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ABSTRACT

High speed Schlieren video and pressure trace analyses were
used to study turbulence effects on burning velocity in a constant
volume combustion chamber. Lean propane-air and lean methane-air
mixtures of equivalence ratios between 0.75 and 0.96 were ignited
at 101 kPa and 296 K. Schlieren images of flame growth were
recorded at 2000 frames per second while combustion chamber
pressure was simultaneously recorded. Turbulence was generated by
pulling a 60% solid, perforated plate across the chamber prior to
ignition. Turkulence intensity at ignition was up to 7 m/s with
2 mm integral scales for the propane-air tests and 8 mm integral
scale for the methane-air tests. In the analysis, the turbulence
parameters during combustion were adjusted for the effects of decay
and rapid distortion in a closed chamber;

Results from both video and pressure trace analyses show the
expected linear relationship between turbulent burning velocity and
turbulence intensity. Moderate changes in equivalence ratio from
0.75 to 0.95 had negligible effects on this relationship when
normalized by laminar burning velocity. The normalized relationship
was not affected by small changes of integral scale of the order of
20%. In studfing the flame growth from the ignition spark up to
55 mm flame radius, it was found that the effectiveness of
turbulence increased dramatically as the flame grew. While the
relationship of burning velocity to turbulence intensity remained
linear, the linear coefficient increased with increasing flame
size. It was also shown that this linear coefficient can be

expressed as a function of the flame size normalized with the



integral scale.

The measured relationships were compared with values predicted
by -the model of Abda2l-Gayed and Bradley. Their two~eddy theory
over-predicted flame growth rate of these data. Alternatively,
since the flame growth rate increased with flame size, it could be
extrapolated that the two-eddy theory would be correct when the

flame diameter is about 55 times larger than the integral scale.
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NOMENCLATURE

atm atmosphere

a pressure exponent

A ampere

b temperature exponent

c normal strain

Cy dependence coefficient
c capacitance

¢, C,, .. coefficients determined from experimental measurements

C, linear coefficient
°c degree celsius

div division

dr, - change in pre-ignition radius of unburned gas
dat time step

D diameter

F Faraday

GC gas chromatograph
Hz Hertz

ips inch per second

I current

kHz 10 Hertz

kPa 10° Pascal

K degree Kelvin

lorlL litre
m meter

min minute



ml 102 litre

mm 10? meter

mJ 10 Joule

ns 102 second

P pressure

P, pressure after combustion of the element
P, initial pressure (before ignition of the element)
Pou maximum pressure rise

Q heat loss

r flame radius

r.m.s. root mean square

) o radius of combustion wave

r; pre-ignition radius of unburned gas

S previous flame radius

R universal gas constant

Roomb hydraulic radius of vessel

R, turbulent Reynolds number u'A/v

s second

S, turbulent burning velocity

S, laminar burning velocity

Sw reference laminar burning velocity (at T; and P
t time

T temperatu:e

T initial temperature

T, temperature of unburnt gas

Timepy, time required to achieve maximum pressure

u fluctuation component of velocity
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Aol
uF
Hoe
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root mean square turbulent velocity or turbulence
intensity

turbulence intensity including the effects due to rapid
distortion

mean component of velocity

internal energy of reactant

internal energy of product

specific volume

volt

voltage before ignition

voltage after ignition

volume of element after combustion

volume of element before ignition

watt

work of compression

distance downstream of the perforated plate
laminar flame thickness

Kolmogorov scale

specific heat ratio

specific heat ratio-of burnt gas

specific heat ratio of unburnt gas

Taylor microscale

integral scale

integral scale after correcting for density change
10% Faraday

ratio of turbulent kinetic energy in the r direction

ratio of turbulent kinetic energy in the @ direction
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P

ratio of turbulent kinetic energy in the a direction
kinetic wviscosity

equivalence ratio

density

initial density

compression factor



CHAPTER 1: INTRODUCTION

1.1 Objectives

This thesis describes an experimental study of the effects of
turbulence intensity and eddy scales on premixed, lean, propane-air
and methane-air burning velocities in a closed combustion chamber
with homogeneous decaying turbulence.

Lean propane-air and methane-air mixtures of equivalence
ratios between 0.75 and 0.96 were ignited at 101.3 kPa and 296 K to
investigate the effects of turbulence intensity on propagating
premixed flames growing from spark kernels. The turbulence
intensity at ignition was varied from 0 to 7 m/s. The integral

scale was either 2 mm or 8 mm.

1.2 Reasons For Study

Cleaner and more efficient burning is vital for all internal
combustion engines, especially as air pollution, the green house
effect and rising fuel prices are become increasingly important
issues. Leaner mixtures can ensure more complete burning, lower
pollution and allow the use of higher compression ratios which can
lead to higher thermal efficiencies ([HS87, LA87, D081, Vs78)'.
Leaner mixtures also result in slower burning. As a consequence,
increasing heat loss and poor combustion timing may lead to lower

efficiency. In addition, slow burning may lead to knock, misfire

! symbols in brackets, [], designate reference.



and increased cyclic variability in spark ignition engines.

Both methane and propane are common hydrocarbons. Methane is
the major component in natural gas. Wwith lower prices, abundant
supply in Canada, and cleaner burning compared with gasoline,
methane and propane are considered attractive alternative fuels
(PC89). As gases under room conditions, methane and propane are
easy to use and analyze experimentally. Furthermore, there are
published results for comparisons. These comparisons can lead to
confirmation of some fundamental results. By the same token, the
results obtained from this study can be useful to other researchers

in this area and serve as guidelines for future work.

1.3 Outline Of Study

Turbulence is known to influence the burning characteristics
of a combustible mixture [Mo90, Mc88, LK76, BL75, OH71, BT37].
However, there are still discrepancies from one study to another
about the effects of turbulence on burning rates..

This research is an extension of previous studies by Modien
(Mo90), McDonell ([Mc88], and checkel and Thomas [CT83, Ch81]. The
experimental apparatus used is the same as that used by Modien
(Mo90] and McDonell [Mc88) with the addition of a gas chromatograph
and a high speed video camera. McDonell [Mc88] pointed out that the
largest possible error in his experiments could be attributed to
uncertainty in the gas mixtures composition. With the use of a
highly accurate gas chromatograph in this study, the gas mixture

composition discrepancy can be minimized. In addition, the actual



components of the fuel and dry air supply can be analyzed.

As compared with the study done by Modien [Mo90], this study
covers a wider range of turbulence intensity with more experimental
runs. Furthermore, both methane and propane are used as fuels in
this study along with improvements in experimental apparatus and
improved analysis.

The next chapter reviews the theory behind this experimental
study and its analysis. Chapter 3 discusses the experimental
apparatus with references to detailed design. It also details the
actual experimental procedure. Chapter 4 reports and discusses
laminar burning results. Chapter 5 presents and discusses turbulent
combustion results. Conclusions are drawn in Chapter 6 which

includes various recommendations.



CHAPTER 2: THEORY AND BACKGROUND STUDIES

This chapter c¢ovars the theory and analysis used in this
experimental study. it also reviews previous studies, including the

analyses used by other investigators.

2.1 Perforated Plate Turbulence

Turbulence intensity and integral scale are two major
parameters involved in this study. The present turbulence
generation system utilizes the same perforated plates used in
Modien [Mo90] , McDonell (Mc88] and Checkel (ch8é). Thus, the
turbulence decay models from Checkel (unpublished work) and
McDonell ([Mc88) are adopted.

Conventional hot wire anemometry was used in earlier studies
by McDonell and Checkel ([Mc88, Ch86] to measure the decaying
turbulence behind the perforated plates. The fluctuation velocities
were measured directly in the wind tunnel, while integral scales
were obtained as the auto-correlation of these velocities. Limited
ensembles of turbulence decay cycles in the combustion chamber were
compared with the detailed decay results in the wind tunnel. Both
McDonell and Checkel demonstrated comp:rable results between
turbulence in the combustion chamber and those in the wind tunnels.
These measurements and comparisons are detailed in McDonell [Mc88]

and Checkel [Ch86].



A simple turbulence decay model is expressed as:

where u = fluctuation component of velocity

U = mean component of velocity

X = distance downstream of the plate

D = hole diameter

Earlier studies such as [UW67, CC66, BPS51, Fr48] of grid-generated
turbulence used power law decay to describe the inertial subrange.
By assuming isotropic turbulence, Frenkiel (Fr48) found that the
decay exponent c; was -5/7. Baines and Peterson [BP51] obtained the
same exponent over a limjted range of turbulence behind a grid. The
results from McDonell [Mc88] and Checkel (unpublished work) are
tabulated in Tables 2.1 and 2.2 respectively. The values for the
exponent, c,, obtained by McDonell and Checkel are slightly higher
but within reasomable agreement with earlier researchers.

Hinze [Hi75) explained the grid-generated turbulence in this
way. As turbulence grows to its full development, larger eddies
produce smaller eddies through inertial interaction, thereby
transferring energy to the smaller eddies. At the same time,
viscosity effects (dissipation) become more and more important for
the smaller eddies. The relationships between the scales and the

turbulence decay are expressed as Eguations 2.2, 2.3 and 2.4.



A X\ 6
2 = g 2.2
5 = (D)
whers A = integral scale
A X, S
L = - 2.3
5 =% ()
where A = Taylor microscale
n . Xy 2.4
5 c, ( D)
where n = Kolmogorov scale

The values for these coefficients and the exponents obtained by

McDonell are tabulated in Table 2.1.

Table 2.1 : McDonell's Coefficients And Exponents (10 < X/D < 40).

Checkel (unpublished work) separated the decay of turbulence
into three regions. This was done to better cover a wide range
(including the inhomogeneous region) over which decay is not well
represented by a single power law equation. The coefficients and
exponents are tabulated in Table 2.2.

The new model tabulated in Table 2.2 is used throughout this

study for calculating the turbulence intensity and integral scale.



2
The old model by McDonell, tabulated in Table 2.1, is used for

estimating Taylor microscale and Kolmogorov scale for completeness.
Figure 2.1 shows the comparisons between these two models in terms

of turbulence decay. In general, the two models agreed reasonably

well.

Table 2.2 : Coefficients And Exponents For 5 < X/D < 40.

Region

5<X/D<10 10.96 -1.812
F|X/D<14.3 0.38 0

10<X/D<20 | 2.627 -1.191 F
[ 14.3<x/D 0.1 0.5

20<X/D<40 0.773 -0.783

2.2 Laminar Burning Velocity

The burning velocity is defined as the velocity of the flame
wave relative to the unburned gas ahead of the wave in the
direction normal to the flame surface. This burning velocity is
used in this study as a measure of the rate of burning.

From a pressure trace or a series of flame growth images, the
burning velocity is <alculated as the engulfment rate of the
unburnt gas between measurement points. The volume of the unburnt
gas which is engulfed during each time interval is considered as

though it was a thin shell spread over a smooth sphere having the
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same volume as the burnt gas. The thickness of the shell divided by
the time interval gives the laminar burning velocity, S,.

The geometric method used for calculating burning velocity can
be described with the help of Figure 2.2. The flame radius, r, is
calculated as the geometric mean radius of the previous flame

radius, r,,, and the radius of the combustion wave, r,, that is,

2 2
Llaste * Ip 2.5
2

r=

Before combustion, the burning element has the volume of the
concentric spherical shell with thickness dr;. The burning velacity
is simply dr, divided by the time interval, dt. A comparison of this
geometric method with the Lewis and von Elbe [LV68] method is given
in Appendix A.

There are several methods of studying burning velocity (G187,
Kusé]. The more popular ones are the burner method, flat flame
method, flame kernel method, soap bubble method and constant-volume
vessel method. Rallis and Garforth ([RG80] concluded that the
spherical constant-volume vesgel method is the most versatile and
the most accurate method for analyzing laminar burning velocity. In
this study, a cubical combustion chamber was used which is similar
to the spherical combustion chamber and yet allows for turbulence

generation using a perforated plate.

2.3 Turbulent Burning Velocity

Turbulence distorts the flame front and thus increases the



BURNING VELOCITY

10

Figure 2.2 : Burning Velocity Of A Spherical Flame.
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flame front area. It transports flaming material forward and
unburned material into wrinkles in the flame front. Turbulence also
increases transport properties at all scales. Hence, the mass
transport or consumption rate of unburnt mixture increases. In
general, this leads to an increase in burning velocity.

The distortion of the flame front by turbulence leads to an
increase in the flame front thickness. Therefore, there is a larger
volume of burning material compared with a laminar flame. The
smaller eddies may carry pockets of unburned mixture into the
burned gases. As a result, the thick flame front may consist of
both burning and unburnt mixtures.

The thick turbulent flame fr§nt can create difficulty din
determining the actual flame size from which the burning velocity
is calculated. Both high speed Schlieren video and pressure trace
analyses were used to calculate the burning velocities. For the
pressure analysis used, the pressure rise corresponds to the amount
of mixture burnt. fherefore, it is sensible to measure the
turbulent burning velocity, S,, based on the radius of the smooth
sphere having volume equal to that of the gas already burnt.

By using the smoothed spherical flame in the pressure
analysis, an average flame radius in the turbulent flame thickness
is used as the flame front. For the image processing analysis, the
outer Schlieren edge is used as the flame front. Both burned and
burning mixtures are included as burned mixture and hence the flame
size is exaggerated in calculating the turbulent burning velocity

from Schlieren images.
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2.3.1 BEffects Of Turbulence Intensity

Most studies [LL83, Mc88, AB84] in combustion chambers,
burners and engines agree that there is a very strong, roughly
linear increase in the turbulent burning velocity with increasing
turbulence intensity. However, the slope of the linear relationship
varies from one study to another and the explanation about the
combustion mechanisms also varied. Hence, a better understanding
about the turbulence intensity effect on burning velocity is
required.

Previous studies [AB87, Th8é, AB86, AB84] found that the
initial flame kernel is not exposed to the lower frequencies,
larger eddies, in the turbulence. As the flame grows, progressively
larger eddies become effective at shearing and distorting it.
Through a history of interaction with the turbulence, the flame
front becomes thicker and more complicated, thus, the flame area
increases. In short, there is an increasing turbulence effect on a
ndeveloping turbulent flame". |

In general, the turbulent burning velocity can be expressed as

a function of turbulence intensity in the form
S,=C,u+S, 2.6
where C, = Linear Coefficient
It is a common practice to use this equation in the normalized
fornm,

Se

“t=c L +1 2.7
s, ¢
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The advantage of using Equation 2.7 instead of Equation 2.6 is the
unity constant. Using Equation 2.7, all results with the same
linear coefficient fall into one single line despite different
laminar burning velocities. The linear coefficient, €, in Equations
2.6 and 2.7, is investigated for various flame sizes under

different turbulence conditions in this study.

2.3.2 Effects Of Eddy Scales

The effects of eddy scales can be related to the occurrence of
different regimes of turbulent flame propagation. Eddies
responsible for wrinkling are large compared with the flame
thickness [LV68]. Smaller eddies increase transfer rates of heat
and mass within the flame. These smaller eddies have much lower
energy and they decay quickly; therefore, their effects are
negligible unless the turbulence intensity is very high [Wi85].

Ballal and Lefebvre [BL75]) performed an experimental study
using stoichiometric propane-air mixtures at 1 atm and room
temperature. They concluded that there are three distinct regions
of flame propagation as shown in Figure 2.3. The dashed lines fit
the data points of the same normalized turbulence intensity, u'/s,.
The three regions described in [BL75] are as follows:

Region 1 : u' < 25§, , 7>§

where § = laminar flame thickness
In this low turbulence and low velocity region, the
burning velocity is increased due to wrinkling of the

flame. Since all eddies are larger than the flame
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thickness, increasing these eddies increases the wrinkled
area and hence the burning velocity.
Region 2 : u' =25, , n = §
This is the region of moderate turbulence in which fresh
mixture contains eddies which are both larger and smaller
than the flame thickness. There are two different
mechanisms involved in this region:
1) wrinkling of the flame front by eddies
larger than flame thickness.
2) increasing the area of interface by eddies
entrained in the burning zone.
The first mechanism increases the turbulent burning
velocity as the scales increase. fhe second mechanism
decreases the burning velocity as the scales are
increased. Therefore, normally these two mechanisms
cancel out the effect of changing scales.
Region 3 : u' >25S,, n<$§
This is the region of high intensity and very small
eddies. The combustion zone is regarded as a thick mwatrix
of burned gases interspersed with eddies of unburned
mixture. The total surface area of eddies is proporticnal
to the inverse of the turbulence scale. Therefors, in
this region the burning velocity increases with

decreasing eddy scale.

Region 1 in Figure 2.3 illustrates some very peculiar trends
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which are questionable. Under this low intensity, s®all scale
turbulence conditions, turbulence decays very rapidly downstream of
the grid. Therefore, small measurement uncertainties can result in
large experimental errors.

Most practical cases fall into Region 2. This region is also
called the reaction sheet regime (Wi85] or wrinkled flame regime.
The present experimental study covers a wide range of integral
scale (2 mm < A < 8 mm) in Region 2. Normalizing the integral scale
with a laminar flame thickness of 0.1 mm, A/é§ varied from 20 to 80
in this study. Therefore, according to Figure 2.3, for the range of
integral scale used, there should be no effect of integral scale on
the linear coefficient. In short, the normalized turbulent burning
velocity and turbulence intensity relationship of this study would

be expected to be independent of integral scale.

2.3.3 The Two-Eddy Theory

For uniform isﬁtropic turbulence, the two-eddy theory of
burning as postulated by Abdel-Gayed and Bradley [AB81), expresses
burning rate in terms of both eddy decay and chemical reaction
rates, for the large integral scale and dissipative Kolmogorov
scale. According to the theory, burning in both types of eddies is
essentially a molecular phenomenon. The rate of burning for each
eddy size is expressed by the product of the rate of eddy
dissipation and the amount of mixture chemically reacted during the
eddy lifetime. Abdel-Gayed and Bradley found that at higher values

of turbulent Reynolds number, R, > 1500, the results computed from
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the two eddy theory agreed well with the experimental results,
provided the r.m.s turbulent velocity is greater than the laminar
burning velocity. Uncertainties remain with regard to the small
scale turbulent structure (chemical lifetime and fractional volume
occupied) and the mode of combustion in these scales.

Present results are compared with those predicted by the two
eddy theory in Chapter 5. Direct comparison in terms of the linear
coefficient is not quite possible for one major reason. While the
two eddy theory aimed at describing a "fully developed" turbulent
burning velocity ([Th86], the present and most engine turbulent
burning velocities are measured in conditions where they are

unlikely to be fully developed.

2.4 Spherical Flame In A Closed Combustion Chamber

Simple theory for analysis of quiescent combustion waves in a
spherical chamber is well documented in Lewis and von Elbe [LV68].
They assume that the combustion wave propagatés by both heat
transfer and diffusion processes. This model derives burning
velocity from a pressure trace and assumes:

a) combustion wave propagates isotropically forming two

concentric spherical zones (burned and unburned mixtures) with

an abrupt interface (no burning mass),

b) uniform properties in each zone,

c) adiabatic compression with abrupt temperature

difference between the burned and unburned gases, and

d) uniform pressure throughout the chamber at any
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instant.

The model used in this study is an improved model based on
thermodymemic equilibrium conditions in many different zones.

The actual flame front of a combustion wave is shown in
Figure 2.4. Though a laminar flame front is usually of the order of
0.1 mm [Wi85), it can be thick for a small spherical flame. The
analysis used here assumes a thin flame front with no burning mass.
Since there is always a burning volume, varying the location of the
thin flame front can result in different burning velocities.
According to Figure 2.4, a thin flame front at the position where
the preheat and the reaction zones meet would best approximate the
real combustion wave.

The pressurc trace analysis is based on mass burnt which
corresponds to thermal energy release. Using this pressure trace
analysis, the thin flame front is located at the maximum
temperature gradient point in Figure 2.4. Fristron [Fr65) has shown
that the inner region of the luminous 2zone represents the best
location for measuring gas velocities and areas for curved, thick
flames. This is very close to the maximum temperature gradient
point used in the pressure trace analysis.

The image processing analysis is based on Schlieren images
vhich detect temperature gradient. The present image processing
program detects the outer preheat zone as the thin flame front
location where burning velocity is calculated. This outer preheat
zone is in the unburnt gas mixture as shown in Figure 2.4.

Pherefore, the image processing analysis includes the burning
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volume as the burnt volume. For the turbulent case, some unburnt
volume is carried into the thick flame front by eddies. The burning
volume plus the unburnt volume could be significant especially in

the high turbulence case.

2.4.1 Multi-gone Thermodynamic Equilibrium Model

This model assumes an adiabatic combustion wave which
propagates isotropically in the radial direction from the point of
ignition. Ellis and Wheeler ({EW27, E128] found that the assumption
of isotropic flame propagation is valid provided the spatial
velocity is not too low.

In this multi-zone model, the mixture is divided into many
(1200) elements consisting of equal mass fraction. Each element
reacts sequentially, starting from the ignition point, so elements
are treated as concentric spherical shells. During combustion of
the n® element as shown in Figure 2.5, its equilibrium composition
of six species is calculated. The six species considered are CO,
co,, 0,, N;, H, and H,0. In short, only the carbon dioxide and water-
gas dissociations are considered.

Co, = CO + % 0,

CO + H,0 # CO, + H,
It was found by Modien [Mo90] that for lean propane-air mixtures,
these two dissociations could adequately represent the energy and
species effects on combustion. This work reconfirmed the adequacy
of the two dissociations in representing the species effects on

combustion by comparing the theoretical results with that of
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STANJAN computer model [Re87). A typical comparison for propane-air
combustion is shown in Table 2.3. This table shows that for 75%
stoichiometric propane-air mixture ignited at 296 K, the maximum

error is less than 0.5%.

Table 2.3 : Comparison Between The Equilibrium Model And STANJAN.

P (atm) 0.5 1 2
T (K) STANJAN 1959 1961 1963
I

“T (K) model 1966 11967 ‘ 1968

% error 0.36 0.31 0.25

All mixture elements are treated as ideal gases,

Pv=RT 2.8

where v = specific volume
R = universal qés constant

The code for the multi-zone thermodynamic equilibrium model is
an energy balance and equilibrium solver based on property
relationships as in Benson ([Be77]. It starts by guessing the
pressure after the n® element burns. The program then calculates
the temperature and the specific heat ratio of the reactants
assuming isentropic compression to this pressure. From these values
the total unburnt volume before and after combustion of the n®

element is calculated. The same calculation is done on all burnt

elements to find their current temperature and volume at this
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pressure. Then, an equilibrium calculation and energy balance is
performed on the burning element. The energy balance assumes
adiabatic combustion and includes the energy used by the burning
element to compress all unburnt and previously burnt elements.
Figure 2.5 shows that the burning element compresses both the burnt

gas and the unburnt gas as it burns. The energy balance is :

QO+ U, =Uy * Weopp 2.9
where element heat transfer, Q, is assumed negligible, U, and U, are
the internal energy of element reactants and products, and W, is

the work done by the element on other elements. This work is the

sum of the work done in compressing all other eiements,

= (E; Vo - Py Vy)
Woomp = E: o) 2.10

Using the calculated temperature and composition, the volume of the
burning element is calculated after combustion. If the original
pressure guess was right, the total volume of all elements is equal
to the volume of the combustion chamber. If not, the pressure guess
is refined and the calculation repeated until the correct pressure
for each mass burnt increment is obtained. Concurrently, the flame
radius at each mass burnt increment is also obtained by assuming

the total burnt volume occupies a sphere of that radius.

2.4.2 Effeces Of Rapid Distortion In A Closed Vessel
There are various flame-turbulence interactions including

1) amplification or generation of turbulence in flame
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front,

2) distortion or amplification due to stretching around

expanding flame, and

3) amplification due to compression or density increase.
These interactions compete with the normal turbulence decay. Many
studies such as [VS90, Wiss] found that there is an overall
increase in absolute turbulence intensity in turbulent flames which
is known as flame-generated turbkulence [Wi85]. Videto and
Santavicca [VS90] used stoichiometric propane-air mixture to study
flame-turbulence interaction in a freely-propagating premixed
flame. They found that turbulence production in the flame is
significant, and is an-isotropic in nature.

For the present study using a closed combustion chamber, the
change in turbulence in front of the flame front is different from
that of the unconfined explosion. In the present combustion
chamber, the pre-ignition turbulence generated by the perforated
plate decays quickly as discussed in Section 2.1. McDonell [Mc88]
had shown that the normal turbulence decay in the combustion
chamber (no explosion) corresponded well with that in the wind
tunnel. During the actual flame growth, expansion of the flame
compresses the unburnt mixture ahead. This leads to stretching of
the vortices just in front of the flame front. As a result, tﬁere
is an increase in turbulence intensity ahead of the flame front.
Chew and Britter [CB88a] derived the equations of this répid
distortion for a growing spherical flame in a closed chamber. When

accounting for the contributions due to rapid distortion, there
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could be a few times amplification of turbulence intensity at the
last stages of combustion [CB88a].

The rapid distortion model presented in Chew and Britter
[CB88a] assumes adiabatic flame propagation with no heat loss to
the walls of combustion chamber. Assuming isotropic turbulence
initially, the enhancement of rapid distortion on the radial and
transverse components of a spherical flame is as Equations 2.11 and
2.12 respectively. However, the contribution of the effect of rapid
distortion on the transverse directions of the vortices may not
play an important role in enhancing the burning rate. This is
because the flame is propagating in the normal (radial) direction.
This point is discussed further in Chapter 5. Equations 2.11 and
2.12 show the ratio of turbulent kinetic énergy after distortion to

that before in the radial and transverse directions respectively.

p, = {3 c? -2— (-&p-;—l tanif + p-2?) 2.11

o = Be = 3 %‘ . % Cslcs (-‘-;‘3 tan-p - B—zﬁ) 2.12
where

B = ?2_3;; - 2.13

compression factor,

{ = (-‘f—)-1 2.14
1 .
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normal strain,

Ir
c= (=i)? 2.15
Iy

Therefore, the rapid distortion enhancement is

_‘:'.’_r£=\J"r*"'°+"~ 2.16
u’ 3

where u', is the turbulence intensity including the effects due to
rapid distortion.

chew and Britter [CB88a) mentioned that a further improvement
in their rapid distortion model would be to include only those
length scales which are affected by the distortion. This means that
for the small initial flame Kkernel, only proportionally small
scales are affected by the distortion. This improvement is expected
to be small for.the present study because the flames are large
compared with the length scales.

As the rapid distortion affects the eddy vorticity, the eddy
scales (volumes) are relatively unaffected. Therefore, it can be
assumed that these eddy scales are only functions of unburnt

mixture density; that is,

P, T
Micewas = S5 T: A 2.17

Due to a larger increase in pressure compared with temperature in
the present closed vessel combustion, the actual scales during

combustion are smaller than would result from normal decay only.
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2.5 Spark Ignition

Kuo [Ku86] treated ignition with a 3 T (temperature, time and
turbulence) rule of thumb. The temperature must be high enough to
cause significant chemical reactions and/or pyrolysis. The time
must be long enough to allow heat input to be absorbed by the
reactants so that a runaway thermochemical process can occur.
Turbulence must be high enough so that heat can be transferred from
the reacted media to the unreacted media.

As the spark duration (order of 100 us) is increased, there is
a decrease in energy required for ignition followed by an increase.
This is because as the spark duration is increased, the heating
time increases, therefore, more energy is lost by conduction and
radiation prior to ignition. On the other hand, for low power
sparks, the shock strength decreases which results in less energy
lost in shock waves generated by the spark. This shock wave

propagates away quickly without any contribution to ignition.

2.5.1 Energy Efficiency And Minimum Ignition Energy

Spark energy efficiency is generally defined as the useful
energy in forming a spark kernel divided by the stored energy.
Zeldovich [Ze41] reported energy efficiency of 2 to 16% for a
conventional spark. More recent study by Teets and Sell [TSs88)
found higher energy efficiency of about 20% for pointed electrodes.

For the current capacitance spark ignition system used, the
energy from the capacitor is,

Energy = % C (V22 - V1%
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where C = capacitance of the capacitor

V1 = voltage before ignition

V2 = voltage after ignition
In actual systems, there are losses due to radiation, shock wave
formation, heat convection and conduction through the electrodes.
Figure 2.6 shows the various losses which are present in a spark
ignition system.

The energy efficiency used in this study is defined as the
energy across the spark gap divided by the stored energy. This
energy efficiency does not take the radiation, convection,
conduction and shock wave formation losses into account.

The minimum ignition energy is the minimum amount of energy
required to ignite a combustible mixture at a given condition. At
small electrode spacings, electrodes remove large amount of heat
from the incipient flame, as a result, a large minimum ignition
energy is required. As the spacing is increased, the surface area
to spark volume ratio decreases and heat loss is less. Hence, the
ignition energy required decreases. In short, minimum ignition
energy decreases as the electrode spacing is increased; it then
reaches its lowest point at some spacing before it increases again.
The final increase is believed to be due to the increase in circuit
and other losses due to the high resistance of the gap. Paschen's
law states that the sparking potential is a function of the product
of pressure and gap length only [Pa89]. The sparking potential
rises as the gap length is increased.

Figure 2.7 shows a typical shape of the effect of gap distance
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on minimum ignition energy for free or pointed electrode tips (from
Lewis and von Elbe [LV68]). This figure illustrates the trend of a
decrease followed by an increase in minimum ignition energy with
increasing spark gap as discussed above.

The spark energy efficiency has the opposite trend with
increasing spark gap compared with the minimum ignition energy. The
spark gap for the highest spark energy efficiency is expected to be

the spark gap with the lowest minimum ignition energy.
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CHAPTER 3: EXPERIMENTAL APPARATUS AND PROCEDURE

This chapter describes the experimental apparatus used in this

study. It also covers and explains the experimental procedures.

3.1 Experimental Apparatus

The experimenta. set-up shown in Figure 3.1 is similar to that
used in Modien [Mo90] and McDonell [Mc88]. This set-up consists of
t sur main elements. These main elements are :

1) Combustion Cell

2) Gas Mixer

3) Gas Chromatcgraph

4) High Spéed Video Camera

There are two major modifications compared with the old set-up
used in [Mo90] and [Mc88). The gas chromatograph was installed for
the purpose of reducing the largest uncertainty proclaimed Dby
McDonell [Mc88]; mixture composition. Another modification of the
set-up was the use of a Kodak Spin Physics high speed video camera
with a capability of taking 2000 full frames per second instead of

the Hycam camera used in [Mo90].

3.1.1 Combustion Cell

The combustion cell used was based on the original design by
Checkel and Thomas [CT83, Ch8l]. This apparatus was described in
detail by Modien ([Mo90] and McDonell ({Mc88). The 125 mm cube
chamber, shown in Figure 3.2, is made of 6066-T6 aluminium alloy.
All walls are 25 mm thick.
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Pigure 3.1 : A Schematic Of The Experimental Apparatus.
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Two circular PK-7 optical glass windows are mounted on the
opposing sides (front and back) of the chamber to allow Schlieren
visualization of the growing flame. These windows are 30 mm thick
with diameters of 110 mm.

Two ionization probes are located at 40 mm and 60 mm (2 mm
from the wall) from the spark gap. A Norwood model 111 four-active-
arm strain gauge pressure transducer was used to trace the
pressure. This pressure transducer is located on the wall of the
combustion cell as shown in Figure 3.2. The two spark electrodes
pass through the centre of the chamber. The micrometer electrode is
adjustable for variable spark gap. A spark gap of 4.50 mm and a
spark energy supply of 312.5 mJ (500 V and 2.5 uF) were used
throughout this study. '

A typical perforated plate used for generating the pre-
ignition turbulence is shown in Figure 3.3. The plates have holes
of diameter D placed on alternate intersections of a grid with
spacing D to give a 60% solid ratio. The two plates used in this
study are the 5 mm diameter and the 20 mm diameter plates described
by McDonell [Mc88]. Both perforated plates are 5 mm thick. Whenever
possible a single plate was used for the range(s) of turbulence
intensity and/or turbulent eddy scales required. This procedure

eliminates possible error due to plate change.

3.1.2 Gas Mixer
air/Fuel ratio is controlled by the critical flow orifice gas

metering and mixer system as shown in Figure 3.4. With known flow
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Figure 3.3 : The 20 mm Diameter Perforated Plate.
(20 mm Perforations Are Spaced On Alternate Corners Of A 20 mm
Grid. Smaller Holes Are Attachment Points. Small Notch At Top

Provides Clearance For Ion Probe.)
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Figure 3.4 : The Critical Flow Orifice Gas Metering And Mixer

System.
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rates of both the air and the fuel, the mixer mixes the two gases
into a homogenous mixture of known mixture stoichiometry. The main
components of this apparatus include critical flow orifices,
pressure gauges, and a mixer.

The Marsh Master Test pressure gauges measure the upstream and
downstream pressures of the orifices. The upstream pressure from
the gas cylinder is regulated using a pressure regulator, while the
downstream pressure is that of the atmosphere or that of the
combustion chamber. The critical flow orifices are made of brass
orifice plates with diameters of 0.1 mm for the fuels and 0.456 mm
for the air. The flow rate through a critical flow orifice is
directly related to the upstream pressure when assuming a constant
temperature. The details of calibration and operation are given in

Appendix B.

3.1.3 Gas Chromatograph

The gas chromatograph used in this study is a P200 GC
manufactured by Microsensor Technology Inc. The software
controlling the gas chromatograph is called EZCHROM 3.1 which runs
on WINDOWS 3.0 on a IBM compatible 386 computer.

The gas chromatograph operates by injecting a few uL of sample
gas into two columns. The columns then elute different components
at different times called elution times, with a steady carrier gas
flowing through. A thermal conductivity detector responds to the
difference in thermal conductivity between the helium carrier gas

- and the sample components eluting through the detector. The two
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columns are Mol Sieve 5A which is used to analyze the hydrogen,
oxygen and methane compositions, and Pora Plot Q 2M which is used
to analyze the hydrocarbons (methane and propane).

The main advantage of a thermal conductivity detector is that
it responds to all substances having a thermal conductivity
different from that of the carrier gas [RB73]. It has been shown
experimentally ([Gr85, Di67)] that the relative response factors
(where sample weight is used) are independent of,

(1) type of detector (filament or thermistor)

(2) cell and sensor temperature

(3) concentration of sample

(4) helium (carrier gas) flow rate

(5) detector current

The relative response factors used in this study were taken
from Dietz [Di67]). These values as tabulated in Table 3.1, have a
precision of about + 3% [Di67). As the gas chromatograph has the
ability to detect down to one part per million, the precision of
gas analysis in this study depends on the calibration gas used
(about + .05%).

Oxygen and Argon do not separate in either of the two columns.
Therefore, a ratio of 20.8/21.8 was assumed for the oxygen to
oxygen plus argon ratio for all tests. However, it was later found
from the manufacturer that the extra dry air was made by mixing
oxygen with nitrogen with no argon present. If pure oxygen and
nitrogen were present and the equivalence ratio was based on fuel

and oxygen only, the actual equivalence ratio of methane-air
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mixtures used would be about 0.03 lower. However, due to the large
amount of inert (= 78% nitrogen) present, the actual equivalence
ratio was relatively unaffected by this change.

The purpose of the gas chromatograph was to analyze the actual
compositions of components present in the combustion gas. The gas
chromatograph was used to analyze the fuel to permit equivalence
ratio calculations. In addition, it was used to analyze the

fuel/air mixture for determining the actual mixture stoichiometry.

Table 3.1 : Relative Response Factors From Dietz [(pi67].

ﬂCompound Relative Response Factor
oxygen |40 '
Nitrogen 42
“Methane 35.7
Propane 64.5
Air 40.1
— e

3.1.4 High Spesd Video Camera

The high speed video camera used is a SP2000 Motion Analysis
System manufactured by EASTMAN KODAK COMPANY Spin Physics Division.
It has a capability of taking 12,000 picture per second in partial
frame format. Flame images were formed in the camera using the
Schlieren techhique as described in Modien [M090]. In this study,

the camera was used in the full frame format of 2000 frames per
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second.

The images from this high speed video are digitized using
programs dJdeveloped at the University of Alberta Mechanical
Engineering Department. After passing through Data Translation
DT2782 Flame Grabber, the images go through the following programs.

- PASS

- AUSAVE1l

~ FLASH with Flame Area Option
The program FLASH calculates the area occupied by the outer
Schlieren edge of the flame front. The flame radius can then be
obtained from the calculated area. The present FLASH progranm,
described in Appendix C, detects a larger flame area than expected.

Further improvement of this program is required.

3.2 Procedure

The exact sequence of carrying out the experiment is as
follows:

1) Gas Mixer Calibration

2) Ignition System Tests

3) Gas Analysis

4) Pressure Transducer Calibration

5) Quiescent Flame Tests

6) Turbulent Combustion Tests

3.2.1 Gas Mixer Calibration

The original calibration of the choked orifice flow was tdone
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by McDonell [Mc88] in 1986. The re-calibration of air, propane and
methane flow rates is detailed in Appendix B.

The upstream air pressure was calibrated to flow rate using a
rotameter. The propane and methane flow rates, being too low for
rotameter application, were calibrated using a stop watch and a
100 ml burette tube with a rising soap bubble.

The results obtained from the re-calibration showed linear
relationships between the flow rates and the upstream pressures.
The maximum deviation of flow rate was found to be less than
0.1 1/min for the air and less than 0.02 1l/min for the fuels. These

calibration data and graphs are presented in Appendix B.

3.2.2 Ignition S8ystem Tests
| The ignition system used in this study was ths high energy
capacitance discharge unit as used by Modien [M090] and McDonell
(Mc88]. Figure 3.5 shows the schematic of the circuit.

A high voltage DC supply unit, capable of supplying up to
2000 V, is used to supply the required voltage. This voltage
charges the capacitor bank of variable capacitance (1, 1.5, 2, and
2.5 uF). When the electric trigger pulse activates the SCR, the
current discharges through the primary windings of a standard
automotive coil to produce the spark.

Two sets of experiments were conducted to obtain the
characteristics of this spark ignition system. These tests were
conducted with atmospheric air in the combustion chamber.

The first set of tests was carried out with fixed voltage and
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Figure 3.5 : The High Energy Capacitance Discharge Ignition

Circuit.
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capacitance: 500 V and 2.5 uF respectively. The spark gap was
varied from 1 mm to 4.5 mm. The second set of tests was carried out
with fixed spark gap of 4.5 mm and fixed capacitance of 2.5 uF
while the voltage was varied from 300 V to 600 V.

Voltage and current traces were measured using a Tektronix
P6015 1000X 100 MR voltage probe with compensating box and an
Emerson Electronics model 411 wide band current transformer. The
traces were recorded on two two-channel Tektronix oscilloscopes.
These traces, presented in Appendix D, are plots of spark voltage
and current against spark duration.

For each test, approximately five runs were conducted to
obtain an average. As the spark energy was increased, the deviation
from run to run also increased. Auto-sparking or spontaneous
breakdown was found to occur at some very high spark voltage supply
(1000 V, spark gap of 1 mm). The maximum deviation from run to run
was less than 20%. There was a 30 second delay between consecutive
runs with ten seconds flushing of fresh room air through the
combustion chamber.

All measurements and results are presented and discussed in
Appendix D. A 4.50 mm spark gap with 312.5 mJ (500 V, 2.5 uF)
stored energy was used throughout this study. The reasons behind

this choice are presented in Appendix D.

3.2.3 Supply Gas Analysis
Each of the supply gases (extra dry air, methane and propane)

was analyzed individually before the uctual experiments. As a
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result, the actual purity or composition of each supply gas was
found. Detailed method settings and calibrations for dry air,
methane and propane are given in Appendix E.

Since the columns may be contaminated after a number of
analyses, the gas columns were reconditioned from time to time.
Reconditioning evaporates the water vapour and the various un-
eluted gases accumulated in the columns after a series of runs. Re-
conditioning was carried out by heating channel A (Mol Sieve 5A) at
165°C and channel B (Pora Plot Q 2M) at 160°C for about two hours.

Table 3.2 shows the supply gas analysis results. The table
shows that the methane used was of high purity (98% pure).
Therefore, during the methane-air experiments, the actual mixture
composition was that obtained from the Gc. analysis by assuming 99%
pure methane (98.3% methane + 0.7% ethane). The 0.7% ethane was
treated as methane and the air/fuel ratio was based on oxygen
content and this fuel.

Table 3.2 also shows that the propane (94% pure) was not as
high in purity. Depending on how the other hydrocarbons are
treated, the GC analysis for propane-air mixture can vary
accordingly. The fluctuation from one analysis to another was found
to be larger than those in methane-air case. Moreover, the
equivalence ratio calculated was very sensitive to small changes in
the fuel and/or oxygen analyzed. Therefore, the actual air/fuel
ratios used were those of the re-calibrated choked flow values.
Despite this problem, the results of mixture composition from GC

analysis in both the methane-air and propane-air cases, agreed
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within 3% in term of equivalence ratio with those of the choked

£16w method.

Table 3.2 : Supply Gas Analysis.

Dry Air 21.6 % Oxygen (+ Argon), 78.4 % Nitrogen

| Methane 1.0 $ Nitrogen, 98.3 % Methane, 0.7 % Ethane |

Propane 0.8 & Methane, 4.3 % Ethylene, 0.3 % Ethane,

94.2 % Propane, 0.4 % i-Butane

3.2.4 Pressure Transducer Calibration

The pressure transducer used was a Norwood model 111 four-
active-arm strain gauge type with a response frequency of 45 kHz.
The strain gauge circuit had variable offset and multiple
amplification factors of 100, 300, 500, 800 and 1000. Throughout
this study, the amplification factor was set at 1000. The pressure
transducer and amplifier were calibrated using a dead weight tester
before each series of runs. A typical calibration is given in
Appemdix F.

Throughout “‘his study, pressure was recorded at two levels
using two chamels of the 4 channel RACAL FM tape recorder as
discussed in Section 3.3. Channel 1 was used to record the high
resolution pressure by setting the maximum voltage to 1 V unipolar

(0 to 2 V). Thie high resolution pressure record with a maximum
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pressure of about 400 kPa enables better burning velocity
calculation for early flame growth. Maximum combustion pressure
rise was recorded using channel 2 of the RACAL FM tape recorder

with maximum voltage set at 5 V unipolar (0 to 10 V).

3.2.5 Quiescent Plame Tests

Laminar burning tests were carried out for both propane-air
and methane-air mixtures. For propane-air tests, equivalence ratios
of 0.75, 0.90 and 0.95 were studied. For methane-air tests,
equivalence ratios of 0.76 and 0.96 were used.

Initial pressure varied from 0.5 atm to 2.6 atm. This range of
initial pressure was used to study the pressure effects on burning
velogcities.

A calibration of the pressure transducer was done prior to
each series of tests. Over the series of runs, GC analysis of the
mixture was carried out from time to time. Between two consecutive
runs, the combustion chamber was evacuated and flushed with the
supply gas mixture; this procedure was repeated three times to
ensure that the dead volume left in the mznifold or the combustion
chamber was of the same composition as the supply gas. Four or five

runs were repeated for every single test condition.

3.2.6 Turbulent Combustion Tests
Similar to the quiescent flame tests, a pressure calibration
using the dead weight tester was done prior to each series of

tests. A GC analysis was carried out over the series of runs to
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check the mixture stoichiometry. Evacuation of the combustion
chamber followed by flushing with the supply mixture was repeated
three times between consecutive runs. Every single test condition
was repeated three to five times. The actual plate speed and time
delay before ignition were recorded in conjunction with the
pressure trace.

For propane-air turbulent tests, propane-air mixtures at
equivalence ratios of 0.75 and 0.95 were used. The perforated plate
with 5 mm diameter holes was used here as the intention was to
study the effect of small scale turbulence on burning velocity.
Purbulence intensity at ignition was varied from 0 m/s to 4.5 m/s.

For methane-air turbulent tests, gas mixtures with equivalence
ratios of 0.76 and 9.96 were used. Using the perforated plate with
20 mm diameter holes, the turbulence intensity at ignition was
varied from 0 m/s to 7 m/s.

More variables were involved in turbulent combustion tests
compared with the laminar runs. To reduce variability, runs where
the actual plate speed was more than % 5% from the required average
were rejected. Moreover, any run with burning velocity variation of
more than + 5% at 110 mm diameter flame was rejected. This
procedure prevented the inclusion of any wild data due to noise.
This selecting criterion also resulted in using two to five runs

for averaging any data point.

3.3 Data Collection And Analysis

All experimental data were first recorded using a 4 channel
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RACAL FM tape recorder. It was then digitized for storage and

analysis on a IBM compatible 386 computer. There are a number of
advantages for following the procedure. First, a faster data
acquisition rate was achieved by recording at a high speed of
30 ips and playback at a much lower speed of 1.875 ips for
digitization. This process effectively increased the digitization
rate by a factor of 16. Secondly, the adverse effects of electrical
"noise" on the digital computer when operating adjacent to the high
energy ignition systems were eliminated. Thirdly, the FM recorder
had high frequency cutoff filters which filtered out high frequency
noise above 40 kHz. Finally, the FM tape recorder also allowed

simultaneous recording of pressure at two levels.

3.3.1 Quiescent Runs

Figure 3.6 shows the paths of data collection in quiescent or
turbulent tests. The four channels used in guiescent tests are
listed in Table 3.3. The stored data from the FM tape was digitized
at a frequency of 4000 Hz (3000 Hz for the slower burning mixtures)
using a Metrabyte DASH8 board in a 386 computer. The detailed
digitization procedure is given in Appendix G.

The analysis used for measuring the burning velocity was the
multi-zone model as described in Chapter 2. No compression or
smoothing of the pressure trace was done before the burning
velocity analysis. This was to eliminate possible error introduced

by compression or smoothing routines.
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Table 3.3 : Channel Inputs For Quiescent Runs.

Channel Range (V) unipolar | Function

1 0 to 2 high resolution pressure
2 0 to 10 maximum pressure

3 10 to 10 | spark

4 0 to 10 ionization

| S H U —

3.3.2 Turbulent Runs

Due to the complexity of turbulent runs, the actual plate
motion was also recorded as shown in Figure 3.6. The plate motion
measurement, detailed in McDonell [Mc88], used optical sensors to
record the passage of a stirrup which was attached to the
perforated plate. The motion of the perforated plate was sensed by
a phototransistor focused on alternating black and white markers at
10 mm intervals on fhe stirrup directly attached to the plate.

Table 3.4 lists the functions of the four channels on the FM
tape recorder. Digitization of the stored data from the FM tape was
done with a 386 computer using a DASH8 board running at 4000 Hz for
an effective digitization rate of 64 kHz. Parameters such as the
actual plate speed and the actual spark delay time (time from the
plate passing the spark gap till spark ignition) were measured from
the FM tape record to calculate the actual turbulence intensity and

eddy scales for each run.



Table 3.4 : Channel Inputs For Turbulent Runs.

Channel # Range (V) unipolar | Function
“1 0 to 2 high resolution pressure]
Hz 0 to 10 maximum pressure "
HB 0 to 10 spark

4 0 to 10 plate motion

52
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CHAPTER 4: QUIESCENT FLAME RESULTS AND ANALYSIS

This chapter presents all useful results obtained from the
quiescent flame tests. The laminar burning velocities presented in
this chapter are used to normalize the turbulent burning velocities
in Chapter 5.

Quiescent burning of lean propane-air and lean methane-air
flames was investigated in this study. The initial temperature was
fixed at 296 K (*1 K) while the initial pressure was varied from
0.5 atm to 2.6 atm.

From the pressure trace, the multi-zone thermodynamic
equilibrium model described in Chapter 2 was used to calculate
burning velocities for 47 mm radius (P = 135 kPa, T, = 320 K) and
55 mm radius (P = 170 kPa, T, = 340 K) flames. These values were
obtained from a linear fit line of burning velocity against
relative flame radius, r/Ry,,  over the range 0.55 to 0.75. This
particular range of relative radii was chosen for two reasons.
First, within this range the flame is large compared with its
thickness and curvature. Therefore, the one dimensional, thin flame
assumption is good. Second, the pressure trace analysis is capable
of producing consistent result: over this range of detectable
pressure rise, with signal about two orders of magnitude larger
than the noise. A flame with relative radius of more than 0.75 was
not used to ensure that the flame front was not in contact with the
walls. Ideally, for a perfectly spherical flame propagating from
the center of the chamber, contact with the walls would occur at a

relative radius of 0.8 (r = 61 mm).
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Burning velocity is known to be affected by both pressure and
temperature. These pressure and temperature effects on laminar
burning velocity can be expressed as Equation 4.1 over particular

ranges of pressure and temperature.

P T
S =8 ~ya(_L)b .
u "°(P1)(Tx) 4.1
where S, = reference laminar burning velocity at

1 atm and 298 K

P, = initial or reference pressure, 1 atm

T, = initial or reference temperature, 298 K
a, b = pressure and temperature exponents

respectively

4.1 Laminar Burning Velocities Of Lean Propane-Air Mixtures

The laminar bufning velocities of 75%, 90%, and 95% stoichio-
metric propane-air flames were studied. Tables 4.1, 4.2, and 4.3
show the respective results obtained from the pressure trace
analysis.

Effects of initial pressure on maximum pressure rise, Puy,,
time required to achieve P,,, Time,,, and normalized maximum
pressure rise, P,/P, were investigated. The results for lean
propane-air mixtures of © = 0.75, 0.90 and 0.95 are shown in
Figures 4.1, 4.2 and 4.3 respectively. These figures show that for
the pressure range considered, there is a linear relationship
between P, and P, as expected. As the mixture approaches stoichio-

metric composition from the lean side, comparing Figures 4.1, 4.2
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Quiescent Flames.
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: Summary Results Of 75% Stoichimetric Propane-air

t (ms)

48.0

46.1

45.1

P, (kPa) | 51 76 101 127 152 177
me

(kPa) 256 481 712 931 1162 1387
(ms) 74.9 82.9 93.7 104.1 107.4 112.9
T, = 320 K, r/Ryy = 0.61, r = 47 mm

S, (m/s) | 0.461 0.312 0.251 0.245 0.197 0.184
P (kPa) 68 102 136 170 204 238
t (ms) 44.2 41.0 39.2 40.3 39.0 39.7
T, = 340 K, /Ry = 0.72, r = 55 mm

S, (m/s) | 0.500 0.429 0.332 0.253 0.231 0.209
P (kpa) | 85 127 171 213 257 297
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Table 4.2 : Summary Results Of 90% Stoichiometric Propane-Air

Quiescent Flames.

| P, (kPa) 51 101 152 ll
| (kpa) 315 827 1350
1 (ms) 46.8 58.2 65.4
T, = 320 K, I/Ryym = 0.62, r = 47 mm
S, (m/s) 0.726 0.378 0.286
P (kPa) 68 138 207
| £ (ms) 26.8 25.4 24.0
T, = 340 K, r/Ryq = 0.72, r = 55 mm

0.727

86

29.1




Table 4.3
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: Summary Results Of 95% Stoichiometric Propane-Air

Quiescent Flames.

| P, (kPa) 76 101 127 152 177 I
' Pm

(kPa) 565 830 1073 1351 1602

(ms) 49.0 52.4 53.9 55.7 57.1

T, = 320 K, X/Ryyy = 0.61, r = 47 mnm

S, (m/s) 0.396 0.412 0.374 0.319 0.314

P (kPa) 102 136 170 205 239

t (ms) 21.4 21.8 19.9 19.4 19.9

T, = 340 K, r/Ryp = 0.72, r = 55 mm l

S, (m/s)

P (kPa)

t (ms)

0.571
128

24.9

0.484
173

25.3
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and 4.3, the slope of the linear relationship increases.

Similar to the P,, and P, relationship, the time required to
achieve P_,,, Time,,,, increases with increasing P,. However, the
slope of the relationship, comparing Figures 4.1, 4.2 and 4.3,
decreases as the mixture approaches stoichiometry. This trend is
opposite to the trend of P, as expected.

The normalized peak pressure, P, /P;,, shown in Figures 4.1, 4.2
and 4.3 increases with initial pressure. However, due to lower
burning velocity at higher pressure, the gradient of P,,/P;, with
respect to P, decreases with increasing P,. The lower burning
velocity increases combustion duration which allows a longer heat
loss period. Therefore, there is more heat loss for higher pressure
tests.

The effects of pressure on laminar burning velocities of 75%,
90% and 95% stoichiometric propane-air flames are shown in Figures
4.4, 4.5 and 4.6 respectively. Burning velocities were calculated
for both 47 mm and 55 mm radius flames. These figures show that,
for the same flame size and T,,‘the laminar burning velocity, §,, is

much higher at low pressures. A power-law of the form
Su = suo (_)‘ ‘.2

as from Equation 4.1 was used to express the relationship between
laminar burning velocity and pressure.

The dependence of the pressure exponent on equivalence ratio
for 47 mm and 55 mm radius flames is plotted in Figures 4.7 and 4.8

respectively. Figure 4.7 shows no specific trend for the pressure
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exponent and equivalence ratio relation for 47 mm radius flames.
The values for the pressure exponent are scattered. The scatter is
caused by both the original scatter in Figures 4.4, 4.5 and 4.6,
and the limited points used in Figure 4.5. However, the average is
-0.6.

The pressure exponent for 55 mm radius flames becomes less
negative with increasing equivalence ratio as shown in Figure 4.8.
This trend is more evident at r = 55 mm because of less scattering
in Figures 4.4, 4.5 and 4.6. At r = 55 mm, the flame is large: and
the pressure rise is higher compared with that at r = 47 mm.

Previous studies such as [MK80, AG61, Ku60, Gi57] found that
the pressure exponents for propane-air flames, expressed as
Equation 4.1, varied from -0.1 to -0.3.‘These studies also found
that the near stoichiometric or faster burning propane-air flames
had less negative exponents. More recent study by Okajima et al
[0I84] found that the pressure exponent of propane-air flames,
varied from -0.1 to -0.7 as the burning velocity decreased from
70 cm/s to 8 cm/s.

The present pressure exponents are more negative than those
obtained by others. There is one possible reason for this
discrepancy. The range of initial pressure used here (0.5 to
1.75 atm) is very narrow compared with those used by Metghalchi and
Keck [MK80] (0.4 to 40 atm) and Agnew and Graiff [AG61] (0.5 to
20 atm).

Table 4.4 shows the comparisons between the present results

and the burning velocities at 1 atm obtained by Kuehl (Kué60]. The
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present burning velocities for 47 mm radius flames with unburnt
temperature of 320 K agreed well with those obtained by Kuehl. The

burning velocities of 55 mm radius flames with T, = 340 K , appeared

to be slightly higher.

Table 4.4 : Comparing Laminar Burning velocities Of Propane-Air

Flames.

i T, (K)

| Present 33 48 42 66

| S,(cm/s)

85

In short, the present results seem to show a larger pressure
effect compared with other studies. The reasons behind this larger
effect have not been resolved. Despite the discrepancy between the
present study ~::® those of others, the fact that pressure depen-
dence decreases wi-1 increasing equivalence ratio (faster burning)

for lean propane-air mixture was consistent in all these studies.

4.2 Laminar Burning Velocities Of Lean Methane-i.yr Hlygtures
The laminar burning velocities of 76% and 96% stoichiometric

methane-air flames were studied. The initial temperature was fixed
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at 296 K while the initial pressure was varied from 0.6 to 2.6 atm.
The results for 76% and 96% stoichiometric methane-air flames are
tabulated in Tables 4.5 and 4.6 respectively. Figures 4.9 and 4.10
show the corresponding results for 76% and 96% stoichiometric
methane-air flames.

Figures 4.9 and 4.10 show that both P, and Time,,, increase
linearly with increasing initial pressure. This is similar to the
case o6f propane-air just discussed. The high consistency of the
measurements is shown by small scattering of data points.

The normalized peak pressure, P, /P,, shown in Figures 4.9 and
4.10, increases with P,. However, similar to the propane-air case,
the gradient of P, /P, with respect to P, decreases with increasing
P,. As pressure increases, the burning velocity decreases. The
decrease in burning velocity allows longer combustion duration. As
a result, there is more heat loss for higher pressure tests.

The effect of equivalence ratio on the P, and Timep,, with P,
relationships can be seen by comparing Figure 4.9 with Figure 4.10.
As the mixture approaches stoichiometric composition from @ = 0.76
to ® = 0.96, the rise in P, per unit rise in P; increasss. On the
other hand, the rise in Time,,, per unit P, rise decreases. Similar
to the lean propane-air case, these trends (increasing gradient of
P, and decreasing gradient of Time,, with respect to P,) are likely
due to faster burning for richer mixtures.

Figure 4.11 and Figure 4.12 show the effect of pressure on
burning velocities of 46 mm (T, = 320 K) and 55 mm (T, = 340 K)

radius flames respectively. Both figures show much higher burning
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Table 4.5 : Summary Results Of 76% Stoichiometric Methane-Air

Quiescent Flames.

P, (kPa) 61 101 142 182 223 263

Poax range range
(kPa) 334 668 1005 1355 exceeded | exceeded |
(ms) 86.9 108.8 126.4 145.0

T, = 320 K, /Ry = 0.61, ¥ = 47 mm

| s, (m/s) |0.289 |o0.248 |0.177 |0.157 |0.126 0.118

81 135 189 243

41.3 42.3

0.371
101

47.9
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Table 4.6 : Summary Results Of 96% Stoichiometric Methane-Air

Quiescent Flames.

P, (kPa) 61 101 142 182 223 “
P range
(kPa) 399 772 1197 1567 exceeded
(ms) 54.8 62.3 69.4 70.7
T, = 320 K, /Ry = 0.60, r = 46 mm “
S, (m/s) | 0.518 0.393 0.315 0.291 0.258
i P (kPa) 81 135 189 242 296
t (ms) 25.5 24.1 22.9 21.8 22.4

T, 340 K, r/Ryq = 0.72, r = 55 mm

s, (m/s) |0.610 |o0.413 6.335 0.313 0.289
P (kPa) | 101 169 237 302 370

t (ms) 28.8 28.2 28.3 27.2 23.4
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velocities at lower pressures. This behavior is fitted with the
power law equation, Equation 4.2. The absolute value of the
pressure exponent decreases as the mixture becomes richer.

Rallis and Garforth [RG80] obtained the following results from

their study of stoichiometric methane-air at about 300 K :

S, =38 P* cm/s for P< 0.6 atm 4.3
S, =36 P cm/s for 0.6 < P < 3 atm 4.4
S, =46 P%' cm/s for 3 < P < 10 atm 4.5

An earlier, experimental study of Bradley and Hundy [BH71) obtained
a pressure exponent of -0.5. This pressure exponent of -0.5 was
obtained from burning stoichiometric methane-air mixtures in a
closed vessel with pressure varied from 0.25 to 1.5 atm. Bradley
and Hundy also found this pressure exponent of ~0.5 to be valid for
pressure up to 60 atm.

The pressure exponents were found to vary from -0.58 to -0.71
in this study. These pressure exponents are more negative compared
with those of [RG80] and [BH?i].

Figure 4.13 shows the effects of equivalence ratio and
temperature on the burning velocity of methane-air mixtures. The
laminar burning velocity of 47 mm radius, 76% stoichiometric
methane-air flames agreed reasonably with those obtained by Rallis
and Garforth [RG80], and Abdel-Gayed and Bradley (..372]. The
laminar burning velocities of 55 mm radius flames are higher than
those of 47 mm radius flames and higher than typical literature

values. The main reason behind this higher burning velocities at
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55 mm radius flames is attributed to a higher unburnt gas
temperature of 340 K.

The temperature exponent of Equation 4.2 was found to be about
2 for methane-air flames at atmospheric conditions {[RG80]. In
Figure 4.13, the points 1labelled "At r = 47 mm corrected to
T, = 298 K" are the burning velocities of 47 mm radius flames after
correcting for the temperature effect. The temperature correction
was done using a temperature exponent of 2. These corrected burning
velocities at T, = 298 K are slightly lower than those of [RG80] and
{AB72].

The temperature exponent of 2 was alsc used for correcting the
laminar burning velocities at r = 55 mm to T, = 298 K. These
corrected burning velocities are shown by points labelled "At
r = 55 mm corrected to T, = 298 K". These corrected burning
velocities are about 10% higher than those of {RG80] and [AB72].
The different flame sizes involved in this study could have some
effects on the corresponding burning velocities. Further
experiments with varying initial temperatures are required to study
the temperature effect on burning velocity.

In summary, the pressure exponents obtained in this study were
found to be more negative than those in the literature. The laminar
burning velocities varied within 10% agreement with those obtained
by others. These discrepancies could lead to some suspicion about
the burning velocities. However, turbulent burning velocities are
expressed in the normalized form, S,/S,, so this would cancel out

any unusual pressure and temperature effects.
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4.3 Laminar Flame Growth From High Speed Video

Figure 4.14 shows the flame growth trace of a 76% stoichiomet-
ric, methane-air flame ignited at 1 atm and 23°C. The solid trace
is the flame growth obtained from the pressure trace. The squares
show the flame growth obtained from the high speed video images of
the same run.

This particular run is typical for all laminar runs with
initial pressure of 1 atm. Figure 4.14 shows that the pressure
trace shows reasonable signal as early as r/Ry,,, = 0.25 (r = 19 mm).
For sub-atmospheric pressure tests, larger noise was encountered.
The initial high noise pressure trace lasted longer in these low
pressure tests.

Comparing the flame growth based on pressure trace with that
obtained from the video images, shown in Figure 4.14, the flame
growth from the pressure trace is slower than that obtained from
the high speed video. The difference is about 4 ms when the flame
radius is 30 mm (r/Rym = 0.4). |

The difference of about 13% or 4 mm in flame radius for a
30 mm radius flame, shown in Figure 4.14, could be due to various
factors. There is a high possibility that the burnt mixture may not
consist of completely burnt mixture during the process. Chemical
equilibrium is usually not achieved during combustion (RG80); for
a 95% burnt mixture the "actual" flame radius would be about 2%
smaller than a completely burnt mixture. The pressure trace method
uses the mass fraction burnt to calculate the mean flame radius,

while the image processing method detects the very small tempera-
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ture gradient in the unburnt mixture. The difference in flame
radius obtained from these two methods is of the order of the flame
thickness (& 0.1lmm). The image processing program also has the
tendency to include a slightly larger area than the actual cross
sectional area of the flame.

There are two other factors which could had contributed to the
discrepancy of the flame growth mentioned above. First, the
assumption of perfectly spherical flame calculated from the cross
sectional area could be one contributor. This is because the
indented volume due to the two intruding electrodes could have
reduced the actual volume. Secondly, there is a possibility of time
lag for information to be transmitted from the flame front to the
pressure transducer on the wall. These two factors were estimated
to be relatively negligible for the flame sizes considered.

Figure 4.15 shows the plot of burning velocity as a function
of unburnt gas temperature from the video images. The best fit line
from flame radius of 19 mm to 27 mm (0.25 < X/Ryg < 0.35) is used
to obtained the burning velocity of 23 mm radius flame (T, = 298 K,
r/Ryee = 0.30, P = 104 kPa). This burning velocity was found to be
19.8 cm/s. Figure 4.15 shows that the burning velocity remains
relatively constant over the range considered.

Figure 4.16 shows the comparison between the burning veloci-
ties obtained by the two different methods. The conditions for each
data point are tabulated in Table 4.7. It appears that the burning
velocity from the pressure trace increases rapidly with flame size.

However, this trend is likely created by large error for small
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flame sizes (pl and p2) where the noise to signal ratio is very
high at about 20% as shown in Figure 4.14.

Figure 4.16 also shows that the burning velocity obtained from
the video images is faster than that obtained from the pressure
trace. Considering data points pl and v2, the difference between
the burning velocities for this 23 mm radius flame was found to be
30%. This large difference is due to the square of the 13%
difference in flame radius. Note that the video image obtained this

flame size 4.2 ms earlier than the pressure trace.

Tablé 4.7 : Comparing Pressure And Video Image Analyses.

[ S ———— e ]
¥ /Rioms T, P Time
range (K) (kPa) | (ms)
0.30 to v.40 300 107 23.2

|
p2 15.4 0.45 0.35 to 0.70 305 114 1 31.9
“p3 | 22.2 0.61 0.55 to 0.75 320 135 43.8
pé4 26.9 0.72 0.55 to 0.75 340 168 51.2
vl 19.7 0.30 0.25 to 0.35 298 104 16.0

In short, the burning velocities obtained from the video
images are higher than those calculated from the pressure traces.

This difference is due to the squaring of the difference in flame
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radius. The normalized turbulent burning velocities described as
Equation 2.7 are used in Chapter 5. These normalized turbulent
burning velocities from the two different analyses, produce
acceptable turbulence relationships due to the fact that the
discrepancy in burning velocities is relatively constant. As faster
burning in the S, measurements from video images also happen in the
S, measurements, the normalized turbulent burning velocity, §,/S,,

discussed in Chapter 5 agree with those from the pressure-based

measurements.

4.4 Summary On Laminar Burning Velocities

This study used propane-air and methane-air mixtures to
examine the characteristics of laminar burning velocity. The
burning velocities at atmospheric conditions were found to be
reasonable but to increase as flames grow. The increase in burning
velocity is mostly due to increasing unburnt gas temperature. As
turbulent burning velocities are expressed in the ﬁormalized fornm,
S./S,, any excessive effects cancel out.

The burning velocities of propane~air flames have a large
negative pressure exponent of about -0.6, compared with the more
acceptable values of about -0.2. It was found that the pressure
exponent obtained by other researchers varied significantly from
one study to the other. Other studies such as [G187, Ku87, Kué60]
showed that the pressure exponent is dependent on temperature,
pressure, chemical reactions involved ard burning velocity. The

pressure exponents of methane~air flames obtained in this study
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varied from -0.58 to -0.71 compared with a value of about -0.5 in
the literature.

High speed Schlieren video was used as an independent analysis
in conjunction with the pressure trace analysis in a 76% stoichio-
metric methame-air test. The 76% stoichiometric methane-air mixture
was ignited at 1 atm and 23°C. The flame growth obtained from video
images is faster than that obtained from pressure traces. For a
30 mm radius flame, théere is & 13% difference in flame radius. This
difference is larger than the expected laminar flame thickness of
the order of 0.1 mm.

The burning velocity calculated from the video images is about
30% higher than tha£ calculated from the pressure trace. This 30%
difference came from squaring of the 13% difference in flame
radius. Despite this discrepancy in absolute burning velocities
obtained by the two analyses, the normalized turbulent burning
velocities, S/S, (to be presented in Chapter 5), should agree

because the discrepancy is canceled out.
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CHAPTER 5: TURBULENT FLAME RESULTS AND ANALYSIS

This chapter presents turbulent burning results of both lean
propane-air and lean methane-air flames. The mixtures were ignited
at 1 atm and 23°C. The turbulence intensity at ignition was varied
from 0 m/s to 4.5 m/s for the propane-air casr and 0 m/s to 6.7 m/s
for the methane-air case. The integral scale was about 2 mm for the

propane-air case and 8 mm for the methane-air case.

5.1 Turbulent Burning Velocity Of Lean Propane-Air

The turbulent burning characteristics of lean propane-air gas
mixtures were studied. Propane-air mixtures of 75% and 95%
stoichiometric compositions were ignited at 1 atm and 23°C. The
ignition-time turbulence was varied from 0 to 4.5 m/s using the
perforated plate with 5 mm diameter holes. The purpose was to study
the effects of small scale turbulence (A = 2 mm) on burning
velocities.

Summary results obtained from turbulent Dburning of 75%
stoichiometric propane-air'miitures are tabulated in Table 5.1. The
rapid distortion model from Chew and Britter [CB88a) was used in
conjunction with normal turbulence decay to estimate the turbulence
level. The actual integr’ - .“dale during the combustion process was
calculated using the no. decay model and corrected for density
as discussed in Chapter 2.

As many parameters change with the burning process in a closed
combustion chamber, a useful correlation would be one that relates

the ignition-time turbulence with the overall burning rate.
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Table 5.1 : Summary Data From 75% Stoichiometric Propane-air

Turbulent Flames.

| At ignition, P = 101 kPa, T, = 23 °C

lu' (m/s) || .54 || .85 [ 4.5 | .20 | .43 || .58 .19 | .37 | .42
i A (mm) 1.9 f1.9 #1.9 2.1 2.1 2.1 2.4 [2.2 [[2.4 §

X/D 6.0 5.6 6.0 18 18 18 24 20 23

| At r = 55 mm, T, = 340 K, P = 170 kPa, r/R,, = 0.72

fu' (m/s) | .23 |.27 |.s5 |.18 |.29 |.43 |.19 |.37 |.30
| A (mm) 1.9 |2.1 {3.2 |[3.0 [3.6 ]4.3 |3.4 |4.1 |4.0
i

| x/p 15 |17 |e2 |37 |s2 |75 |a7 68 | 65

| S, (m/s) .60 .62 .88 .50 .60 .76 | .51 .72 .60

| End of Explosion |
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Figure 5.1 shows the plots of burning velocity and combustion
duration as functions of ignition-time turbulence intensity. The
dashed and solid lines fit data points with the same eddy scales.
According to Equation 2.4, the Kolmogorov scale at ignition time
was of the order of laminar flame thickness (=~ 0.1 mm).

In Figure %.1, there is an increase of overall burning rate
illustrated by a decrease in Time,, as the integral scale is
increased. The burning velocity at 110 mm diameter flame also
appears to increase with increasing ignition-time integral scale.

The normalized burning velocity curve with the smallest
integral scale (A = 1.9 mm, X/D = 6) shown in Figure 5.1 is not
linear. This nonlinearity is due to rapid turbulence decay after
ignition. The rapid decay is most obvious in the inhomogeneous
region with X/D less than 10 as shown in Figure 2.1. Therefore,
expressing post-ignition burning velocity as a function of
ignition-time turbulers® intensity is deceptive.

Using the rapid'distortion model of hew and Britter [CB88a],
the turbulence intensity for 110 mm diameter flames can be
estimated. Figure 5.2 shows the effect of turbulence intensity on

burning velocity of 110 mm diameter flames. The best linear fit

line is

S /
< =1.00 T:' +1.00 ; Ajopyay = 2 mm 5.1
u

u

Figufe 5.2 shows that small changes in integral scale have

negligible effect on the linear coefficient. Due to different
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burning rates, the different symbols only designate data points of
approximately equal integral scale for 110 mm dianeter flames.

Results obtained from burning 95% stoichiometric propane-air
mixtures are tabulated in Table 5.2. Propane-air mixture of 95%
stoichiometry was used to study the effect of mixture composition
on burning characteristics of near-stoichiometric propane-air
flames. This richer mixture is expected to burn faster than the 75%
stoichiometric propane-air mixture, giving a shcrter combustion
duration. As a result, there is less heat loss and a higher
pressure rise. As expected, Table 5.2 shows higher pressure rises
and shorter combustion durations compared with Table 5.1.

Figure 5.3 shows the effects of ignition-time turbulence
intensity on burning velocity and total combusticn period of the
95% stoichiometric propane-air flames. All curves are nonlinear and
there are some overlapping. These nonlinear and overlapping lines
are due to the over-prediction of turbulence intensity at 110 mm
flame diameter by not accounting for the turbulence decay.

After correcting for turbulence decay and rapid distortion
effects, Figure 5.4 shows the effect of turbulence intensity on
burning velocity of 110 mm diameter flames. The straight line fits
data points which correspond to the same ignition-time eddy scales
or similar integral scale for 110 mm diameter flanes. This linear

line is described as

S ! ,
2t 21,02 2 +1.00 } Ageyy ® 2 MM 5.2
sll sll

The small differences in integral scale had negligible effect on
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Table 5.2 : Summary Data From 95% Stoichiometric Propane-Air

Turbulent Flames.

| At ignition, P = 101 kPa, T, = 23 °C

; u' (m/s) || .33 .35 | .68
LA (m) 1.9 1.9 |1.9

8.6 . 15 14

iAt r = 55 mm, T, = 340 K, P = 172 KkPa,

lu' (m/s) | .33 |.47 | .58 | .31 | .49 | .62 | .33
1 A (mm) 2.1 | 2.3 2.7 3.2 | 3.2
| x/D 18 |22 |28 |28 |35 |42 |41

s, m/s) | .89 [1.0 1.0 |.79 |.99 |1.1 |.82

At r = 55 nm, T, = 340 K, P = 172 kPa, Ir/Ryq = 0.72

f (Including distortion in the normal direction only)

lu' (m/s) | .40 | .58 |.70 | .38 |.s9 |[.75 |.33

{ End of Explosion
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the relationship between burning velocity and turbulence intensity.

The effect of turbulence intensity due to rapid distortion in

the transverse directions is expected to be much smaller than that

in the normal direction. This effect as discussed in Section 2.4.2,
could possibly be neglected in the rapid distortion model.

Figure 5.5 shows the plot of burning velocity as a function of
corrected turbulence intensity for 110 mm diameter flames,
considering only the normal-direction turbulence intensity. As
expected, the slope is lower than that of Figure 5.4 due to higher
turbulence intensity. The following equation describes the best

linear fit line.

%: =0.85%;-;-: +1.00 ; Ayceuay = 2.0 M2 5.3

There is more scatter of data points in Figure 5.5 compared
with Figure 5.4. This trend to more scatter, if true, may lead to
the conclusion that the rapid distortion contribution in the
transverse directions is important and must be included.

The relationship between burning velocity and turbulence
intensity seems stronger for 95% stoichiometric propane-air flames
compared with 75% stoichiometric propane-air flames (C, = 1.02
versus 1.00). However, the maximum deviation from linearity shown
in Figures 5.2 and 5.4 is about 9%. Therefore, the 2% effect of
mixture composition on linear coefficient can be neglected over the
range of mixture compositions considered.

The integral scales were about 2 mm for all runs and the
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effect of mixture composition was small. There’ore, the available
data points can be combined into one graph of burning velocity as
a function of turbulence intensity as shown in Figqure 5.6. The
corrected turbulence level takes into account of the effects of
rapid distortion in all directions in conjunction with normal
decay. The best linear fit gives

S,
Su

{
=1.01 -;’— +1.00 ; Ayopuay = 2 mm 5.4

u

This equation illustrates that the linear coefficient between
burning velocity and turbulence intensity is unity for the 110 mm

diameter, lean propane-air flames.

5.2 Turbulent Burning Velocity Of Lean Methane-Air

Methane-air mixtures of 76% and 96% stoichiometric
compositions were used to study the effect of turbulence on the
burning characteristics of lean methane-air flames. All mixtures
were ignited at 1 atm and 23°C. The significance of methane is its
lower burning velocity compared with propane. The ignition-time
turbulence intensity was varied from 0 to 6.7 m/s for 76%
stoichiometric mixtures and 0 to 3.9 m/s for 96% stoichiometric
mixtures. The perforated plate with 20 mm diameter holes was used
to study the effect of medium scale turbulence on the burning
velocity. The integral scale at ignition time was fixed at 7.6 mm.

Turbulent burning results from the 76% stoichiometric methane~

air case are tabulated in Table 5.3. The maximum pressure rise is
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Table 5.3 : Summary Data From 76% Stoichiometric Methane-Air

Turbulent Flames.

At ignition, P = 101 kPa, T, = 23 °C

u' (m/s) | 2.7 6.6 6.7 | .42 | .80 [ 1.2 1.5 1.8
A (mm) 7.6 7.6 7.6 |7.6 7.6 |l7.6 7.6 7.6
X/D 6.3 6.6 6.7 |12 14 13 13 12

At r =55mm, T, = 340 K, P = 168 kPa, r/Ryy = 0.72

u' (m/s) | 1.5 1.7 1.8 | .44 |.76 |1.0 1.2 1.4
A (mm) 7.6 7.7 7.8 |8.3 |9.5 |9.7 10 9.7
X/D 13 15 15 17 23 24 25 24
s, (m/s) |1.2 1.4 1.4 |.59 |.86 |1.0 1.1 1.2

At r = 55 mm, T, = 340 K, P = 168 kPa, r/Ry, = 0.72

(Including intensity in the normal direction only)

u' (m/s) | 1.8 2.1 2.2 | .54 |.76 |1.3

End of Explosion
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slightly lower than that of 75% stoichiometric propane-air case.

Figure 5.7 shows the effect of ignition-time turbulence
intensity on burning rates. The integral scales remained constant
at about 8 mm. Ignition occurred at two different normalized
distances downstream of the perforated plate as designated by the
two symbols. According to Equation 2.4, the region at X/D = 6.5
approximately corresponds to Kolmogorov scale of 0.09 mm while that
at X/D = 13 represents 0.15 mm Kolmogorov scale. Similar to the
propane-air case, the relationship between the turbulent burning
velocity at 110 mm diameter flame and the ignition~time turbulence
intensity is non-linear and misleading.

Considering the average turbulence intensity in all direc-
tions, Figure 5.8 shows the effect of turbulence intensity on
burning velocity for 110 mm diameter flames. The linear line that

fits all data points is

S /
< =0.69 -g- +1.00 ; A puy = 6 mm 5.5

u u
The 10% change in integral scale has no significant effect on the
normalized burning velocity and turbulence intensity relationship.
Figure 5.9 sho/s the effect of turbulence on burning velocity

while only accounting for turbulence intensity in the normal

direction. The result is described as

S /
< =0.56 % +1.00 ; A, ey = 6 mm 5.6

The normal turbulence intensity is higher without the reduction
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Figure 5.7 : Effect Of Ignition-Time Turbulence Intensity On
Burning Rate Of Lean Methane-Air Flames (® = 0.76).

(X/D = Normalized Distance Downstream Of The Perforated Plate
As In Equation 2.1)
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effect in the transverse directions. As a result, the 1linear
coefficient is smaller compared with that of Figure 5.8.

Turbulent burning results for 96% stoichiometric methane-air
flame are tabulated in Tables 5.4a and 5.4b. As expected, the
maximum pressure rise for this richer mixture is higher than the
76% stoichiometric methane-air flame. When comparing with 95%
stoichiometric propane-air flame, this maximum pressure rise is
smaller.

Figure 5.10 shows the effect of ignition-time turbulence on
burning rates. Similar to the 76% stoichiometric methane-air
flames, though the integral scales are relatively constant at
ignition time, X/D varied from 7 to 13 at ignition. Consequently,
the Kolmogorov scale increased from 0.09 mm to 0.15 mm. Once again,
expressing turbulent burning velocities of 110 mm diameter flames
as a function ignition~time turbulence is misleading.

Considering the effects of decay, rapid distortion and the
average of intensity in all directions, Figurehs.ll shows the
effect of turbulence intensity on burning velocity for 110 mm

diameter flames. The best linear fit line is described as

!
St 20.65 & +1.00 i Apoeyay = 5 MM 5.7
S, S

u

The effect of small changes in integral scale is negligible.
Figqure 5.12 shows the turbulence intensity - burning velocity

relationship based on turbulence intensity in the normal direction

only. As expected, the turbulence intensity is higher without the

negative averaging effect in the transverse directions. As a
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Table 5.4a : Summary Data From 96% Stoichiometric Methane-Air

Turbulent Flames.

[At ignition, P = 101 kPa, T, = 23 °C

(m/s) § .52 1.0 3.1 3.9 2.0 2.2 3.0
A (mm) 7.6 7.6 7.6 7.6 7.6 7.6 7.6
X/D 700 6.9 7-4 6.5 8-7 9.2 907

; u' (m/s) | .59 .99 2.2 2.5 1.7 1.9 2.3
1A (mm) 7.6 7.6 7.6 |17.6 7.7 8.0 8.6
{ X/D 8.7 9.5 13 12 15 16 19
s, (m/s) | .80 1.0 1.8 1.9 1.5 1.7 1.8

1At r = 55 mm, T, = 340 K, P = 169 KPa, X/Ryym = 0.72

i (Including intensity in the normal direction only)

L u' (a/e) | .72 1.2 [2.7 |3.0 |2.0 2.3

End of Explosion
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Table 5.4b : Summary Data From 96% Stoichiometric Methane-Air

Turbulent Flames.

| At ignition, P = 101 kPa, T, = 23 °C

{u* (m/s) | .36 .68 .96 1.4

1.4 1.6 1.9
| A (mm) 7.6 7.6 |7.6 |7.6 7.6 7.6 7.6
| x/D 11 13 15 12 13 13 12
IAt r =55 mm, T, = 340 K, P = 169 kPa, r/R, = 0.72
b u' (m/s) | .47 .79 1.1 1.4 1.4 1.5 1.7
| A (mm) 7.6 8.5 9.4 8.6 9.0 9.4 9.0
| X/D 14 18 22 18 21 22 21
| s, (m/s) | .72 .98 1.2 1.4 1.5 1.5 1.5
At r =55mm, T, = 340 K, P = 169 kPa, r/Ry, = 0.72
(Including intensity in the normal direction only)
u' (m/s) | .57 .96 1.3 1.7 1.6 1.8 2.1

End of Explosion
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result, the linear coefficient decreases. The result is described

by the following equation.

—£ =0.54 X +1.00; A, = 5 mm 5.8

There is less scatter amongst data points in Figure 5.11
compared with Figure 5.12. This tends to imply that the rapid
distortion in the transverse directions is important.

The relationship between burning wvelocity and turbulence
inﬁensity is relatively unaffected by mixture composition for the
range of equivalence ratios considered (@ = 0.76 to 0.96). With
fixed integral scales of 7.6 mm at ignition for all runs, the
available data points can be combined into one graph of burning
velocity as a function of turbulence intensity for lean methane-air
flames. This plot, shown in Figure 5.13, relates burning velocity
with the actual turbulence intensity (average of components in all
directions) for 110 mm diameter flames.

The best linear fit for all data points shown in Figure 5.13

gives

S /
< = 0.67 -;- +1.00 ; Ay = 6 mm 5.9
u u

This equation illustrates that the linear coefficient is 0.67 for
lean methane-air flames. This linear coefficient is much smaller

than that for lean propane-air flames.
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5.3 Methane-aAir Turbulent Flame Growth From High Speed Video

Using the high speed video camera running at 2000 frames per
second, flame propagations in several 76% stoichiometric methane-
air tests were taped in conjunction with the pressure traces. Image
processing programs were then used to digitize the imzes and
calculate the cross sectional area of the flame as discussed in
Chapter 3. The measured flame cross-sectional area was converted to
mean flame radius assuming a sphere. The flame growth rate was then
used to calculate the burning velocity. The expansion factors from
the multi-zone thermodynamic equilibrium model as discussed in
Chapter 3 were used to convert the measured flame growth rate to
burning velocity.

Flame sizes were measured from the fime of ignition until the
flame passed beyond the edge of the 110 mm diameter window. The
window was not perfectly centred on the ignition point and
turbulent flame growth was not uniform. As a result, the maximum
flame size analyzed was approximately 60 mm diameter. Burning
velocities were evaluated from the best of values from flames in
the 38 'mm to 53 mm diameter range (0.25 < r/R,,, < 0.35, typically
4 to 7 images).

Samples of the video images obtained with laminar and
turbulent flames are shown in Figure 5.14. These images have been
"cut out" by the image processing software which searches foi-
gradients in the Schlieren intensity image. This search takes place
along rays from the center of the image, producing some rcughness

along the edges of the corrugated turbulent flames.
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Figure 5.14 : Lean Methane-Air (@ = 0.76) Turbulent Flames
(compared with quiescent flame) From Video Images.
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Figure 5.15 compares a typical low turbulence flame size
(u' = 0.4 m/s, A=17.6 mm, X/D = 10 at ignition time) obtained from
the video images with that obtained from the pressure-based method.
Similar to the case of laminar flame growth shown in Figure 4.14,
pressure-based results are inherently noisy at the early stages of
flame propagation. Consequently, the prs“sure-based results are
only reliable for flames over 46 mm diameter (r/R,, > 0.3).

Figure 5.15 shows that the flame growth rate from the video
images was about 13% higher than that measured by the pressure
trace (about 3 mm in r at r = 25 mm). As previously mentioned, the
Schlieren system would be expected to measure the leading edge of
the flame front while the pressure trace gives the central flame
front position. The difference as shown in Figure 5.15 is greater
than this amount due to the same reasons discussed in Chapter 4. In
short, under low turbulence conditions, the difference in flame
growth between video-based method and pressure-based method is
close to that of the laminar case. This validates the argument
stated previously that though the burning velocities obtained by
these two methods are different, the normalized burning velocities
agree.

With high intensity turbulence, the difference between the
flame growth obtained from the video images and the pressure trace
is expected to increase. This larger difference in flame radius is
due to the much thicker flame front present in high turbulence
flames. Figure 5.16 illustrates a high turbulence flame grov:h

recorded by both high speed video and pressure trace. The turbu-
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lence intensity, u', at ignition time was 2 m/s (A = 7.6 mm,
X/D = 9). The difference is large at about 5 mm at r = 25 mm due to
the increasing flame thickness as progressively large eddies
distort the flame fromnt.

From Figures 5.15 and 5.16, the discrepancy between the flame
growth obtained by the two methods becomes larger as the flame
grows. This is due to the growing flame or reaction zone thickness
as the flame propagates [AB87].

Table 5.5 tabulates the results for 46 mm diameter, methane-
air flames obtained from the video images. The turbulence intensi-
ties were obtained by taking normal decay and rapid distortion
effects into account. The effects due to rapid distortion at the
46 mm diameter flames were found to be small.

Figure 5.17 shows the plot of relative burning velocity
measured from the flame images as a function of turbulence intensi-

ty. The best fit line is

!

St u
—_ =0.24 . +1.00 5.10
S . S

The linear coefficient is much weaker at this early stage of flame
propagation (46 mm diameter flames) than that found previously for
110 me diameter flames.

Phere is a high scatter of the data points in Figure 5.17. One
reason for this is that only single runs were used. Ancther reason
is due to the poor time resolution of 0.5 ms interval between
conssicutive images.

Due to the window limitation on the cubical bomb and also the
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Table 5.5 : Burning Velocity Of Lean Methane-Air Flame From Video

Inmages at r = 23 mm (T, = 298 K, P = 104 kPa).

Time (ms) SJ/S,
16.00 1
12.50 1.45
11.00. 1.80
9.50 2.04
10,00 2.66
8.50 2.27
9.00 2.12
8.00 2.36
6.50 3.32
I R
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restrictions of the current image processing programs, which
require a complete flame perimeter, no flame sizes greater than
62 mm diameter (r/R,,, = 0.40) were measured from video images. At
the early stages of flame growth, the pressure trace was very noisy
as shown in Figures 5.15 and 5.16. Therefore, no direct comparison
of the two methods (pressure-based and video image based) was
possible. However, it is possible to obta.n pressure-based results
(with some higher noise level) down to a flame diameter of 60 mm.

Figure 5.18 shows a plot from the pressure-based method
calculated at 68 mm flame diameter (T, = 305 K, r/Ry., = 0.45,
P = 113 kPa). This figure shows a much weaker relationship between
the burning velocity and turbulence intensity compared with the

110 mm flame diameter case.

S, u’
— 0030 —_— 1.00 5011
S S

This confirms that the linear coefficient is weaker for smaller
flames.

In summary, both pressure-based and image-based methods showed
that the linear coefficient, C,, increases as the flames grow from
initial spark kernels. Even beyond the very early acceleration of
the flame front mentioned in Agnew and Graiff [AG61], the flame
continues to accelerate as it grows larger and larger. This
acceleration is greater than that attributable to the increase in
turbulence intensity due to rapid distortion. Therefore, the linear

coefficient must be increasing with flame size.
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5.4 The Effective Turbulence Intensity

The initial flame kernel is not exposed to the lower frequen-
cies, larger eddies, in the turbulence. These larger eddies only
convect the flame front as discussed by Abdel-Gayed and Bradley
(AB87, AB86, AB84). As the flame grows, progressively larger eddies
become effective at shearing and distorting it.

For the cases studied here; due to the decaying turbulence and
also the relat!vely large scales compared with laminar flame
thickness, the effects of smaller scales die out quickly relative
to the period of flame growth. In the present experimental
apparatus, the small volume of the combustion chamber is probably
inadequate for the flame to be fully developed, which would require
it to be many times larger than the turbulent integral scale.

At this point, it is postulated that the increase in
dependence of turbulent burning velocity on turbulence intensity,
the linear coefficient, can be expressed as a function of flame
size relative to the integral scale; that is,

I

Aacl:ua.l

C, = ¢4 5.12

The dependence coefficient, c,, indicates how strongly the linear

coefficient depends on the normalized flame radius, r/A.u.

S.4.1 Methane-Air Flames
For the methane-air flames, from ignition time to 110 mm
diameter flames, the integral scale increased from 8 mm to 9 mm

according to the normal decay model. After correcting for the flame
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compression effect according to Equation 2.17, the integral scale
actually decreases from 8 mm to 6 mm.

Figure 5.19 shows that the linear coefficient between S,/S, and

u'/s, for the lean methane-air flames studied can be given by:

C, = 0.073 Ar 5.13
actual

5.4.2 Propane-Air Flames

For the lean propane-air case, no video images were recorded.
Therefore, the change of linear coefficient with respect to flame
size was found using the pressure trace at earlier stages of flame
propagation.

Figure 5.20 shows the pressure-based results for 60 mm
diameter flames (T, = 305 K, r/R,, = 0.45, P = 113 kPa). The best

linear fit line is described by Equation 5.14.

S /
2t =0.60 ’;__ +1.00 5.14

"

This equation shows a much weaker linear coefficient compared with
the unity linear coefficient obtained for 110 mm diameter flames.

Due to the significant scatter in Figure 5.20, another
location is required to confirm the dependence of linear
coefficient on flame size. Figure 5.21 shows the plot of burning
velocity at 92 mm diameter flame (T, = 320 K, r/Ry. = 0.60,
P = 170 kPa) as a function of turbulence intensity. There is less

scatter in this plot and hence the results give more confidence in
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the burning velocity and turbulence intensity relationship. The

best fit line gives

f.‘. = 0.80 .".1_{. +1.00 5.15
S, S,

Using the normal decay model, the integral scale increased
from about 2 mm to approximately 3 mm at 110 mm diameter flame.
After correcting for the temperature and pressure effects as
described by Equation 2.17, the integral scale actually remained
approximately constant at 2 mm.

The linear coefficient for this lean propane-air case is
plotted against the relative flame radius (normalized by the
integral scale) in Figure 5.22. The equation

C, = 0.036 Ar 5.16
actual

describes the relationship between the linear coefficient and the
flame size.

The dependence coefficient is much weaker for this lean
propane-air case compared with that of the lean methane-air case.
There are a few possible reasons for this factor of two difference.
Using the perforated plate with 5 mm diameter holes, the eddies
generated are much smaller (A = 2 mm) compared with those in the
methane-air case (A # 8 mm). These smaller eddies become effective
at shearing and distorting the flame front faster than the larger
eddies of the methane-air case. While the integral scale of the
methane-air case is only convecting the flame front, the integral

scale of this propane-air case is already creating more wrinkling.
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Using the very different scales and ranges of turbulence intensity
for the two cases, propane-air and methane-air flames, the
combustion mechanisms are expected to be different. Combustion in
the lean propane-air case undergoes major effects due to relatively
smaller eddies while combustion of the 1lean methane-air case
depends mostly on large scale wrinkling. In addition, there could
be a larger error involved in the propane-air case due to larger
scatter of data points, less consistency in fixing integral scale
and a lower purity fuel used. The discrepancies in linear
coefficient and dependence coefficient could be caused by the
different fuels used. This point can not be justified here until
further experiments with the same fuel are performed using both

5 mm and 20 mm diameter plates under the same conditions.

§.5 Comparison Of Turbulent Burning Velecity With Published Results

The present results can be compared with the two-eddy theory
of Abdel-Gayed and Bradley [AB81]). Their theory relates flame front
advance to turbulent Reynolds number (R,) based on the interaction
between integral scale and Kolmogorov scale. The burning rate is a
function of eddy decay and chemical reaction for large integral
scale and dissipative Kolmogorov scale as discussed in Chapter 2.

Figure 5.23 shows the comparison between results obtained from
the present study with those predicted by the two-eddy theory. The
two dashed lines are the results predicted by the two-eddy theory
over the two different ranges of turbulent Reynolds number

considered. The solid line with equation
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S /
= = 1.01‘;_ +1.00 (propane) 5.17

shows the best fit linear line for 110 mm diameter, lean propane-
air flames. For 110 mm diameter, lean methane-air flames, a weaker

linear coefficient is obtained from the present study as shown by

the soclid line labelled

/

s
< =0.67 Pg_ +1.00 (methane) 5.18

For the 110 mm diameter, lean propane-air flames, R, was
estimated to be about 50. The two-eddy theory gives a linear
coefficient of about 1 over the same range of turbulence intensi-
ties. The present 110 mm diameter, propane-air flames have a linear
coefficient that agrees reasonably well with the prediction of the
two-eddy theory, but slightly weaker.

With R, of about 800 for the 110 mm diameter, lean methane-air
flames, the two-eddy theory gives a slope of about.z over the same
range of turbulence intensities. This slope or linear coefficient
is about 3 times the value obtained from the present 110 mm
diameter, lean methane-air flames.

For the present methane-air results to agree with those of the
two-eddy theory, the value for r/A,,, has to be about 27. The flame
radius has to be about 27 times larger than the integral scale in
order for the available turbulence to be totaily effective. This
value of r/A,,, seems high because it requires the flame diameter

to be 55 times larger than integral scale. There are two possible
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reasons why the stirred bomb results of Abdel-Gayed and Bradley

would lead to this value. First, they used the progress of the
leading edge of the flame front to calculate the burning velocity.
This would give a larger burning velocity than the mean position
obtained from current pressure-based results. The other reason is
the continuous enhancement of burning velocity by the smaller
scales in their stirred bomb. This is not present in this decaying
turbulence. Cant and Bray ([CB89] found that the turbulent
conditions in a stirred bomb cause combustion to take place much
more rapidly than in natural decaying turbulence.

With the above explanation of the discrepancy between the
present methane-air results with the prediction of the two-eddy
theory, it becomes obvious why the propane-air result agrees with
that predicted by the two-eddy theory. For the propane-air flames
studied, because of the small scale turbulence used, the flames are
almost fully developed at diar ~*s of 110 mm according to the two-
eddy theory. It happened tha. .. the 110 mm diameter flame size
considered in this study, the effectiveness of the turbulence
coincided with that predicted by the two-eddy theory. For the
110 mm diameter flame, the integral scale was about 1/28 of the
flame radius. This is consistent with the methane-air case which
must be extrapolated to r/A,,, = 27 for the present result to agree
with that predicted by the two-eddy theory. In short, the two-eddy
theory seems consistent in predicting a flame diameter to integral

scale ratio of 55 for a fully developed spherical flame.
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

6.1.1 Pressure Effects On Laminar Burning Velocities

The pressure effects on laminar burning velocities of lean
propane-air and lean methane-air gas mixtures were investigated by
varying the initial pressure from 0.5 to 2.6 atm. The pressure
exponents and burning velocities were compared with those in the
literature.

The pressure exponents for the propane-air flames were about
-0.6 compared with the more acceptable value of -0.2. Some
researchers [Gl87, Ku87, Ku60] found that the pressure exponent
varied with temperature, pressure, chemical reaction involved and
burning velocity. As a result, the published pressure exponents
ranged from -0.1 to -0.7.

Despite the different pressure effects, laminar burning
velocities of propane-air flames at atmospheric conditions agreed
with those in the literature. In general, the laminar burning
velocities from this study are slightly higher than the more
acceptable values in the literature.

The methane-air case produced more consistent results than the
propane-air case. The higher consistency resulted from both a
higher purity fuel and a wider range of initial pressure used. The
pressure exponents varied from -0.58 to =-0.71 compared with ~0.5

obtained by Bradley and Hundy [BH71]}. The burning velocities of
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methane-air flames are within 10% difference compared with the more
acceptable published results.

In both propane-air and methane-air cases, the pressure effect
on laminar burning velocity decreases with increasing lean equiva-

lence ratio. This is consistent with other results.

6.1.2 Effects Of Eddy Scales On Turbulent Burning Velocities

In this study, the perforated plate with 5 mm diameter holes
was used for the propane-air tests and the perforated plate with
20 mm hole diameter holes was used for the methane-air tests. With
a fixed plate hole diameter for either case, the integral scale was
only varied over a small range.

With less than 20% changes in integi:'al scale, the effect on
turbulent burning velocity was negligible. Mrom propane-air case to
methane-air case, the linear coefficient, C;, decreased from 1 to
0.65 for a 110 mm diameter flame. This significant decrease in
linear coefficient could be due to the large increase in integral
scale (2 to 8 mm). However, as the fuels are different, the
conclusion ‘that small scale turbulence is more effective in

enhancing the burning velocity can not be confirmed.

6.1.3 Effects Of Turbulence Intensity On Turbulent Burning
Velocities

The turbulence at the measurement time was found to correlate
better with burning velocity than the ignition-time turbulence. The
relationship between ignition-time turbulence and turbulent burning
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velocities during the combustion process was very non-linear and
misleading. Therefore, measurements of u'/S, effects on §,/S, must
properly model rapid distortion and turbulence decay effects.

Turbulence intensity has a strong effect on burning velocity.
There is a linear relationship between the normalized turbulent
burning velocity and turbulence intensity for both lean propane-air
and lean methane-air cases. In either the propane-air or the
methane-air case studied, the relationship was the same for lean
mixtures (@ = 0.75) and rich mixtures (@ = 0.95). The linear
coefficient between normalized turbulent burning velocity and
turbulence intengity was the same at both equivalence ratios.

The linear coefficient, C;, increases as the flame grows. For
the propane-air case, the linear coefficient increased from 0.6 to
1.0 as the flame diameter increased from 60 mm (T, = 305 K,
r/Ryow = 0.45, P = 113 kPa) to 110 mm (T, = 340 K, I/Rym = 0.72,
P = 170 kPa). In the lean methane-air case, the linear coefficient
increased from 0.3 to 0.7 as the spherical flame grew from 46 mm
(T, = 298 K, r/Rye = 0.3, P = 104 kPa) to 110 mm (T, = 340 K,
r/Ry = 0.72, P = 170 kPa) in diameter.

It was postulated that the linear coefficient can be related

to the normalized flame radius, r/A...

r
C =C - 6.1
L ¢ Aactual

The dependence coefficient, c,, was found to be 0.036 for the lean

propane-air case and 0.073 for the lean methane-air case.
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6.1.4 Plame Growth From High Speed Video

The flame growth measured from the.high speed video images was
found to be faster than that obtained from the pressure trace. This
difference in flame growth increases with turbulence intensity and
flame size.

The Schlieren system is expected to measure the leading edge
of the flame front while the pressmre trace gives the central flame
front position. For a laminar flame ignited at 1 atm and 296 K, the
difference in flame size measured by the two independent methods
(pressure trace and video image) was found to be greater than this
amount. A 13% difference in flame radius (4 mm) was obtained for a
30 mm radius flame. The difference other than the flame thickness
was mostly due to error in the area calculation program used. The
image processing program detected a larger area than the actual
flame size. With the 13% difference in flame size, the burning
velocity calculated from the video images was about 30% higher than
that from the pressure trace. This 30% differencé was due to the

square of the flame radius difference.

6.1.5 Effect Of Rapid Distortion In A Closed Chamber Combustion

Rapid distortion has a significant effect on the later stages
of combustion in the closed combustion chamber. The rapid distor-
tion increases the turbulence intensity in the normal direction
significantly, while tending to reduce the turbulence intensity in
the transverse directions.

There appeared to be more scatter of data points if the
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contribution of rapid distortion due to the transverse components
is omitted. Whether or not the transverse components of the
turbulence should be omitted in rapid distortion analysis cannot be

demonstrated from these results.

6.2 Recommendations

6.2.1 Pressure And Temperature Effects On Laminar Burning Veloci-
ties

The effects of pressure on laminar burning velocities were
found to be larger than the more acceptable results from the
literature. Further study of this case can be carried out over a
wider range of pressure with a higher purity of fuel, especially
propane.

As the initial temperature was fixed at 23°C throughout this
study, the temperature effects were not studied. The proper way to
study this temperature effect on burning velocity would be to
preheat the combustion chamber to vary the initial temperature.
This temperature effect, if obtained, can be compared with the pub-
lished results. The temperature effect could explain some of the

disagreements between present results and those of others.

6.2.2 Turbulence Measurements
The actual turbulence during the process of combustion is
still questionable. Checkel's wind tunnel equations (unpublished

work) used the same set of equations for all perforated plates.



137
However, McDonell's measurements [Mc88)] found that the equations
for each plate could be quite different. At this point, it is
believed that the difference from plate to plate is likely due to
the change in the ratio of plate hole diameter to plate thickness.
Using the design of an orifice for the holes on the perforated
plates would probably minimize this plate thickness effect on the

turbulence generated.

6.2.3 Correlating Eddy Scales With Turbulent Burning Velocities

It is difficult to correlate eddy scales with burning velocity
accurately using a closed bomb method. This is due to different
rates of turbulence decay which result in different scales and
turbulence intensities throughout the combustion process. Moreover,
rapid distortion affects the turbulence condition significantly,
especially at the later stages of combustion.

only the pre-ignition eddy scales and turbulence intensity can
be controlled accurately. At ignition or immediately after this,
the flame kernel is too small. to produce any measurable pressure
rise. Other factors that further complicate the analysis of a small
flame kernel include large flame thickness, curvature and quenching
effects.

Burner methods may be used as an independent method for
studying the effect of eddy scales on burning velocity. This is
because steady scales can be maintained at a specific location.

Despite the problems encountered using the present cubical

combustion chamber, the present combustion chamber represents the
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actual internal combustion engine closely.

Further studies on the effects of eddy scales on the burning
velocity can be carried out using different plates but keeping the
mixture the same. The results obtained from these studies would
probably explain the changing dependence coefficient, ¢, of
Equation 6.1. Similar cubical combustion chambers with larger and
smaller volumes than the present chamber could be used to validate

the developing turbulent flame results.

6.2.4 High Speed Video Images

In this study, the use of images obtained from the high speed
video was limited by both the image processing method and the small
window of the combustion chamber. The image processing program
tends to include area beyond the flame front and should be
improved.

The window on the combustion chamber could be widened and
centralized. This would allow the capture of the flame front by the

~ideo up to the point where the flame front touches the walls.
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Appendix A : Burning Velocity Calculations

This appendix describes the burning velocity calculations
based on pressure traces. The geometric method used in this study
was compared with the simple Lewis and von Elbe method [LVé8].

The multi-zone thermodynamic equilibrium model was used in a
program (NBPMAK.bas) to generate arbitrary pressure traces. These
pressure traces were generated with constant burning velocity of
0.4 m/s. The initial spark kernel was fixed with a radius of 5 mm
and the time step used was 0.5 ms. At each time step, the volume
burned was increased by burning a new volume equal to the previous
flame area multiplied by 0.4 m/s.

The Lewis and von Elbe method was used to calculate the
corresponding burning velocity based on fhe equilibrium pressure
obtained from STANJAN [Re87]. This burniry welocity was compared

with the "original" burning velocity calculated as

av,
S, = = A.l
4 ﬂ Rlasc dt

where S, = Burning Velocity
dV,, = Volume of the Burning Element before burning
R, = Radius after the last element burnt
dt = time step
The "original" buirning velocity should give exactly the original
0.4 m/s.
The burning velocity calculated by the analysis program is

slightly different since it divides the incremental volume burned
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by the geometric average of current and previous flame areas. The

burning velocity calculation based on the geometric method is

calculated as

R; -
Su = 1 d'iflﬂme l.z

where R, = Flame Radius before burning

Rym = Geometric Mean Flame Radius described as

R _ I Rlzast + Rg A.3
flame = —_2—-—

where R, = Flame Radius

Figures A.1 and A.2 show the bgrning velocity results for 75%
and 95% stoichiometric methane-air flames respectively. Theée
methane-air mixtures were theoretically ignited at 1 atm and 296 K.
The burning velocities based on the geometric method increased
asymptotically towards 0.4 m/s as expected. This confirms that the
geometric flame calculation works with the smooth pressure trace
generated by NBPMAK.bas.

To test all of the analysis programs, theoretical results
obtained from NEWBOMB.bas program were used to interpolate the
pressure trace generated by NBPMAK.bas. The procedure is the same
as that used in analyzing burning velocity from an experimental
pressure trace. Program NEWBP2.bas was used to interpolate the
pressure trace (generated from NBPMAK.bas) with the theoretical
values to get the corresponding burning temperature, specific

heats, unburnt and burnt volumes, mass burnt, and flame radius.
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After interpolation, the resulting parameters were used to
calculate the final burning velocity. Figures A.3 and A.4 show the
final burning velocities (after interpolation) for the 75% and 95%
stoichiometric methane-air mixtures respectively. The final burning
velocities based on the "original" method show higher burning
velocities initially. These higher burning velocities were due to
the large initial burnt volume resulting from the large spark
volume used. The larger burning volume affects the initial burning
velocities via dV,, used in Equation A.1l.

The "geometric" burning velocity is the one used in real
analysis. The fluctuation in the final burning velocities based on
the "geometric" method was due to interpolation error. In the
actual procedure when dealing with experimental pressure traces,
the calculated burning velocities were filtered and a linear fit
between 84 and 115 mm diameter was used to estimate the burning
velocity. Choosing 75% stoichiometric methane-air mixture at
Ryee = 55 mm, the "geometric" model should be eipected to read
0.38 m/s (Figure A.1) and actually obtains 0.39 m/s (Figure A.3).
This is taken as confirmation that the analysis programs can

correctly analyze a pressure trace with known burning velocity.

References:

[LVé68) B. Lewis and G. von Elbe, Combustion, Flames and
Explosions of Gases, Academic Press Inc., 2nd Ed., 1968

[(Re87) W.C. Reynolds, "STANJAN, An Interactive Program for
Equilibrium Analysis by the Method of Element
Potentials", v 3.81, Mechanical Engineering Department,
stanford University, 1987
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Appendix B : Air-Fuel Mixer Calibration

This appendix details the actual re-calibration of air-fuel
mixer performed on September 1990.

Figure B.1 shows a schematic of the actual air-fuel mixer used
in the experiment. This apparatus regulates the volumetric flow
rates of the gases through the critical flow orifices and then

mixes them to produce homogeneous mixtures with the mixer.

Orifice
y . 0.456 mm diameter
Dry Air 3/8 inch tubing r
=> ~ & Ll
Orifice
0.1 mm diameter
Propane 1/4 inch tubing e
Orifice
0.1 mm diameter
Methane 174 inch tubing m'
—_— X . Pressure
@ Gouge
(0-15 ps»
Mixer

o
Vo

Cell/Vacuum Burner

Pigure B.1 : Air-Fuel Mixer.
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Flow regulation operates by using critical (choked) flow
orifices. The critical flow orifices are made of brass orifice
plates with diameters of 0.1 mm for the fuels and 0.456 mm for the
air. Once critical flow is obtained, the flow is only a function of
the upstream gas pressure and temperature. With approximately
constant room temperature, the flow rate is directly proportional
to the upstream gas pressure.
Critical flow is achieved when the upstream pressure is

sufficiently larger than the critical pressure, P° of equation B.1

(WS78).
P (_2__)7—71 B.1
P, vy +1
where ¥ = gpecific heat ratio
P’ = critical (downstream combustion chamber)
. pressure
P, = upstream gas pressure

Setting the fuel gas (methane or propane) pressures at
220 kPa, the upstream air pressure was varied to obtain the
required mixture stoichiometry for a downstream pressure of 1 atm.
Table B.1 shows the specific heat ratio at 300 K and the corre-
sponding minimum upstream pressure for each gas.

The upstream air pressure was calibrated to flow rate using a
rotameter (Century Flowmeter Kit, Tube Catalog No 448-324 with 0.25

inch diameter of Black CD Glass). The flow rate was corrected to
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standard conditions (25°C and 700 mm Hg) and plotted on Figure B.2.

The propane and methane flow rates, being too low for practi-
cal rotameter application, were calibrated using the "Bubble in
Burette" technique as shown in Figure B.3. The rubber ball was
squeezed until the level of the bubble fluid was above the mouth of
the tube through which the mixer gas passed through. The rise of
the bubble through the 100 ml burette was timed to obtain the flow
rate. These flow rates were also corrected to standard conditions

(25°C and 700 mm Hg) and plotted on Figures B.4 and B.5 respective-
ly.
Table B.1 : Properties For Critical Flow At 300 K.

Specific heat

ratio ¥y

Air 1.400

; Methane 1.299
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Figure B.2 : Air Flow Rate Calibration.
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Figqure B.3 : Bubble In Burette Technique.
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Figure B.S : Methane Flow Rate Calibration.
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153

Mixerl.bas and Mixer2.bas listed here are the two programs
used for tabulating the A/F (Air to Fuel) ratios for the choked
flow method based on the calibrated flow rates. Mixerl.bas
tabulates air supply pressure for the corresponding equivalence
ratio. Mixer2.bas tabulates the results in term of A/F ratio on
mass basic. The calibration results are listed in Tables B.1, B.2,

B.3 and B.4.

Reference
[WS78] G.J. van Wylen and R.E. Sonntag, Foundamentals

of Classical Thermodynamics, SI Version 2°,

John Wiley & Sons, 1978
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Mixert.bas
Sep 1990 DSK Ting

This program tabulates A/F ratios for the gas mixer based on the calibrated
flowrates. (Based on the original Fortran Program by 8. McDonell)

DIM phi(11), Qair¢20), AirP(20), Barom(10)
OPEN "c: \cp\tmg\data dat" FOR OUTPUT AS #1

PRINT #1, Table A.1 : Table of Methane Equivalence Ratios"
PRINT #1,
PRINT #‘l, " Methane supply pressure setting at 220 kPa"
PRINT #1,
PRINT #1, © Stoichiometric A/F = 17.19 (mass basic)"
PRINT #1,
' Range of barometric pressures to be considered:
PRINT ¥, v Barometer:"
PRINY #1, ® (mmiig)*;
FORi=1T09

Barom(i) = 680% + 5 * (i - 1)
PRINT #1, USING “#¥#A#¥"; Barom(i);

NEXT i
PRINT #1, : PRINT #1,
PRINT #1, * Equiv ratio AIR supply pressure setting (kPag) :"
! Range of equivalence ratios to be considered:
FOR i =1 T0 11
phi¢i) = .5+ (i - 1) * .05
NEXT i

' Calculate air pressures for methane using Aug 1990 calibration data
! Stoichiometric A/F ratio (volume basic) for methane

AFstoi = 9.52

FOR i=1T0 1
PRINT #1,
PRINT #1, "y
PRINT #1, usluc R phiCi);
FR j=1109

QCH4 = ,00222284# * (220 + .133322 * Barom(j)) - .167852
Qair(j) = (AFstoi * QCH4) / phi(i)
AirP(j) = (Qair(j) + .006) 7/ .019682 - (Barom(j) * .133322)
PRINT #1, USING “##¥#.#; AirP(j):
NEXT j
NEXT i

! Propane table:

PRINT #1, : PRINT #1, : PRINT #1,
PRINT #1, : PRINT #1, : PRINT #1,

PRINT :}, " Table A.2 : Table of Propane Equivalence Ratios"
PRINT #1,
PRINT #1, » Propane supply pressure setting at 220 kpa"
PRINT #1,
PRINT ¥, » Stoichiometric A/F = 15.64 (mass basic)*
PRINT #1,
PRINT #1, » Barometer:"
PRINT #1, © (mmig)*;
FRiz1T09
PRINT #1, USING “MN####"; Barom(i);
NEXT i
PRINT #1, : PRINT #1,
PRINT ¥4, » Equiv ratio AIR supply pressure setting (kPag) :*

' Calculate air pressures for propane using Aug 1990 calibration data
' Stoichiometric A/F ratio (volume basic) for propane

END

AFstoi = 23.8

FRRi=1T01
PRINT #1; PRINT #1, LH
PRINT #1, USING ”W v, phl(l).
FOR j = 1 T0 9

QC3H8 = .000566388# * (220 + .133322 * Barom(j)) - .00468412¢#
Qair(j) = (AFstoi * QC3HB) / phi(i)
AirP(j) = (Qair(j) + .006) / .019682 - (Barom(j) * .133322)
PRINT #1, USING “#WEN.#%; AirP(j);
NEXT j
NEXT i
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Mixer2.bas
Sep 1990 DSK Ting
This program tsbulates A/F ratios for the gas mixer base on the calibrated
flowrates. (Based on the original Fortran Program by B. McOonell)
DIM AF(27), Qair(20), AirP(20), Barom(10)
OPEN “c:\qb\ting\data.dat" FOR QUTPUT AS ]
"

PRINT #1, Table A.3 : Table of Methane A/F Ratios"
PRINT #1,
PRINT ¥, ¢ Methane supply pressure setting at 220 kPa“
PRINT #1,
PRINT #1, ® Stoichiometric A/F = 17.19 (mass basic)"
PRINT #1,

Range of barometer pressures to be considered:
PRINTY #1, ¢ Barometer:"
PRINT #1, © (mmig)*;
FOR i =1T09

Barom(i) = 680 + 5 * (i - 1)
PRINY #1, USING “MWN#NE"; Barom(i);
NEXT i
PRINT #1, : PRINT #1,
Range of A/F ratios to be considered:

PRINT #1, ¥ A/F ratio Air supply pressure setting (kPag)"
AF(1) = 17.2
FOR §{ = 2 TO 27
AFCI) s 178« (i - 1) * .5
NEXT i
Calculate air pressure for methane using Aug 1990 calibration data
FOR i = 170 27
PRINT #1; PRINT #1, ¢ ",
PRINT #1, USING “A##¥.#; AF(i);
FOR j 21109

aché = .00222284# * (220 + .133322 * Barom(j)) - .167852
Qair(j) = AF(i) * (16.06 / 28.97) * QCH4

AirP(j) = (Qair(j) + .006) / .019682 - (Barom(j) * .133322)
PRINT #1, USING “#W##.¥#“; AirP(j);

NEXT j
NEXT i
Propane table
PRINT #1; PRINT #1,
PRINT #1, © Table A.4 : Table of Propane A/F Ratios"
PRINT #1,
PRINT #Y, ¢ Propane supply pressure setting at 220 kPa"
PRINT ¥,
PRINT #1, @ stoichiometric A/F = 15.64 (mass basic)"
PRINT #t,
Range of hHarometer pressures to be considered:
PRINT #, © Barometer:"; PRINT #1, * (mmig)";
FRi=1709
PRINT #1, USING "#A¥#¥#*; Barom(i);
NEXT i

PRINT #1, : PRINT #1,
Range of A/F ratios to be considered:

PRINT ¥4, ¥ A/F ratio Air supply pressure setting (kPag)*
AF(1) = 15.66
FOR i = 2 10 27
AR(i) =180 ¢+ (i - 1) * .5
NEXT i
Calculate sir pressure for methane using Aug 1990 calibration data
FOR i = 1 TO 27
PRINT #1, PRINT #1, » LH
PRINT #1, USING “MW##.#; AF(i);
FOR j=1T09

QC3HB = .000564388# * (220 + .133322 * Barom(j)) - .00468412#
Qair(j) = AFCi) * (44.097 / 28.97) * QC3K8
AirP(j) = CQair¢j) + .006) / 019682 - (Barom(j) * .133322)
PRINT #1, USING “#¥##.#%; AirP(j);
NEXT j
NEXT i



Table 8.1 : Table of Wgihe Equivalence Ratios.
Methane supply @relMire setting at 220 kPa
Stoichiométric A/F = 17.19 (mass basic)

Barometer:

(mmHg) 680 685 690 695 700 705 710 715 720

Equiv ratio AIR supply pressure setting (kPag) :
0.50 415.3 416.1 416.8 417.6 418.4 419.1 419.9 420.7 421.4
0.55 369.3 370.0 370.6 371.2 371.9 372.5 373.1 373.8 374.4
0.60 331.0 331.5 332.1 332.6 333.1 333.7 334.2 334.7 335.2
0.65 298.6 299.0 299.5 299.9 300.3 300.8 301.2 301.7 302.1
0.70 270.8 271.2 271.5 271.9 272.2 272.6 273.0 273.3 273.7
0.75 246.7 247.0 247.3 247.6 247.9 248.2 248.5 248.8 249.1
0.80 225.7 225.9 226.1 226.4 226.6 226.8 227.0 227.3 227.5
0.85 207.1 207.3 207.4 207.6 207.8 208.0 208.1 208.3 208.5
0.90 190.6 190.7 190.8 190.9 191.1 191.2 191.3 191.5 191.6
0.95 175.8 175.9 175.9 176.0 176.1 176.2 176.3 176.4 176.5
1.00 162.5 162.5 162.6 162.6 162.7 162.7 162.8 162.8 162.9

Table B.2 : Table of Propane Equivalence Ratics.
Propane supply pressure setting at 220 kPa
Stoichiometric A/F = 15.64 (mass basic)

Barometer:
(mmHg) 680 685 690 695 700 705 710 715 720

Equiv ratio AIR supply pressure setting (kPag) :

0.50 323.9 324.1 326.3 324.6 324.8 325.1 325.3 325.6 325.8
0.55 286.2 286.4 286.5 286.7 286.9 287.0 287.2 287.3 287.5
0.60 254.8 254.9 255.0 255.1 255.2 255.3 255.4 255.5 255.6
.65 228.3 228.3 228.3 228.4 228.4 228.4 228.5 228.5 228.6
205.5 205.5 205.5 205.5 205.5 205.4 205.4 205.4 205.4
85.8 185.7 185.7 185.6 185.6 185.5 185.4 185.4 185.3
68.5 168.4 168.3 168.2 168.1 168.0 167.9 167.9 167.8
53.3 153.2 153.0 152.9 152.8 152.6 152.5 152.4 152.3
39.8 139.6 139.4 139.3 139.1 139.0 138.8 138.6 138.5
27.6 127.5 127.3 127.1 126.9 126.7 126.5 126.3 126.2
16.7 116.5 116.3 116.1 115.9 115.7 115.5 115.3 1151

8889833

1
1
1
1
1
1
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Table 8.3 : Table of Methane /4% Ratios.
Methane supply pressure settiig at 220 kPa
Stoichiometric A/F = 17.19 (mass basic)

Sarometer:
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Appendix C : Flame Area Finding Algorithm

This appendix describes the flame area finding algorithm in

the image procescing program called FLASH.

1)

2)

3)

4)

5)

The algorithm is :

The user selects the centre of the flame, which becomes an
origin for the polar coordinate system used in finding the
flame edge.

A vertical distance is marked off between features with a
known distance apart to obtain a calibration for the area of
each pixel in mm’. The distance between the spark electrodes
and the ionization probe (40 mm) was used throughout this
study. The horizontal calibration factor of the pixel
dimension is 4/3 * 480/512 of the veftical calibration factor
because of the characteristics of the television screen and
the video digitizing hardware.

The user then marks the outside limit of the flame edge by
dragging the circumference of a circle from the centre of the
flame. The program assumes that the flame edge is within this
limit.

A set of rays of the image are extracted using the user
defined origin, and going from the circle circumference
towards the centre of the flame. The rays are taken in a
counter-clockwise direction from 8 = 0. The angle increment is
fixed at 0.05 radians.

In each ray, the edge is found by looking for a large negative

value in the derivative of the ray. The initial value to look



6)

7)

8)
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for is arbitrarily set at -5.5. If the initial value of ~5.5
is not found, the criterion value will be decreased by 0.5
(adding 0.5 to the previous value), and the search is made
again until a match is found.

The edge on each ray is saved for later use.

when all rays have been covered, the edge points are joined by
straight lines and the screen is wiped blank outside the line
(flame area).

The pixels inside the line (flame area) are then counted, and
their number multiplied by the calibration constant to give

the actual area.

The present flame area finding algorithm tends to detect an

edge outside the actual flame edge. This larger flame edge leads to

a larger flame area calculated.
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Appendix D : Spark Ignition Results

This appendix covers the ignition spark in room air tests. The
high capacitance ignition system was tested in quiescent air in the
combustion chamber prior to any experimental runs.

The purpose of the tests was to study the effects of spark gap
and stored energy on the actual energy transferred across the spark
gap. Two sets of tests were conducted. The first set of tests was
carried out with fixed voltage (500 V) and capacitance (2.5 uF),
while varying the spark gap from 1 to 4.5 mm. The second set of
tests was conducted with fixed spark gap of 4.5 mm and fixed
capacitance of 2.5 uF while varying the voltage from 300 to 600 V.

Figure D.1 shows the sketches of the effect of spark gap on
the spark. Each of the sketches illustrates the average of five
runs. The maximum deviation of gap energy illusrated by the area
under the plot was found to be less than 20%.

A summary results of the spark gap effects on spark energy are
tabulated in Table D.1. The energy efficiency is defined as the
fraction of the stored energy crossing the spark gap.

Results in Table D.1 are plotted in Figure D.2. This figure
shows that the energy efficiency increases while the discharge
duration decreases, with increasing spark gap. With an input energy
of 312.5 mJ (500 V, 2.5 uF), the energy efficiency maximized at the
4.50 mm spark gap over the range of spark gap tested. Hence, a
spark gap of 4.50 mm was used throughout this study. This energy
efficiency is expected to decrease with further increase in spark

gap.
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Figure D.3 shows the effect of stored voltage on the spark.
The spark gap and the capacitance were fixed at 4.50 mm and 2.5 uF
respectively. Each sketch illustrates the average of five runs. The
deviation of gap energy (area under the plot) for each run was
found to be less than 20% from the average. The effects of input
voltage on spark energy were summarized in Table D.2.

From Table D.2, with a fixed spark gap of 4.50 mm and a fixed
capacitance of 2.5 uF, both energy efficiency and spark discharge
duration increase with increasing stored voltage and energy. This
is illustrated in Figure D.4. The discharge duration doubled from
0.5 ms to 1 ms and the energy efficiency increased from 2.2% to
7.6%, as the input energy tripled from 113 mJ to 450 mJ. Since the
capacitance ignition system was designed for a maximum input energy
of 300 mJ, an input energy of 312.5 mJ (500 V and 2.5 uF) was used.
Further increase of input voltage or energy may result in auto-
spark. In fact, auto-sparking occurred when increasing the input
voltage above 1000 V with a 1 mm spark gap. Under auto-sparking
condition, the voltage is expected to be high enough to ionize the

spark gap prior to triggering.
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Voltage Current Spark Gap
200 V/div 0.1 A/div
0 1.00 mm
1]
7
|
0.2 ms/div 0.2 ms/div
I
200 V/div - 0.1 A/div
0 200 mm
0
I
0.2 ms/div 0.2 ms/div
200 V/div R 0.1 A/div
0 3.00 mm
0
1
0.2 ms/div 0.2 ms/div
200 V/div 0.1 A/div
0 4.50 mm
0
1
0.2 ms/div ) 0.2 ms/div

Figure D.1 : Effect Of Spark Gap On Spark.
(Input Energy = 312.5 mJ, 500 V, 2.5 uF)
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Table D.1 : Effect Of Spark Gap On Energy Efficiency.

(Input Eneryy = 312.5 mJ, 500 V, 2.5 uF)

Voltage Output Average Energy
Discharge Energy Output Efficiency
Duration (ms) | VIt (mJ) Power (W) (%)

0.88

10.8 13 3.5

0.84 11.7 15 3.7

' 0.82

13.2 17

0. 21

21

Table

D.2 :
Bfficiency.

——

Effect Of Stored Voltage (Input Energy) On Energy
(Spark Gap = 4.50 mm, 2.5 uF)

Voltage

| Duration
j (ms)

Stored
Voltage
(V)

Input
Energy
kCv?
(mJ)

Output
Energy
VIt (mJ)

Average
Output
Power

(W)

Efficiency
(%)

| 0.52

112.5

5

| 0.66

200.0

9

1 0.86

312.5

19

} 1.00

450.0
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Voltage Current
Stored Voltage
(Input Energy’
S00 V/div 0.1 A/div
ER==d ol 300 V
0 1125 md)
1
0.1 ms/div 0.1 ms/div
S00 V/div 0.1 A/div
_ NRn= 400 V
0 (2000 mJb
i
0.1 ms/div 0.1 ms/div
500 V/div 0.1 A/div
0 500 V
0 31235 nd
1
0.1 ms/div 0.1 ms/div
|
500 V/div 0.1 A/div
0 u 600 V
) €450.0 nJ
0.1 ms/div 0.1 ms/div

Figure D.3 : Effect Of Stc.~: ~ltage (Input Energy) On Spark.
(Spark Gap = 4.50 mm, 2.5 . ™ .
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Appendix E : Gas Chromatograph

This appendix details the calibrations and measurements of gas
compositions with the gas chromatograph (Model P 200 manufactured
by MTI). This section includes the analyses of the dry air supply,
methane supply and natural propane supply.

The important features of this gas chromatograph analysis
procedure are the choice of column and the "method". A method
consists of

a) carrier gas (He)

b) carrier gas flowrate (set by carrier gas pressure)

c) column temperature

d) conductivity sensor sensitivity
The methods used in this study are as described in Table E.1l.
Method PropL.Met, used for checking the purity of the supply gases,
is attached at the end of this appendix. The methods used for
analyzing the hydrocarbon-air mixtures throughout this study are
listed as Meth.Met and Prop.Met. Meth.Met method was used for
analyzing methane-air mixtures while Prop.Met method was used for
analyzing propane-air mixtures. Lower températures and pressures
were used in Meth.Met and Prop.Met methods in order to separate air
from methane in column B. Moreover, with the use of these lover
temperatures and pressures, better separations between different
compounds were achieved, as no major heavy hydrocarbon were present
in any of the supply gases.

The sequence in which the hydrocarbons elute, as taken from a

Hewlett Packard publication (HP89), is tabulated in Table E.2, with
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their relative response factors taken from Dietz (Di67). The
relative response factor is defined as the relative ratio of
signal-to-sample size. The calculated areas are divided by these
relative response factors to give the actual relative areas.

Figure E.1 shows the actual chromatogram from channel A (Mol
Sieve 5A column) of the extra dry air supply from new cylinder.
Note that the method setting for channel A was always the same for
all the methods involved in this study. This was because only
oxygen, nitrogen and methane were analyzed using this column. The
original cylinder of extra dry air supply had a low proportion of
oxygen (oxygen plus argon to air ratio was 0.207 compared with
0.218 for normal air), hence it was not used. Since oxygen and
argon did not separate in this column, it was assumed that the
oiygen to oxygen plus argon ratio was 20.8 to 21.8. Table E.3 shows
the actual result after taking the different relative response
factors into account.

Figure E.2 is the gas chromatogram of the same extra dry air
sample analyzed by channel B (Pora Plot Q column) using the method
called PropL.M=t. Note that channel B did not separate nitrogen
from oxygen and argon. With all the methods used throughout this
study, air elutes as a single gas from column B.

Figures E.3 and E.4 show channel A and channel B chromatograms
from the analysis of the methane supply (using PropL.Met) respe:z-
tively. This method can elute compounds as heavy as i-Pentane out
of channel B. This high temperature method was used for channel B

(air and methane were not separated in column B) in order to ensure
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that all possible hydrocarbons present would elute within the
elution time given. The actual location of each compound was
determined by running a calibration gas using the same method. The
calibration gas used was ASTM Blend BL 5244 from Matheson which
consisted of the compounds listed in Table E.4.

The actual result of the calibration gas analysis is tabulated
in Table E.5. Note that hydrocarbons heavier than methane did not
elute from column A.

Figure E.5 shows the chromatogram of channel B obtained by
analyzing the natural propane supply using PropL.Met. It is obvious
that this propane supply was not of very high purity. Table E.6
shows the actual results obtained from analyzing the propane supply

using both column A and column B.

Table E.1 : Method Description.

Description

i PropL.Met for checking purity of the supply gas

| Meth.Met for analyzing Methane-Air Mixtures

| Prop.Met for analyzing Propane-Air Mixtures
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Table E.2 : Elution Sequence Of Hydrocarbons In Retinerf Gas.

“Hydrocarbon Relative Response Fact “
1) Methane 35.7 “
' 2) Ethylene 48 “
3) .Ethane 51.2 “
4) Propylene 64.5
5) Propane 64.5
6) 1i-Butane 82
7) Butene-1l 81 .
8) n-Butane 85
9) t-Butene-2 85
10) c-Butene-2 87
nll) i-Pentane 102
%12) n-Pentane
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Pigure E.2 : Extra Dry Air Supply From Column B
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Table E.3 : Composition Of Extra Dry Air Supply Used In This Study.

Compound

e e

Concentration (% by Volume)

oxygen (+ Argon) 21.6

\\nitrogen 78.4
w

Table E.4 : Composition Of Calibration Gas (ASTM Blend BL 5244).

R ——
Compound Concentration (% volume)
Ethane 4.00
Propylene 4.00
Propane 87.00
i-Butane 3.00

“n-Butane 1.00
i-Pentane 1.00
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Table E.5 : Composition Of Methane supply.

Compound

Concentration (% volume)

nitrogen 1.0

methane 98.3

ethane 0.7

Table E.6 : Composition Of Propane Supply.

Concentration (% volume)

0.8

|| ethylene 4.3
ethane 0.3
propane (+ propylene) 94.2

“i-Butane

176



177

10.000)

9.000

8.000

7.000

6.000

5$.000

4.000

3.000

< OASHHTHD

2.000

1.000 l
0.000

5.00 15.00 25.00 35.00 45.00 55.00
Time (sec.)

Channel: B

Current Time: Jan 20, 1992 14:49:53
Method: b:\prop.met

File : b:\prup2.dat

Data file creation time:
Instrument ID:

Column Type:

Carrier Gas:

Column Head Pressure: 10.4
Column Temperature: 114 C
Instrument Gain: LOW

Sample Time: 5 seconds
Inject Time: 30 milliseconds
Run Time: 100 seconds

Figure E.S5 : Natural Propane Supply From Column B

65.00 75.00 85.00 95.00



PropL.Met
Jan 20 1992 14:34:09
Method : propl.met
Channel s A

Instrument Setup

Column tesperature (C) : SO

Run Time (sec) 3 60

sample Time (sec) : 5.0

Inject Time (msec) : 40

Datector Filament : on

Detector Ruto Zero s On

Datector Sensitivity : Lov

Peak Table
Pkno Nanme RT RT Window Un BP Cal level 1

calibration Table

Lavel Area Concentration

Calibration Setup

Time Unit s SEC
Peak Attribute : AREA
Calibration Pit : POINT
Update Peak RT Time After Each Run : NO
Update Peak Retention Time After Calibration : YES
Number of Runs ( A & B ) s 1
Maltiplication Pactor : . 1,000
Uncalibrated Peaks *«F : 0.00000
Jan 20 1992 14:34:09
Method : propl.met
Channel H

Instrusent Setup
Column temperature (C) : 115
Run Time (sec) s 100
Sample Time (sec) s 5.0
Inject Time (msec) : 30
Detector Filament s On
Detector Auto Zero s On
Detector Sensitivity : Low

Peak Table

Pkno Name RT RT Window Un BP Cal Level 1

Calibration Table

Lavel Area Concentration

Calibration Setup
Time Unit s SEC
Peak Attribute s AREA
Calibration Fit s POINT
mumkurmatmnchmn s NO
Upéate Peak Retention Time After Calibration : NO
Mumber of Runs ( A & B ) t 1
maltiplication Pactor s 1.000
Oncal. ted Peaks RF : 0.00000
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Meth.Met

Channet Meth.Met

Instrusent Setup

Column temperature (€} : SO
Run Tine (sec) s 60
Sasple Time (sec) s 5.0
Inject Time (msec) : 40
7 PA 3 on
Datector Auto : On
Datector Sensitivity : Low
Peak Table
Pkno Nane »e RT Windov Un B8P Cal Level )
1 Nitxogan 23.730 2.%50 ¢t 0.632
2 mathana 43.020 3.910 % 97.%00
catibration Table
Lavel Ares Concentrs’:ion
Witxrogen 1 44935312 0.632
nethane 1 817761152 97.500
Calibration fiatup
T\me Unit s SEC
1% Wk Attribute T AREA
tiiiheation Fit 3 ronoey
Upiate Pesk RT Time After Zach Run T W
Opdata Peak Tine After Calibration : YES
Number of uns ( A& D) : 1
multipiication Pactor 1 1.000
Uncalitzated Peaks NF t 0.00000
Channel t 8
Instrunent Setup
Column temperature (C) t 38
aun Time {sec) s €0
sasple Tine (sec) : 8.0
Inject Time (&anc) 3 20
Detector Pllasent st On
Detector Auto Zero t On
Detector Sensitivity : low
Peak Table
#no wane xr BT window Un BP CAl lavel 1
1 n2/02/air 7.310 .89 8§ 1.000
2 wethane 8.130 1.510 8§ 97.500
3 ethane 11.090 0.520 § 0.560
4 propane(propl) 21.410 1.540 & d.768
Calibration Tuble
Tavel Avea Conocsatration
na/02/als 1 226729 1.000
uathane 1 367333184 97.500
ethane 1 161437 0.560
propans(propl) b 3 3399908 0.768
Calibration Setup
Pime Tait 3 88C
Peak Attridute 3 AREA
Calibecation Pit s pODNY
Updats Jeak BT Tims After Sach Sun t W0
Opdate feak Retestion Time After Calibratics : YES
thamber of Juns (A & B ) (3
mald - Factor t  1.000
Uncal Teaks RF t  0.00000
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Prop.Met
Jan 2C 1992 14:49:04
Kethod : prop.met
Channel T A

Instrument Setup

Column temperature (C) : SO

Run Time (sec) : 60

Sample Time (sec) : 5.0

Inject Time (msec) : 40

Detector Filament : On

Detector Auto Zero s On

Detactor Sensitivity : Iow

Peak Table
Pkno Name RT RY Windew Un BP Cal level 1

calibration Table
lavel Area Concentration

Calibration Setup

Tine Unit

Peak Attribute

calibration Fit

Updata Peak RT Time Aftar Each Run

Update Peak Retention ‘Time After Calibration
Number of Puns ( A & B )

Multiplication Factor

Uncalibrated Peaks RF

S LE

1.000
0.00000

Jan 20 1992 14:49:64
Mathod ? prop.met
Channel t B

Instrument Setup

Colunn tesperature (C).
Run Time (sec)
Sample Time (sec)
Inject Time (msec)
Detector Filament

90
80
5.0
30
on
on
Low

Detector Auto Zero
Detector Sensitivity

s 40 a0 o8 00 s @

Pexk Table
Pkno Nane RT RT Windov Un BP Ca) lLevel 1

Calibration Table
favel Area Concentration

Calibration Setup

Time Unit

Peak Attribute

Calibration Fit

Update Peak RT Time After Each Run

Update Peak Retention Time After Calibration
Number of Runs ( A & B )

Multiplication Pactor

cncalibrated Peaks RF

it

1.000
0.00000

a0 83 08 o8 20 00 00 00
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Appendix ¥ : Pressure Transducer calibration

This agpendix details the calibration of the pressure
transdueer used for tracing pressure rise in the combustion
chasiber. The pressure tramsducer is a Norwood model 111, four-
active-a¥m strain gauge with a response frequency of 45 KkHz.

Wwith the amplification factor set at 1000, the pressure
transducer was calibrated on a dead weight tester prior to each
series ef runs. A typical set of calibration data is ta'mlated in
Table F.1. This calibration is also plotted in Figure F.1. Note
that the maximum pressure used is only 368 kPa. This is because the
range of pressures which corresponds to the initial flame growth
from ignition until the flame front touches the walls falls inside

this region.

Table F.1 : Pressure Transducer Calibration.

| Pressure Voltage Output Absolute Pressure

(Psiqg) V) (xPa)
10 0.662 161.6

0.856 196.1

1.068 230.6

1.283 265.0

1.502 299.5

1.725 334.0

1.952 368.4



183

400 1
g Pressure = (160 = Output Voltage + 58) kPa
3509 o
© 3 i
Q .
4 - .
~ 300 - rd
Q 3 ’
= .
> ] .
o 250-_'__ P
| - n K
o 3 bt
o ,
2 200 E ),’
0 ]
0 .
2 . i
150 7
100- Tl'lllll[l1(l|ll]l|llllllllrlllTYllllllll'lllllT'
0.0 0.4 0.8 1.2 1.6 2.0
Voltage Output (V)

Figure F.1 - “vessure Transducer Calibration at 23°C and
92.7 kPa.
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Appendix G : Digitizution And Analysis Programs
This section details the actual software programs used for
digitization and analysis. It details the path from the RACAL STORE
4DS FM tape recorder to the actual results ot burning velocity.
Throughout this study, the path from the original recorded
data to the burning velocity results is as shown in Figure G.1. The
FM tape recorded all data at 30 in/s (inch per second) using the
RACAL wide-band option giving a low-pasc filter cutoff frequency of

40 kHz.

pressure transducer
and amplifier

L ——| 2 RACAL Store 4DS

4 Channel FM tope
recorder

spark

ionization / I~ 4
plate motion >

)

DASH8 A/D convertor

v

computer 386

rigure G.1 : Signal Recording Summary.
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A Metrabyte DASH8 A/D converter board was used for digitizati-

on. During digitization the replay was set at a speed of 1.875 in/s
(16 times slower than that of the recording), while the digitizat-
ion program, 4CHD8.bas, was taking data at a rate of 4000 Hz
{3000 Hz was used for the slower burning quiescent run). Therefore,
the effective digitization rate was 16 kHz (12 kHz for slower
burring quescent runs) on each channel.

A1l four channels and time were recorded. The actual plate
speed and spark delay, time for the plats to move from the centre
of the spark gap to spark ignition, were calculated. The plate
motion was measured using optical sensors to record the passage of
a stirrup which was attached to the perforated plate. A
phototransistor focused on alternating black and white markers at
10 mm intervals on the stirrup was used. The actual plate speed was
taken as the average plate speed neglecting the very first 5 mm and
the very last 5 mm where acceleration and deceleration occurred.

After digitization, a program called ACPLm.has was used to
read and piot the digitized data file and convert the original
voltage input into pressure in kPa. The maximum pressure and the
corresponding time were recorded from channal 3 {(channel 2 on the
FM tape recorder). This program then saves the pressure trace of
channel 2 (channel 1 on FM tape recorder) from spark ignition to
the required end point, which is the end of the recorded data from
the digitization program (4CHD8.bas) by default.

Theoretical results obtained from NEWBOMB.bas (used in
conjunction with CMBCMB.bas and CMBSUB.bas) were then used €0
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interpolate the experimental result. Program NEWBPZ.Bas was used to
interpolate the experimental pressure trace with the theorctical
value to get the other parameters involved.

The actual turbulence intensity at any instant was calculated
using program RPDIST.bas. This program considers rapid distortion
effects in conjunction to the normal decay.

The final stage was the burning velocity calculation which
uses the program SUT.bas. This program uses a geometric method to
calculate the burning velocity. The geometric method as used in
SUT.bas calculates the progation of the combustion wave with repect
to the actual flame front by taking the compression and expansion
of the burning element intc account. The actual flame front was
taken as the geometric average radius of the previous and the
burning flame radii, while the propagating wave was this flame
front plus the unburnt element volume.

The video images were digitized using programs developed at
the University of hlberta (Mechanical Engineering Department) after
image capture with the Data Translation DT2782 Flame Grabber. The
images go through the following programs sequentially.

- PASS

- AUSAVEI

- FLASH with flame area option
The program FLASH calculates the area occupied by the outer
schlieren edge of the flame front. From this calculated area, the
relative radius and hence the flame growth rate are obtained.

Program FGBP2.bas was used to interpolate the calculated flame



187

growth rate with the theoretical results from NEWBOMB.bas to obtain
the other parameters involed. A program called SUI.bas was then

used to calculate the burning velocity.
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