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ABSTRACT

A horizontal flow reactor to conduct cool flame experiment has been set up and
the experiment has been conducted. Different reactor materials and testing conditions
have been tried to create the best environment for hydrocarbon (PRFO, PRF65 and PRF85)
cool flame oxidation. Temperature oscillation range and position has been recorded by 21
thermocouples. Three trials have been performed to discover the correlation between
temperature change and cool flame position. Finally, the suitable conditions for cool
flame oxidation have been obtained. Relation between octane number and cool flame

characteristic has also been discussed.
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CHAPTER 1: INTRODUCTION

1.1 Octane Number

Octane number is used to rank the antiknock property of automotive fuels for
spark ignition or gasoline engines. Ideally, when the spark ignites the fuel-air mixture in
the cylinder, the flame front spreads out smoothly from the spark into the unburned fuel-
air mixture, giving a gradual increase of pressure that pushes to the piston work is
delivered. However, engine knock can occur when the engine compression ratio exceeds
the antiknock limit of the fuel-air mixture that is self-ignition takes place before the spark
is actuated. As self-ignited flame front spreads, hot combustion products behind the flame
front compress the unburned fuel-air mixture, resulting in an increase of temperature.
Radiation and conduction from the burnt mixture also increase the temperature of the
unburned fuel-air mixture. When the unburnt mixture reaches its ignition temperature,
spontaneous ignition occurs and results on uncontrolled ignition and combustion known
as the engine knock phenomena, resulting in decrease of thermal efficiency and damages
to engines (Amann et al., 1989).

Octane number is used to quantify the fuel antiknock property. The higher the
octane number is, the fuel can be used in higher compression ratio engines. However,
proper octane number fuels should be used per specifications of the engines to avoid
engine damages or performance degradation (Nader, 1970). Using lower octane number
fuels than specified will result in bearing wear, piston cracking and valve damages due to
engine knock. The hydrocarbon smog output will also increase because of incomplete
combustion of the fuel. On the other hand, when the fuel with a higher than specified
octane number is used, the pollution will increase if lead compounds or aromatics are
blended in the fuel mixture not to mention the premier paid for higher octane number

fuels.
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Standard test procedure was developed for determining octane number in the
1960s (Drews et al., 1998). Isooctane (2, 2, 4-trymethypentane) was chosen as a reference
fuel with an assigned octane number of 100. The straight chain n-heptane was given an
octane number of zero due to its poor anti-knocking property. The octane number of a
fuel is described as the percent by volume of isooctane that must be blended with n-
heptane to produce a blend having the same anti-knocking characteristics as the gasoline
under study (Ingersoll, 1995). The octane number of a gasoline is determined by
comparing its performance engine tests with the performance of a mixture of isooctane
and n-heptane. The proportions of the mixture are varied until the mixture produces a
knock of same intensity as that produced by gasoline.

Two octane rating methods are commonly used: MON (Motor Octane Number)
and RON (Research Octane Number) (McKetta, 1976). Same reference fuel and same
engine are used, but the test conditions are different. For RON testing, a fixed spark
advance angle is set, and it has a lower inlet temperature and a lower engine speed than
MON testing. For MON testing, a variable spark timing and higher mixture temperature
and faster engine speed are used. The averaged values of RON and MON testing, also
known as Anti Knocking Index (AKI), were commonly used to characterize the anti-

knocking properties of the fuels.

1.2 Cool Flame

Ignition of hydrocarbon-air mixtures can exhibit two-stage phenomena
(Mantashyan et al., 1979). Namely, a low temperature oxidation and followed by a high
temperature, exothermic process, e.g., see Figure 1-1. The low temperature oxidation,
also known as cool flame, is primarily due to the chain branching reactions in the mixture.
It is important to gain good understanding of the cool flame as it is related to the engine

knock phenomena.
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There are many parameters that can have an impact on the presence of cool
flames, For example, the fuel structure, system temperature and pressure, the reaction
chamber surface properties, and methods of ignition can impact the presence or not of the

cool flame (Turns, 2000).

TEMPERATURE, °C

PRESSURE, mm Hg

Figure 1-1: Cool flame and two-stage ignition limit of C3H8 + O2 in a
silica vessel of 5.5 cm diameter. Propane : oxygen ratio, 1:1

Source: Elbe, Guenther von, and Bernard Lewis. Combustion, Flames and Explosions of
Gases, Third Edition. 3 ed. Toronto: Academic Press, 1987.

1.3 Octane Number Determination

In addition to engine-based test methods summarized in the Section 1.1, other

methods were developed to correlate octane number with physical or chemical properties
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of the mixture such as the electrophysical methods used by Pushkin et al. (2002) and near
infrared spectral data examined by Kelly et al. (1989).

Experiments were also conducted in rapid compression machines or in a flat-
flame environment to correlate the induction time or ignition delay with octane number
(Griffiths et al., 1984), as well as in isothermal, cylindrical reactors (Stepanskii et al.,
1981 and Fenske et al., 1969). We adopted the cylindrical reactor in current study, partly
because of the simplicity in the experiments and partly because of major equipment being
readily available in the lab. The isothermal reactor can be modified to examine the

catalytic effects in initiation of cool flames for future studies.
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CHAPTER 2: EXPERIMENTAL METHOD

2.1 Experimental Setup

The experimental set-up consists of 4 major sections: (a) fuel/air feed system, (b)

fuel vaporizer, (c) flow reactor, and (d) exhaust burn-off, as shown in Figures 2-1 and 2-2.

flow (d)
straightener (C) reactor — radiant furnace A
. '
....... p |
mixture exit

fuel-air inlet

_________-_______________________b
\
/

Figure 2-1: Experimental Setup Diagram

Fuel and air were fed in section (a), premixed and vaporized in section (b), and
then entered section (c) for conditioning and principal experimental testing. The

unburned fuel was burned off at the exhaust, section (d).
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Figure 2-2: Experimental Setup

2.1.1 Fuel/Air Feed System

A Gilson 305 pump with 5-SC piston head was used to deliver liquid fuels. The
fuel flow rate ranged from 0.01 to 5 ml/min. Building air was used and the flowrate was
monitored by a mass flow meter, AALBORG AFM2600 in conjunction with an
AALBORG PROM mass flow meter indicator, showing the percentage of maximum flow
of AFM2600 (15 I/min). An air canister was parallel connected to the air feeding line as a
capacitive controller in order to make the air flow more stable.

Sometimes when the pump started pumping, bubbles produced gaps in between of
the pump and fuel tank. Thus, a syringe is connected between them to reduce bubble.

While bubbles appeared in the fuel line, turn the syringe valve to “Syringe Load position”,
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as shown in Figure 2-3, and draw the bubbles and liquid to the syringe, then turn the

syringe valve to “Syringe Injection position” and prime the pump.

- gﬂ
Syringe
Load position

Pump
inlet
—

= =

/Inlet filter 10um

Figure 2-3: Syringe between the Pump and Fuel Tank
Source: Gilson 305 Piston Pump User’s Guide

Syringe
Inject position

C( Run position ==

2.1.2 Fuel/Air Vaporizor
This section was mainly composed of a %, stainless pipe cross and an 8400T15
cartridge heater. After the fuel and air were sent to this section, they were mixed and
heated in the pipe cross, and vaporized by the cartridge heater, which provides maximum
400W heat. This heater has an internal temperature sensor thus the temperature in the

pipe cross can be known from the sensor reading.
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2.1.3 Flow Reactor

After the fuel/air mixture was vaporized, it entered the flow reactor at room
pressure and mixture temperature of 180C. The flow reactor consists of 2 components: (a)
the flow conditioning and flame arrester section, and (b) the test section. The flow
conditioning section is composed by one 6”x% 6” x1” aluminum block and three 6” x 6”
x2” aluminum blocks as shown in Figure 2-4. The first block is the transition for 0.5
pipe to 2.5” diameter hollow part of the second block. The hollow part of the second
block is filled with 3/8” glass beads, forming the porous media and conditioning the flow
into uniform streamline. The hollow part in third block is designed as a cone shape to
reduce the flow recirculation. And the forth block connected the flow conditioning
system to the reactor. To maintain the temperature and prevent heat loss when the
vaporized mixture passed through the pipe and conditioning section, BriskHeat heating
tapes (Model BAST 101006 & 101008) are wrapped around these sections and covered
by high temperature insulations.

The flow reactor was placed inside a radiant furnace (MELLEN EPS-240-90),
which provided an environment to adjust heat loss or heat gain to the reactor. Two reactor
tubes were examined, a quartz and a pyrex tube. The reactor has 1.25” inner diameter
and 1.25” outer diameter. The pyrex tube is drilled with 21 holes and K-type
thermocouples are inserted in to monitor the temperature in the tube. The holes are drilled
in a 90 degree spiral pattern as shown in Figure 2-5. The actual position of each

thermocouple in the furnace is shown in the Table 2-1.
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Figure 2-4: Flow Conditioning and Flame Arrester Section

Table 2-1: Thermocouple Positions in the Reactor

T.C.
No. [ 1 2 3 4 5 6 7 8 9 10 | 11 [ 12 | 13 | 14 | 15 [ 16 | 17 | 18 | 19 | 20 | 21

x(in.)| 3.75 | 4.75| 5.75| 6.75 | 7.75 | 8.75 | 9.75 |10.75|11.75|12.75[13.75|14.75|15.75| 16.75[17.75|18.75|19.75 | 20.75|21.75|22.75| 23.75
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Figure 2-5: Drilled Reactor Tube

2.1.4 Exhaust Burn-off
Exhaust burn-off section is crucial because of the safety issue. It burns the
leftover fuel instead of letting it escape in the lab. The exhaust burn-off section is
connected right after the reactor with an ID: 1.6”, OD: 1.9”, length: 1.5 pipe nipple. It is
a 90 degree elbow filled with 3/32” diameter steel beads (Figure 2-6 & Table 2-2). An
ignitor was placed at the top of the elbow exit, to burn off the unburnt mixture (Figure 2-

7).
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| <]

—
®

Figure 2-6: The Exhaust Burn-off Section

Table 2-2: Description of the Exhaust Burn-off Section

Item Brief Description

1 | Reactor Tube ID: 1.25” OD: 1.5”

2 | Pipe Nipple ID: 1.6” OD: 1.9” Length: 1.5”

3 | Wire Screen

4 | 90° Elbow 1.5” NPT

5 | Steal Beads 3/32” Diameter 1020 Carbon Steel

6 | High Temperature Sealant | Withstands temperatures up to 1100°C

Figure 2-7: Fuel Burn Off at the Reactor Exit.
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2.1.5 Mass Flow Meter Calibration

12

An AALBORG CFM47 mass flow meter with a manufacturer specified accuracy

was acquired in 2010 and used as lab standard to calibrate AALBORG AFM2600 mass

flow meter. It can be seen that the AFM2600 indicates higher flow rate when the actual

flow rate is lower than 2L/min.; and lower flow rate when the actual flow rate is higher

2
than 2 L/min. Using second order relation, the fit can be obtained as y = 0.0285x +

0.3752x + 1.2983. The random error between the data and this fit (error of the fit) is

0.235; the random uncertainty about the fit is 0.086. Therefore the second order

polynomial fit can be stated at 95% confidence asy = 0.0285x2 +0.3752x + 1.2983

+0.086 L/min. The curve is plotted below with its 95% confidence interval as shown in

Figure 2-8.
15 -+
14 -+ o
13 | <& Mass Flow Meter 9;:'
12 | 5b Standard 7
11 4
£10 - P
E A
=7 %
% 8 - } & o
o p
37 ;
E 6 - y = 0.0285x2 + 0.3752x + 1.2983
3 5 R?=0.9962
k3] 5 - ,:’
< ’/:/
4 - gl
3 (>
21 s
16
0 T T T T T T T T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10 11 12
MFM Reading (L/min.)

13 14 15 16

Figure 2-8: AFM2600 Mass Flow Meter Calibration
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2.2 Experimental Procedure

Prior to turning on the experimental setup, the fuel should be prepared. Four fuels
were tested in the experiment: PRFO, PRF65, PRF85, and PRF100. PRF stands for
Primary Reference Fuels, including isooctane, n-heptane and mixtures of these two fuels.
The numbers after PRF is the ratio of isooctane in the fuel by volume (Table 2-3). For
instance, PRF100 is pure isooctane; PRF65 is the fuel that contains 65% isooctane and
35% n-heptane by volume. As mentioned in Section 1.1, this number also represents the

octane number of the fuel.

Table 2-3: Fuel Composition

PRF 0 65 85 100

Octane Number 0 65 85 100
Isooctane (by volume) 0% 65% 15% 100%

n-heptane (by volume) 100% 35% 85% 0%

To start with, the cartridge heater and heating tapes were turned on to 40% - 50%.
This process usually took about 2 to 3 hours to heat the air flow at the entrance of the
reactor to 150C. Once the mixture reached 150C, the furnace was turned on and the
temperature was set to 345C. After the furnace temperature stabilized at 345C and air
flow temperature at the entrance of the reactor reached 180C, the exhaust burn-off ignitor
is turned on and then fuel started being fed. The position of the cool flame was greatly
influenced by the surface condition of the tube. To obtain reproducible results in a new
tube it was necessary to pass the mixture through the reactor for several hours (Barusch et
al., 1951).

Experiments were performed following a strict start-up procedure when any

heating system is turned on. First, experiment conductor wore lab coat and goggle for
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safety; fire extinguisher is prepared in case of any hazardous situation. Second, if not
ready, the valves between fuel tank and pump should be closed; the pump should not be
feeding until the air flow temperature at the entrance of the reactor reached 180C. Third,
it was necessary to wait until the reactor outlet reaches 100 C before pumping fuel so that
there would be no condensation at the reactor outlet. Last, all the electrical heating
system was plugged on a socket, so it is convenient to turn off the heating system by

turning of this central socket if mass smoke or large fire occurred.

After the experiment was done, stop feeding the fuel but let the system run several
minutes before turning off the heating systems. This would make sure the mixture in the
pipe being pushed out and burned at the outlet. Finally, turn off the heating tapes, outlet

ignitor, and furnace.

2.3 Data Acquisition and Arrangement

There were totally 26 thermocouples in the experimental setup. In addition to 21
thermocouples introduced in section 2.1.3, there were 5 thermocouples monitoring the
heating system: cartridge heater, flow conditioning block inlet, flow conditioning outlet,
furnace and exhaust burn-off outlet. These thermocouples were connected to OMEGA
OMB-DAQ-56 data acquisition board and OMB-PDQ?2 expansion board. The boards are
connected to the laptop and DASY Lab software was used to read and save the
temperature that had been measured. The DasyLab interface is shown as Figure 2-9.

There were 26 digital meters displaying the measured temperatures of each
thermocouple. As shown in Figure 2-9, the five digital meters at the upper left was
showing the temperature of cartridge heater, flow conditioning block inlet, flow
conditioning outlet, furnace and exhaust burn-off outlet respectively. The reactor
thermocouples’ digital meter windows are minimized; instead, two charts at the bottom

were showing the temperature depending on time. Thermocouples 1 to 10 were shown in
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the left chart and 11 to 21 were shown in the right chart. Different thermocouples were
labeled by different colors so that it is easier to observe the temperature rise at each
thermocouple. Since DasyLab did not save the chart data, the thermocouple data were
saved as ASC files and read by Microsoft Excel. An example of the saved Excel data is
shown in Figure 2-10. Because the time interval of each datum was 1.68 second, there
were usually more than thousands of data in the file. It is a good idea to take snapshots
while the experiment performer sees the temperature rise from the charts, and then go

back to look up the temperatures at that time.

— M”“"-Z.'i“"“f'.’“ﬁ'm' FurnaceTemperature -
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Figure 2-9: Interface of DasyLab

www.manharaa.com




Home | Inset  Pagelayout  Formulas  Data  Review  View  Awpen @ - = x
= " ) E R = 2
_41 *c"‘ Ccatiori sl - A ][ = =] Siwap e General - ﬂ :@ Normal | Bad Good Neutral Fem 3; i I AutoSum %Ir Eﬁ
“— 33 Copy % - @ Fn-
Paste 2 e e " 5 =% »|[%8 35| | conaitonal Fomat [Colculation | [EISCTSTTNN Exolonator _ | Insen Delete Format Sort& Find &
5% 5 Format Fainter | | B 1 [ On -] || WE B W ]| A Merge & Center = | [ & - % |2 2B | Condtional Format v At el L i Ll
Clipboard i Font i Alignment o Number = Styles Celis Editing
Qa6 - F| 320.32 E]
A [ c D E F G H 1 1 K L M N o ® ol & s T u v w % v

DASYLab - V 10.00.01
Worksheet name: 20 thermocouples
Recording date  : 6/26/2010, 7:37:43 PM
Blocklength  :1
Delta :1.681 sec.
Number of channels : 10
Measuren Write 0 [V Write 1 [V Write 2 [V Write 3 [V Write 4 [V Write 5 [V Write 6 [V Write 7 [V Write 8 [V Write 9 [V Write 0 [V Write 1 [V Write 2 [V Write 3 [V Write 4 [V Write 5 [V Write 6 [V Write 7 [V Write 8 [V Write 5 [V Write 10 [V]
00:07.9 2367 279.77 31212 29229 287.07 31534 33923 32943 3124 34608 35979 3456 3326 344,63 34445 32108 298.98 30732 309.89 27127 21453
00:09.6 23673 27906 3112 29238 287.53 31549 33938 32977 31311 34571 35979 34557 3329 34562 34448 32199 29858 30643  309.06 27056 21418
00:11.3 23675 27933 31111 2926 28759 31534 33896 329.8 31237 34601 359.81 34508 33241 3452 34397 32172 298.85 307.25  309.03 2708 0377
00:13.0 2367 279.36 31117 29321 28817 31512 33883 33009 31249 3458 35974 34575 33257 3449 3436 32099 29843 30716 30939 27035 21368
00:14.6 23666 279.86 31108 29259  287.8 31543 33899 32992 31295 34568 35971 345.69 33278 34484 34415 32196 2983 30679 30918 27025 21418
00:163 23671 27911 31096 293.08 287.98 31543 33962 32095 31286 34613 350,65 34523 33277 344,83 34432 32077 29867 30706 3085 27077 21425
00:18.0 23675 280.26 31126 29201 28749 31548 33959 33037 31249 34598 359.73 34557 33332 34517 34418 320171 29799 306.82 309.18 mz2 2138
00:19.7 23682 280.35 31175 29281 287.92 315.09 33874  330.8 31295 34592 35972 34559 33271 34465 34451 32016 29845 30608 30927 27015 21399
16 00:21.4 23684 279.73 31157 2925 28819 31533 33934 33034 31313 34595 3597 34538 33229 34456 344.02  320.98 29836 30731 3093 2708 21377
17 00:23.1 23686 27934 31221 29277 28743 31579 33974 330 31282 34634 35065 344.83 13268 34443 34426 32116 2983 30715 30896 27089 21415
18 00247 23671 27917 31158 29231 28648 31479 33929 32906 3114 34589 35955 34544  330.65 34489 34405 32019 29836 30727 30836 27049 21418
19 00:264 23648 277.78 3115 2913 285.01 313.53 33889 32812 30857 34507 35939 34313 3294 34420 34414 320.86 2982 30678 30907 27086 21457
20 00:281 23628 27686 31113 29011 282.75 31286 33749 32617 30588 345.07 35923 34119 327.06 34443  343.81 32122 297.84 30666 30887 2711 215
21 00:29.8 23606 27571 31077 28968 28115 31203 33736 32432 30227 34395 359.06 34012 32429 34455 34353 32095 29829 30626 3088 27187 21588
22 00315 23599 27516  310.64 288.61 279.51 3099 33612 32338 29945 34282 35655 3386 32238 4434 34341 32025  297.96 30571 30884 27132 21632
23 00:33.1 23572 27417 31006 289.28 27855 30934 33581 3221 29721 34278 35877 33756 32101 34425 343.53 320.76 29832 30556 30886 2707 21642
24 00:3a8 2356 27368 31034 28803 27766 30894 33502 32103 29458 34236 35866 33638 31937 34435 34386 32034 29704 3054 30835 2711 21689
235 00:36.5 23553 273.77 309.97 287.44 27735 308.05 334.66 320.67 292.44 341.82 358.55 335.56 317.88 344.03 343.77 320.88 298.11 305.16 3084 270.36 216.2
26 00:38.2 23551 273.33 31045 28814 2762 30784 33478 32051 29182 34187 35854 33509 31785 34446 34383 324  297.92 3058 30831 27042 21667
27 00:39.9 23543 27247 31067 287.35 27573 30781 33453 32018 29173 34181 35847 33483 31712 344.03 343.83 320.67 297.22 30549 30864 27057 217.08
28 00:415 23535 27188 31073 287.29 27497 30744 33417 31937 29042 34172 35839 3344 31672 34373 34313 31972 29752 30503 30852 27122 2173
29 0043.2 2353 27228 31006 287.25 27525 307.38 33432 3186 289.89 34123 35833 33385 3159 343.82 34422 320.39  297.7 304.34 308.18 27048  217.49
30 00449 2353 2716 31003 2858 2746 30722 33344 31575 28928 34L11 35827 33325 31538  343.33  343.37 32003 29678 3053 3087 27085  216.83
31 00466 23526 27191 31021 28713 27552 30697 33359 31866 28931 34096 35831 33251 31572 34421 34392 32036 29746 30512 30818 27044 21638
32 00:48.3 235.26 2729 309.99 286.76 27515 306.7 333.19 318.6 289.19 34114 358.26 33285 315.71 344.24 343.19 321.06 297.46 305.15 308.34 270.2 217.86
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32 001499 23524 2724 31036 287.68  274.59 306.3 3331 21887 28891 34L17 358.2 3334 315.6 344 34371 32079 297.49  304.57 30836 270.63 217.11
34 00516 23521 27225 31033 287.28 27456 30648 33371  318.6  287.99 34L35 35817  333.09 31562 343.88  343.28 320.63 29712 305.18 308.24 270.35  217.3
35 00:533 23522 27253 31021 287.25 27431 30575 333.86 318.66 28815 34098 3581 3326 31492 344 34328 32018 296.95 304.63 30815 2705 217.71

36 00:55.0 23521  27L54 31042 287.06 27447 30645 33349 31808 288.24 340.92 358.05 33257 31425  343.6 343.55 31993 29693 304.23 308.52 2709 21717
37 00:56.7 23522 27197 30996 28673 274.65 30636  333.37 317.83  287.96 34028  358.02 332.82 31456 342,99 343.61 320.51 296.75 304.72  308.06 27019 217.17

38 00:584 23517 272 30996 28685 274 30635 33273 31811 287.77 340.62 357.57 33264 314.68 34345 343.09 31984 29632 304.07 3087 27028  217.65
39 01:000 23515 27203 309.84 28691 27425 30629 333.03 31819 287.65 340.64 357.96 33248 31434 343.87 34349 32072 2965 304.56 30805 270.84 217.71
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Figure 2-10: Temperature Data Saved in Excel File

Another issue to mention is that the 21 thermocouples inserted in the reactor were
placed at different axial locations and with varying azimuthal angles that repeat its
location every four thermocouples. As shown in Figures 2-11 and 2-12, no matter the
furnace was turned off or fixed at 345C, in every four thermocouples, and the 2" and 3"
thermocouples have higher temperature than the 1% and 4™ thermocouples. Therefore, it
was meaningless to compare the temperature of different thermocouples; instead, one
should notice the temperature change in one thermocouple depending on time. For
example, as shown in Figure 2-13, when the PRF65 flow velocity is 0.1 m/s, equivalence
ratio is 1, and taking one minute interval, one can find out that temperature oscillates at
the 7" thermocouple and 13" thermocouple, and had 40 and 50 degree jump respectively.

This stands for the cool flame appeared at 9.75” and 15.75” from the reactor inlet.
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Figure 2-11: Reactor Thermocouples at Room Temperature
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Figure 2-12: Reactor Thermocouples when Furnace Was Set to 345C
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Figure 2-13: Temperature Oscillation at Each Thermocouple Taking One Minute time
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CHAPTER 3: RESULT AND DISCUSSION

3.1 Hlumination and Temperature Rise in

Different Material Reactors

Two different material reactors had been tested in this experiment: quartz and
pyrex tubes. Before inserting the thermocouples, the results were expected to see light
emission accompanying with cool flame. In the past, the detection of this radiation, with
the aid of photomultipliers, has been used as a diagnostic of cool-flame formation
(Outllet et al., 1950 & Lucquin et al., 1958). Hence, the first goal of the experiment was
to observe the light emission in the reactor tube. To observe the faint light emission
during the slow combustion, a prism was located on the reactor outlet and a camera was
used to record the visual situation in the reactor through the prism. There was also a K-
type thermocouple probe closely attached to the reactor to measure the temperature of
outer wall of the reactor at 13” from the reactor entrance.

The experiment began with using the quartz tube. Two fuels are tested: isooctane
(PRF100) and n-heptane (PRFO). In order to prevent flashback, the mixture velocity was
started from a higher one to lower one gradually. The experiment started from 0.4 m/s to
0.1 m/s and equivalence ratio 1.06 isooctane (PRF100)/ air mixture velocity by a 0.1 m/s
decrement. Each velocity trial ran at least 30 minutes to coat the reactor wall surface with
hydrocarbon component (Barusch et al., 1951).

During the above tests, no light emission was observed so the mixture was
decreased from 0.07 m/s to 0.02 m/s (Stepanskii et al., 1981) by a 0.01 m/s decrement.
After finishing testing with isooctane, n-heptane was tested following above procedure.
However, neither faint light nor temperature rise was observed.

Then the experiment was tested at equivalence ratio greater than 1 but smaller
than 2. Using isooctane (PRF100) as fuel and fixing mixture velocity at 0.0197 m/s

(Stepanskii et al., 1981), the equivalence ratio was set at 1.2, 1.5, 1.7 and 2.0 for each run.

www.manaraa.com



Again, neither faint light nor temperature rise was observed even the equivalence ratio

was increased. The testing matrix and results are shown in Tables 3-1 to 3-3.

The failure of the test was due to wall termination during the heterogeneous

reaction. At low pressure, the predominant chain termination steps in the gaseous

oxidation are heterogeneous, involving the removal at wall of chain carriers and

branching agents to give inactive products. It was established that base- or salt- coated

reactor vessels destroy HO2 radicals efficiently but boric acid- coated vessel does not

(Fish, 1968).

Table 3-1: Fixing ER=1.06, Changing Mixture Velocity (PRFO, PRF100)

Mixture Velocity (m/s) 0.4 0.3 0.2 0.1
Temperature Oscillation X X X X
Visible Light X X X x

Table 3-2: Fixing ER=1.06, Changing Mixture Velocity (PRF0, PRF100)

Mixture Velocity (m/s) 0.07 0.06 0.05 0.04 0.03 | 0.0197
Temperature Oscillation X X X X X X
Visible Light X X X X X X

Table 3-3: Fixing Mixture Velocity at 0.0197m/s, Changing Equivalence

Ration (PRFO, PRF100)

ER 1.2 15 1.7 2.0
Temperature Oscillation X X X X
Visible Light X X X X
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Therefore, the reactor material was switched to pyrex, which was also known as

borosilicate tube. Following the testing procedure of quartz reactor test, no visible light

were observed. However, there was temperature oscillation detected by the attached

thermocouple probe after a 4-hour run. At first this oscillation has a maximum rise of

500C, but after 4 minutes the temperature rose to 1400C and higher, as shown in Figure

3-1. Also, after the experiment, yellow deposits could be found on the tube wall as shown

in Figure 3-2. This shows great evidence that pyrex tube did provide a better environment

for combustion process. The testing condition of the success trial is shown in Table 3-1.
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Figure 3-1: Temperature Oscillation at Middle of Reactor and Outlet
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Figure 3-2: Yellow Deposits on Reactor Wall

Table 3-4: Testing Condition of the Successful Trial

Fuel n-heptane (PRFO)
ER 0.93
Mixture Flow Speed 0.3m/s
Fuel Rate 1.19 ml/min.
Air Rate 11 l/min.
Inlet Temperature 180C
Furnace Temperature 345C
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3.2 Suitable Conditions for the Experiment

After knowing there was an actual combustion process in the experimental setup,
the pyrex reactor with inserted K-type thermocouples was tested. In this test, the goal is
to find out a suitable condition that makes the picked fuel (PRFO, PRF65, PRF85, and
PRF100) work in the experimental setup. Since PRFO was successfully tested and the
temperature rise was discovered before, the experiment began with PRF65, feeding high
velocity of mixture to low velocity.

In this test, the equivalence ratio was fixed at 1 but different parameters such as
furnace temperature, inlet temperature and mixture velocity were adjusted in order to find
the best temperature oscillation. Using PRF65, as the mixture velocity was set at 0.1 m/s,
inlet temperature 182C, furnace temperature 350C, the temperature oscillations started
being observed (Figures 3-3 and 3-4). As Figure 3-5 shows, the temperature rose from
355C to 380C at the 7" thermocouple, and rose from 350C to 395C at the 13"
thermocouple, while the other thermocouples remained at very stable temperature.
Although the 13™ thermocouple has the maximum temperature rise, it is also noticeable
that the 7" thermocouple was the first position where cool flame starts.

However, under the above condition but using PRF85, the temperature oscillated
at the same position but disappeared after 3 minutes. Therefore, it was a good idea to turn
the flow velocity slightly lower to increase the residence time in the reactor.

While the inlet temperature remained at 182C and furnace temperature 350C,
turning down the mixture velocity to 0.085 m/s, more clear oscillation was observed at
the 7" and 13" thermocouple, as shown in Figures 3-6 and 3-7.

If the furnace temperature was turned down to 345C under above conditions, even
more clear temperature oscillations (shorter oscillation time periods) could be observed at
the 7" and 13" thermocouple as shown in Figures 3-8, 3-9 and 3-10. With furnace
temperature going lower, temperature oscillations disappeared. This indicated that the

best condition to run this experiment was shown as Table 3-2.
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Figure 3-3: Temperature Oscillation of Thermocouple 1-10 (v= 0.1 m/s, Inlet
Temperature 182C, Furnace Temperature 350C.)
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Figure 3-4: Temperature Oscillation of Thermocouple 11-21 (v= 0.1 m/s, Inlet
Temperature 182C, Furnace Temperature 350C.)
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Figure 3-5: Temperature Oscillation in the Reactor Per Minute (v= 0.1 m/s, Inlet
Temperature 182C, Furnace Temperature 350C.)
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Figure 3-6: Temperature Oscillation of Thermocouple 1-10 (v= 0.085 m/s, Inlet
Temperature 182C, Furnace Temperature 350C.)
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Figure 3-7: Temperature Oscillation of Thermocouple 11-21 (v= 0.085 m/s, Inlet
Temperature 182C, Furnace Temperature 350C.)
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Figure 3-8: Temperature Oscillation of Thermocouple 1-10 (v= 0.085 mi/s, Inlet
Temperature 182C, Furnace Temperature 345C.)
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Figure 3-9: Temperature Oscillation of Thermocouple 11-21 (v= 0.085 m/s, Inlet
Temperature 182C, Furnace Temperature 345C.)
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Figure 3-10: Temperature Oscillation in the Reactor Every 15 Seconds (v= 0.085 m/s,
Inlet Temperature 182C, Furnace Temperature 345C.)
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Table 3-5: Testing Condition of the Most Clear Temperature

Oscillation
ER 1
Mixture Flow Speed 0.085m/s
Fuel Rate 0.383 ml/min.
Air Rate 3.12 I/min.
Inlet Temperature 182C
Furnace Temperature 345C

Following the above experimental condition but gradually decreasing the flow
velocity to 0.05 m/s, the temperature oscillated but less obvious as shown in Figures 3-11
and 3-12. From Figures 3-13 and 3-14, one can found that the temperature at 13"
thermocouple did not jump and the maximum temperature position shifted to the 8"
thermocouple. Also, the maximum temperature change range was averagely 25C degree,
almost half of it when the flow velocity was 0.085 m/s. As the flow velocity went to 0.04
m/s, the temperature oscillation disappeared. The conditions also worked for PRFO and
PRF85 but not for PRF100. PRF100 was tested by changing many other parameters but
failed to derive the ignition.

From the result above, it can be tell that for PRF65, a better result can be found
when the equivalence ratio is 1, the mixture velocity is 0.085m/s, the inlet temperature is

about 180C and furnace temperature at 345C.
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Figure 3-11: Temperature Oscillation of Thermocouple 1-10 (v= 0.05 m/s,
Inlet Temperature 182C, Furnace Temperature 345C.)

Figure 3-12: Temperature Oscillation of Thermocouple 11-21 (v=0.05 ms,
Inlet Temperature 182C, Furnace Temperature 345C.)
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Figure 3-13: Temperature Oscillation in the Reactor (v= 0.05 m/s, Inlet Temperature
182C, Furnace Temperature 345C.)
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Figure 3-14: Temperature Oscillation at the 8" Thermocouple (v= 0.05 m/s, Inlet
Temperature 182C, Furnace Temperature 345C.)
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3.3 Comparison and Discussions of the Three Trials

After finding out the suitable conditions of this experiment, three runs were
performed and the results were compared. All the results are shown in Figures 3-15 to 3-
20. As Figure 3-15 shows, there are two y-axes: the dimensionless length on the left and
the temperature on the right y-axis. The “x” in the figure indicates the position where
initial cool flame appeared, and the red bar stands for the temperature jump in that potion.

Since there was more than one position that the temperature had oscillated, the
two remarkable oscillation positions were compared: one is the initial cool flame position,
where was the closest position from the reactor inlet that the temperature jumped more
than 10 degrees. The other one is the maximum temperature oscillation position, where
the temperature had the largest rise in the reactor. For example, as shown in Figures 15
and 16, using PRFO as fuel, one can know that the first position that cool flame had been
discovered was at the 0.242 of the reactor length from the entrance, and the temperature
jumped from 328C to 341C averagely. Its largest temperature rise was at the 0.495 of the
reactor length, and temperature rose from 342C to 414C. For PRF65, the first position
that cool flame had been discovered was at the 0.410 of the reactor length, and at that
position the temperature rose from 358C to 375C. The largest temperature rise was at
0.663 of the reactor length, and temperature rose from 353C to 383C and so on.

From Figures 3-15, 3-17 and 3-19, one finds that for all the trials, the initial cool
flame positions were the same except PRF85 in the third trial, which the initial cool flame
position was at 0.873 instead of 0.915 from trial 1 and 2. In other words, in trial 3, the
cool flame started to be discovered at 1” prior to the initial cool flame position of trial 2
and trial 3. This can be interpreted as the cool flame propagated upstream slightly. The
temperature rising ranges were similar but not exactly the same.

This indicates that the initial cool flame was reproducible in certain position;

however, the temperature rising ranges were not be able to control.
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Figure 3-15: The Initial Cool Flame Positions and Temperature Rise of Trial #1
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Figure 3-16: The Maximum Temperature Change Positions and Range of Trial #1
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Figure 3-17: The Initial Cool Flame Positions and Temperature Rise of Trial #2

1 - - 420
0.9 - X - 410
08 - 400

-390 __
0.7 1 380 2
06 L 370 S

-

S 05 % - 360 ®
0.4 - - 350 &
03 | - 340 §

1 330 ©
0.2 = I
0.1 - - 310

0 . : . : 300
0 20 40 60 80 100
PRF

Figure 3-18: The Maximum Temperature Change Positions and Range of Trial #2
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Figure 3-19: The Initial Cool Flame Positions and Temperature Rise of Trial #3
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Figure 3-20: The Maximum Temperature Change Positions and Range of Trial #3
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From Figures 3-16, 3-18 and 3-20, one finds that for all the trials, the maximum
temperature rise positions were the same: PRFO at 0.495, PRF65 at 0.663 and PRF85 at
0.916. The maximum temperature positions followed the similar pattern with the initial
cool flame positions. The initial cool flame position and maximum temperature
oscillation position of PRF65 were 0.168 behind those of PRFO. However, both of initial
cool flame and maximum temperature oscillation position fell at 0.915, where almost the
end of the reactor located. From Figure 3-22, one can see that the average temperature
rise of PRF85 was the lowest among the three fuels. Therefore, it can be conjectured that
there would have another maximum temperature oscillation position after 0.915 if the
reactor was long enough, and that position would be 0.168 behind 0.915, which would be
1.084. That is, if one could make the reactor 26” long, one may see another maximum
temperature oscillation at 25.75”. In this case, due to the experimental setup constraint,
the initial cool flame position would be a more reliable

From Figure 3-21, one can find that the initial temperature rising range did not
follow an actual rule. In the first trial, the temperature rising range increased as the octane
rating increased, but the second and third trail were different. PRF65 had the largest
temperature rise in these two trials. However, it is obvious that in Figure 3-22, the
maximum temperature rise in each run seemed favor lower octane rating. PRFO had
averagely 66C degree jump; PRF65 had 44C degree jump and PRF85 had 22C degree
temperature jJump. This phenomenon was due to the chemical structure of the fuel. Under
same condition, lower PRFO (n-heptane) has larger temperature jump than isooctane in a

JSFR reactor (Ciajolo et al., 1998).

www.manaraa.com



36

35

30

25

20 mTl

T(c)

15 mT2

mT3
10

PRFO PRF65 PRF85

Figure 3-21: Initial Cool flame Temperature Rising Range for 3 Trials
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Figure 3-22: Maximum Temperature Rising Range for 3 Trials
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CHAPTER 4: CONCLUSIONS AND RECOMMENDATIONS

4.1. Summary of Conclusions

Many methods were developed to determine octane number by correlating it with
specific parameters. The present study built upon and modified from the experiments
conducted by Stepanskii et al. (1980). Major findings of this thesis research can be
summarized as follows:

A first, surface property of reactor material was a key factor affecting the
occurrence of cool flame. Borosilicate or pyrex is recommended. Second, visual light
emission was not observed when the temperature oscillation was recorded or when the
cool flame was present. Third, the temperature rise of the cool flame experiments was
typically below 100C. Fourth, the experimental conditions that resulted in cool flame for
PRFO, PRF65 and PRF85 were set to following conditions: air as oxidant, equivalence
ratio equal to 1, inlet temperature at 182C, furnace temperature at 345C, and mixture
velocity at 0.085m/s. Fifth, after performing the three trials under the above condition,
one can tell that the lower the fuel octane number is, the larger temperature oscillation it
would have. Lastly, the onset of cool flame seemed to be correlated with the fuel octane

number and the position moved downstream when the fuel octane number was increased.

4.2 Future Works and Recommendations

For the whole experiment, it took too much time to warm up (usually 2-3 hours).
The heating system can be improved to speed up heating. Besides, a software having self-
monitoring function is recommanded. In this way, computer can find out the time of
temperautre oscillation and this will help to save time during the experiment as well as

postprocessing. In the future, in addition to running more trials to obtain more data, one

www.manaraa.com



38

can also use simulation softwares such as Fluent to simulate the experiment, and the

results can be compared to actual experiment.
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