller.

According to [23], there are three basic processes for coal combustion. These
are as follows.

1) Drying of solid fuel

2) Devolatilization of the solid fuel

3) Char combustion, which comprises of

1
a. C(;) +EO2(g) = CO(g)

1
b. CO(g) +502(g) = COz(g)

C. C(S) + COZ(g) = 2C0(g)

Step 1 was ignored because the coal was assumed to be dry. Step 2 can be
ignored because the coal volatilization temperature was set to the same temperature of
the injection (350 K). The third step is the most important.

During the third step, namely, char combustion, the products and reactants were
traced by the volume-averaged analysis as seen in Figure 4.25. Generally reaction (a) is
the most prominent for coal combustion [23]. However, the present results shown in
Figure 4.26 indicated that solid carbon did not have a distinguishable connection to the
diatomic oxygen reaction. For most of the spark time, the solid carbon mole fraction
was between 1E-13 to 1E-11. This was eight to ten orders of magnitude smaller than the

rest of the predominant reactions show in Figure 4.25. It is therefore assumed that char
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combustion did occur, as was evident by the DPM burnout rate and temperature contour
plots, but in was not dominant due to the relatively small amount of solid carbon

injected into the control volume.
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Figure 4.26. Volume-averaged mole fraction of solid carbon during spark duration.
Reaction (a) of the char combustion is also the reaction used to track the discrete
phase model (DPM) burnout rate [24]. Figure 4.27 shows the volume-averaged DPM
burnout rate with the volume-average mole fraction of the solid carbon over the
duration of the spark. With the exception of the data point at 0.9 ms, the two variables

have similar behavior. Overall, it was assumed that the DPM was able to track the

reactions of solid carbon even though the mass injected was extremely small.
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Figure 4.27. DPM burnout rate with vol-avg. mole fraction of solid carbon.

Assuming a constant pressure control volume with predominant reactions in the
gas phase, it can be stated the specific heats for the fuel and oxidizer are constant.
Using a calorically perfect gas assumption, the enthalpy is a function of specific heat
and temperature. Therefore, any reaction that causes a change in temperature will have
a direct relationship to the enthalpy. Figure 4.28 verified the relationship between the

two variables and also indicates the flow is dominated by gas phase constituents.
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Figure 4.28. Volume-averaged temperature and enthalpy versus At.

93



Another very interesting phenomenon was the progress reaction variable. The
basic definition of the progress variable is the combination of the reactants/products to
create an unburnt/burnt mixture. Figure 4.29 shows a rapid rise in the volume-averaged
progress variable at 0.1 ms after the initiation of the spark. It is assumed, at this time
step in sharp rise in the progress variable indicates the chemical energy of the reaction
has overcome the input energy of the ignition spark [23]. Additionally, the jump of
burnt reactants from At=0.01 ms to At=0.1 ms is assumed to be further indication a
flame. Overall, Figure 4.29 shows the successful ignition of a flame by spark discharge,

through the volume-averaged progress variable.
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Figure 4.29. Volume-averaged progress variables versus At.
Additional visualization of the above results is show in Figure 4.30. Figure 4.30
(a) shows the 2-D back view (x-y plane) before the spark initiation. Figure 4.30 (b)
shows the first time step, 10 ps, after the spark ignition and is denoted in Figure 4.29.

A progress reaction variable of one is concentrated around the spark ignition site.
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According to previous theory mentioned in [23] this indicates the spark energy is
dominating flow reactions. Figure 4.30 (c¢) shows the progress reaction variable
contours at 50 us after the spark initiation. The time step is also denoted in Figure 4.29
and is first sharp rise in the progress variable indicating the chemical energy of the
reaction is overcoming the input energy. Figure 4.30 (d) shows the progress reaction
variable of one is no longer concentrated around the spark ignition site and the energy

released by the fuel is dominating the progress variable.
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Figure 4.30. x-y plane contours of progress variable at (a) At=0 msec, (b) At=0.01 msec, (c) At=0.05
msec and (d) At=0.1 msec time steps.
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CHAPTER 5

Conclusions and Recommendations

5.1 Conclusions

The demonstration of a partially-premixed combustion model with a spark
discharge for an ignition source was effectively demonstrated. The data indicated that
the dominant reactions were between the gaseous fuel and oxidizer species. However,
reactions did occur between the discrete phase model (DPM) solid fuel and oxidizer.

The benchtop testing data described in Chapter 2 demonstrated that
(1) The solder node spacing on a PCB panel is important in determining if arc
discharges can occur and also in sustaining the arcing when contamination is present.
(i1) Flame front propagation in an enclosed package, such as an appliance, can be
alleviated with expanded metal foil. Additionally, the test data suggested that sustained
arcing causes pyrolization of the surrounding material and possibly the release of
combustible gases.

The results in Chapter 4 indicate that a non-adiabatic, single fuel stream,
probability density function (PDF) can be successfully implemented for a solid and gas
phase fuels of similar chemical composition. Reactions between the discrete solid
phase and the gaseous oxidizer were present while the dominant gaseous phase

reactions also occurred simultaneously.
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5.2 Recommendations and Future Work

As shown in Chapters 4 and 5, through planar and isometric contour plots and
volume-averaged analysis, the flame front is predominantly restricted to the inside of
the PCB panel and the PCB holder. Further work is suggested for the location of safety
features such as the thermistor for shutting down power to the circuit.

Additional simulations are suggested to vary the spark discharge energy. The
data provided was obtained on a desktop computer with a Pentium 4-HT 3.2 GHz
processor and 4 GB of DDR2 memory with an approximate calculation time of 40 hours
for the second transient analysis. The spark discharge energy was discharged over a
very short duration to effectively jump-start the reaction. An increase in computing
facilities can provide adequate storage and simulation time, thus allowing for a longer
duration spark discharge with lower power requirements. As an example, the spark
discharge of the current simulation can be extended from 1 ms to 0.5 s with the same
energy discharge of 220 J. The resulting simulation will decrease the simulated power
consumption from 220 kW to 440 W. However, based on the old simulation
convergence, the new simulation will increase number of time steps from 100 to 50,000
and also increase the number of iterations from 13,000 to 3.5 million.

Generally, the benchtop tests and simulations for the exploratory studies of
convective flows due to arc tracking were successful. Further investigations may yield
a more robust computational model and also optimize the packaging of the simulated

dishwasher control panel. The techniques and simulations could also be extended to
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investigations into arc tracking and flame front propagation in other domestic or

industrial applications.
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APPENDIX A

THE CAD MODEL
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The initial design was a Pro/ENGINEER™ CAD drawing with full production
detail. Only the basic dimensions and contours of the control panel were needed. The

figures show the simplification of the model.

. e R
R
“‘I‘_\‘IHJ\‘\,I‘\A.I

(2) (b)
A 1. (a) Front side and (b) back side of generic door panel assembly.

A 2. Back panel removed to shown inside package (circled)
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A 4. Highlighting the control volume.

- 3 o] 1
nm

A 5. Showing flow blockages inside control volume
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A 6. Removing geometry to show control volume vent in control panel.

A 7. Front isometric view of simplified model.

A 8. Back isometric view of simplified model (PCB holder inside).
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APPENDIX B

MESH GENERATION
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The simplified model was then imported into GAMBIT™. The original import

is shown in Figure B.1 with a solid shade.

B 2. Outer air volume meshed, tetrahedral hybrid mesh.

Once each of the inside parts were meshed individually to obtain proper element
spacing. Working from the inside out will create a fine mesh where the physical

geometry is close together and a coarse mesh where the geometry is farther apart.
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B 5. Inner PCB volume before meshing.
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B 6. Inner PCB after volume is meshed with tetrahedral hybrid mesh.
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APPENDIX C

BOUNDARY CONDITIONS
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After the model is imported into FLUENT®, the geometry was set up for a

transient, partially premixed combustion analysis with a spark ignition present.

1. The mesh was imported and checked for skew elements (Figure C1).
& FLUENT [3d, dp, segregated, pdf20, ske, unsteady] (=[5
File Grid Define Solve Adapt Surface Display  Plob  Report  Parallel Help
Grid Check -~
Domain Extents:
¥x-coordinate: min {(m) = 9.0000008e+AAA, max {(m) = 2_294189%e-001
y-coordinate: min {m) = 9.0000080e+0080, max (m) = 6.005149e-08082
z-coordinate: min {(m) = G.00000080+08A, max {(m) = 4_322572p-002
Uolume statistics:
minimum volume (m3): 4.527864e-011
maximum volume (m3): 1.494369e¢-008
total volume {(m3): 4.128015e—-8064
Face area statistics:
minimum Face area (m2): 1.93473%e-007
maximum face area (m2): 1.440757e-005
Checking number of nodes per cell.
Checking number of faces per cell.
Checking thread pointers.
Checking number of cells per face.
Checking face cells.
Checking bridge faces.
Checking right-handed cells.
Checking face handedness.
Checking element type consistency.
Checking boundary types:
Checking face pairs.
Checking periodic boundaries.
Checking node count.
Checking nosolve cell count.
Checking nosolve face count.
Checking face children.
Checking cell children.
Checking storage.
Done.
b
< >
C 1. FLUENT command prompt showing grid checks passed.
2. The domain was reordered to decrease the computing time (Figure C2)

Checking nosolve face count.
Checking face children.
Checking cell children.
Checking storage.

Done.

»> Reordering domain using Reverse Cuthill-HcKee method:
Zzones, cells, faces, done.
Bandwidth reduction = 1826/1626 = 1.88
Done.

C 2. FLUENT command prompt showing domain reorder.
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3. The model was rescaled to fit the specified dimension (Figure C3).

Scale Grid

Scale Factors Unit Conversion

X ’17 Grid Was Created In [, -
Y1 Change Length Units |
z ’17
Domain Extents
Xmin(in) [o Xmax[inl[o_sa22n
Ymin(n)fo  Ymax(in)[2.36u232
Zmin(in)[o— Zmaxfnl[1.7e18

Scale | Unscale| Close | Help |

C 3. Scaling the grid to meet geometrical constraints.

4. The solver was set for a segregated, 1st order implicit, unsteady, 3-D analysis
(Figure C4).
Solver
Solver Formulation
* Segregated * |mplicit
" Coupled 8
Space Time
& " Steady
& * Unsteady
~
& 3D Transient Controls

[~ Non-lterative Time Advancement
[~ Frozen Flux Formulation

Velocity Formulation Unsteady Formulation
+ Absolute -
" Relative * 1st-Order Implicit

" Znd-Order Implicit

Gradient Option Porous Formulation
* Cell-Based * Superficial Yelocity
" Node-Based " Physical Yelocity

0K | Cancel| Help|

C 4. Setting solver conditions for 3-D transient analysis.
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5. The energy equation was selected. (Define = Modes = Energy...)

6. The standard k—¢ turbulence model was selected (Define 2 Models 2
Viscous...)

7. A discrete ordinate radiation model was used because the optical thickness was
less than one (Define 2 Models = Radiation...).

8. Next, the partially-premixed combustion solver was selected (Define = Models

=2 Species 2 Transport & Reaction...). See Figure C5 for the model menu.

Species Model
Model PDF Table Creation

- off Chemistry Bnundary] Cnnlml} Fl | ITahIe 1 Premi: ‘]

" Species Transport

" Non-Premixed Combustion * Equilibrium " Adiabatic

" Premixed Combustion © Laminar FI | ' Non-Adiabati

" Partially Premixed Combustion

" Composition PDF Transport Operating Pressure [pascal] [1g1325
PDF Options )

Options
¥ Inlet Diffusion
B dary St
¥ Create Table AR L

¥ Empirical Fuel St
I” Compressibility Effects EMIEE e e

Empirical Parameters
Model Constants I

Fuel L Calorific ¥alue [jfk
Turbulence Length Scale Constant [g_g37 uel Lower Calorific Value (ifkg) ,m
Fuel Specific Heat (jfkg-K
Turbulent Flame Speed Constant W uel Specific Heat (kg ’W
Stretch Factor Coefficient ’m

Turbulent Schmidt Number g, 7

0K ‘ Apply| Cancel| Help‘

C 5. Species model menu
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0. An empirical fuel model was chosen for the PDF table (Figure C6).

Species Model

Model PDF Table Creation
- Off Chemistry Boundary l Control I Flamelet] Table } Premixed I
" Species Transport . :
" Non-Premixed Combustion Species Fuel Oxid j SBECiESHLINIES
o Prer!'lixed Com.hustion ) |D |l].581 |l] (: Mass Frac?il:ln
* Partially Premixed Combustion Mole Fraction
G iti rt
position PDF Tr port ||-| ||]_3g ||] e —
(DL @ppilioies o o616 [0 Fuel Kl [359
™ Inlet Diffusion Oxdid 1K
¥ Create Table |" |B'B13 |‘:1 xid (4 [350
[~ Compressibility Effects |5 |[1 |[1 J Boundary Species
Model Constants
List Available Species
Turbulence Length Scale Constant [g_37
Add | Remove
Turbulent Flame Speed Constant |g_c2

Stretch Factor Coefficient [g_24

Turbulent Schmidt Number [g_7

oK | Apply| Cancel| Help‘

C 6. Species Model

The fuel composition contained the following mole fractions:
C=0.581; H=0.390; O =0.016 and N = 0.013.
The oxidizer composition contained the following mole fractions:
N =7889 and O = 0.2101.
The inlet temperature for both the fuel and oxidizer was set to 350 K.
10.  The next step was to set the “spark discharge” to initiate combustion. A spark

energy of 220 J was used for the hybrid model (Figure (C8).
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Spark Ignition Model

Model Shape Parameters Model Parameters
" Off X-Center [in) Energy [j)
™ Fixed Spark Size |1 _he8 | |223
" Time-¥arying Spark Radius
Y-Center [in] Start Time [s]
Shape [1-691966 | [0-61
" Hex 2 P
& Sphere Z-Center [in] Duration [s]
™ Cylinder |“-26 | |l].l3l]1
Initial Radius [in] Diffusion Time [s]
|0.125 | [1e-v5

Select Points with Mouse |

OK | Cancel| Help|

C 7. Spark Ignition menu for initialization of spark in control volume.

11.  After the PDF table was generated a DPM model was created (Define = Models
- Discrete Phase...). The discrete phase will allow for an interaction with the
continuous phase. The fluid of the continuous phase is air...

1) turn on interaction with continuous phase

i1) “Tracking parameters” — 1)max number of steps, 2) step length factor

iil))  “number of continuous phase interactions per DPM iteration” = 25 use
higher values for this parameter for high grid sizes or higher mass loadings; less
frequent trajectory updates can be more beneficial in such problems, in order to
converge the gas phase equations more completely before repeating the trajectory
calculation

iv)  Under “Tracking Parameters” set max number of steps to 10,000 (Figure
C9). The limit on the number of trajectory time steps is used to abort trajectories of
particles that are trapped in the domain

Create the discrete phase coal injection. The flow of the pulverized coal is
defined by the initial conditions that describe coal as it enters the gas. FLUENT® uses

these initial conditions as the starting point for the time integration of the particle
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equations of motion (trajectory calculations). For this case, the total mass flow is 0.008
kg/s. The particles are assumed to be Rosin-Rammler size distribution between 70 and

200 micron diameter.

Discrete Phase Model

Interaction Particle Treatment

¥ Interaction with Continuous Phase ¥ Unsteady Particle Tracking
¥ Update DPM Sources Every Flow Iteration || ¥ Track with Fluid Flow Time Step

Number of Continuous Phase [2p - Inject Particles at
lterations per DPM lteration ZI 15

-

5
Clear Particles

Tracking | Physical Mudels] UDF I Numerics} Parallel]

Tracking Parameters Drag Parameters
Max. Number of Steps Drag Law
|1 L) il |spherica| j

I~ Specify Length Scale
Step Length Factor
5 N

-

0K | Injections... |

Cancel ‘

C 8. Discrete Phase Model menu from FLUENT®.
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12.  Next, the material properties of DPM injection was defined (Define =

Materials...). All thermodynamic data for the continuous phase and formation

enthalpies were extracted from [24] and are seen Table C1.. See Figure C10 and C11

for examples of the control panels.

Materials

Name

Material Type

Order Materials By

|denixture

Chemical Formula

‘mixiure

Fluent Mixture Materials

j * Name
" Chemical Formula

Absorption Coefficient [1fm) |wsggm-cell—based
Scattering Coefficient [1/m] |

Scattering Phase Function |isntm|:|ic

| ‘pdf—mixture j Fluent Database...
User-Defined Database...
Properties
|constarit j j
|0. 625
Viscosity [kg/m-s] |conslant j
|2e-05

=

constant j
|n
-l | =
ChangefCreate | Delete | Close | Help |

C 9. Material data from FLUENT® for combusting material.

Materials

=

Name

Material Type

Order Materials By

|cnal—mu

Chemical Formula

|comhusting—panicle

Fluent Combusting Particle Materials

j * Name
" Chemical Formula

| ||:ua|—mv

j Fluent Database...

User-Defined Database...

Properties

Density (ka/m3] |cunstanl

[z

hana

Cp litkg-K) |cunstanl

e

|1uuu

Thermal Conductivity [wim-k] |cunstanl

[z

|a.nu5u

Latent Heat [jlkg] |cunstanl

[z

Change/Create ‘ Delete

Close ‘ Help ‘

C 10. Materials data
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Table C1. Properties of medium-volatile coal model.

Properties Values
Density , kg/m3 1300
Cp, J/kg-K 1000
Thermal Conductivity, W/m-K 0.0454
Latent Heat 0
Vaporization Temperature, K 400
Volatile Component Fraction, % 28
Binary Diffusivity, W/m-K Se-4
Particle Emissivity 0.9
Particle Scattering Factor 0.6
Swelling Coefficient 2
Burnout Stoichiometric Ratio 2.67
Combustible Fraction, % 67

Note: The values for the Vaporization Temperature should be the same as the fuel
temperature considered previously. The Volatile Component Fraction and Combustible
Fraction should be consistent with the volatiles and char ratios in the approximite

analysis of the coal shown in the Appendix

Single Rate Devolatilization Model

Pre-Exponential Factor (492 ggp
Activation Energy [jfkgmol] |7 ye+g7

Help |

OK | Canccl|

C 11. Devolatilization model.

Kinetics/Diffusion-Limited Combustion Model

Mass Diffusion-Limited Rate Constant [ge—12
Kinetics-Limited Rate Pre-Exponential Factor [g_gg2
Kinetics-Limited Rate Activation Energy (itkgmol] 7 _ge+p7

oK | iCancel| Help |

C 12. Diffusion combustion model limits.
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13.  The combustion was assumed to take place on such a small time scale, so all the

walls control volume walls were given an adiabatic boundary condition.
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