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Abstract 

Work was performed to commission a flarne propagation duct with an attached 90" bend. 

This work included the testing, fabrication and installation of associated hardware and 

flame detection instrumentation. 

A testing program was initiated to investigate flame propagation in the duct utilizing 

propanelair mixtures. The testing program entailed the characterization of fiame front 

propagation at subsonic velocities. This work also included the detailed study of the 

interactions of the propagating flarne front and secondary flows developed in the 90' 

bend. These secondary flows were the result of the induced motion of the unburned gas 

ahead of the flame front. 

The results from this investigation indicated that flame propagation in the straight inlet 

section of the duct was characterized by distinctive velocity variation patterns for lean 

and very rich mixture conditions. For slightly rich mixtures, the flame propagation 

velocities were relatively steady, however a velocity variation pattern was still 

discernible. 
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Chapter One 

Introduction 

1.1 Objectives 

The subject of this thesis is to detail the experimental work conducted with a newly 

fabricated, but untested Flame Propagation Duct (FPD). The objectives of this work were 

two-fold. The first objective was to complete the work necessary for the commissioning 

of the FPD. Attendant to this work was the development of the associated equipment, 

instrumentation, signal processing circuitry and testing techniques needed for satisfactory 

operation of the FPD apparatus. The second objective was to experimentally investigate 

flame propagation in bends utilizing the FPD. The investigation involved the 

characterization of flame front propagation through the straight section of a duct, and the 

effect of downstream flow structures on the flarne front as it traveled through a 90' bend. 



1.2 Description of Problem 

The FPD used for these experiments was comprised of a long straight section, a 90" bend, 

and a shorter, straight exit section attached to the back end of the bend. The R D  was 

filled with a combustible mixture of propane and air at atmospheric pressure and 

temperature and left to rest. The mixture was ignited at the closed end of the long straight 

section, while the exit section was left open to the atmosphere. After ignition, a flame 

front propagated down the straight section into the bend. The volume expansion of the 

bumed gas induced the motion of unbumed gas ahead of the flame front. Studies in 

laminar fluid fiow through a curved duct indicated secondary flows in  the form of 

torroidal vortices would evolve. These vortices would develop not only in the bulk flow 

(Dean vortices), but also in the boundary layer on the concave surface of the curve 

(Gortler vortices). It was postulated that these types of vortex structures would be preseni 

in the unbumed gas flow by the tirne the flame front approached the bend. When the 

flame front reached this disturbed portion of flow, stretching and folding of the flame 

front by the vortical fluid motion would result in a considerable distortion of the flame. 

These effects of the flame front and vortex interactions constituted the investigative work 

associated with the second objective. 

1.3 Previous Work 

Initial work in this area of research was conducted by Sato, Sakai, and Chiga [ I l .  A high 

speed camera was used to determine the flarne propagation velocities through a straight 

inlet section and 90' bend. Schliecen techniques and a timeline tracer method were used 

in conjunction with the camera to visualize the flow of the unburned gas ahead of the 



Barne front. They also performed numerical studies using an incompressible, two- 

dimensional, cold-flow mode1 without combustion. 

For a closed inlet and open outlet configuration, Sato et al. concluded that fiame fronts 

become distorted as they propagate into the bend dong or close to the inner wall. 

Subsequent timeline tests, as observed and numerically simulated, closely approxirnated 

the deformed shape of the flame fronts. Experiments to determine flame front 

propagation velocities indicated that the flame fronts accelerate through the bend 

regardless of the mixture composition. Sato et al. attributed these bend effects to the flow 

conditions of the unbumed gas preceding the flarne front. 

1.4 Differences from Other Work 

The investigation detailed in this thesis differs from Sato et al. in two ways. Fint, the 

experimental FPD apparatus used for this investigation was of a much larger scale. The 

Sato apparatus had a 2 cm n 2 cm square duct cross section. A 10 cm straight section 

was attached to the front of the bend and a 20 cm length was attached behind the bend. 

The FPD in this investigation had a rectangular duct cross section of 5.08 cm x 2.54 cm. 

The straight, inlet section ahead of the bend was 1.67 m. The straight exit section after 

the bend had a length of 30.5 cm. The curvature ratio (6) was different for both ducts. 

The duct used by Sato et al. had a curvature ratio of 1.0 while the FPD used in this study 

had a curvature ratio of 2.25. 



Second, Sato et ni. did not explicitly refer to secondary flows. They only made mention 

of an undefined, "rotating forced flow " in the duct bend. Experirnents undertaken in this 

investigation were conducted with the aim of providing evidence that secondary flows 

affect flarne front propagation in a bend. 

1.5 Applications 

Most Rame propagation studies have concentrated on detonations. Many of these 

involved the use of shock tubes. Flame propagations at subsonic velocities. or 

deflagrations can occur as initial and transition stages in the developrnent of detonation 

waves. Although this was a deflagration study, the results are applicable to a number of 

subjects. Chief among these k ing  deflagrations and transitions to detonations in pipe 

networks. For instance, many pipe networks in industrial settings utilize components 

such as tees, elbows and valves. Gas pipelines and pneumatic grain ducts are just two 

examples of pipe neiworks which transport combustible components. If the right reactant 

concentrations and appropriate ignition conditions are present, it is possible that initially 

slow flame front propagation may transition to detonation. This may lead to catastrophic 

results such as destruction of property and possible loss of life. It is of interest to know if 

the geometry of the pipe network contributes to flame quenching or acceleration. 

The results of these experiments also have some application to the design of interna1 

combustion engines. Within the cylinder environs of a spark ignition engine, a 

homogeneous mixture of fuel and air exists pnor to ignition. At ignition, a flame kemel 

develops which begins to progress ourward through the combustible mixture in the fom 



of a flame front. If a shaped engine head (i.e. one with convex and concave surfaces) is 

used, the contours will have an effect on the flame front propagation velocity and flame 

front profile. 

Another application of this research is in the design of flame arresters. Most flame 

arresters typically quench flarnes through the use of configurations which restrict flame 

propagation. These devices use srnall passages to break down a large fiame front into 

many smaller ones. Inside these passages, thermal energy is rapidly removed from the 

combustion reactions. This leads to reduced flarne propagation veloci ties. 

Results from this investigative research have shown that for some conditions, flames are 

quenched in the FPD bend. This leads to the possibility that the use of bends or corners 

similar to the FPD configuration may result in another method to quench flames. 

1.6 Experirnental Approach 

The approach used through the course of the experiments involved determining flame 

propagation velocities primarily by use of photodiodes. Individual tests were performed 

for a number of different propane and air mixtures. As the development of secondary 

flows was dependent on unbumed gas velocity, the flame propagation velocities on 

entrance into and through the bend were used to indicate the development of secondary 

flow structures in the bend. 



Schlieren diagnostics and a timeline tracer method were used to visualize the initial 

development of the secondary flow structures. A high speed digital camera was utilized 

for recording flarne front behavior and timeline progression in the bend. 

Features of this project included the fabrication and use of custom designed circuits for 

photodiode signal processing and time delays for the timeline tracer method. Another 

aspect was to use equipment that could easily be modified or fabricated for use in the 

experiments. This was shown in the construction of circuits using inexpensive, off-the- 

shelf components, and the modification of an existing thennocouple time constant tester 

for excitation of the time line tracer wires. 

The use of these devices and the development of testing techniques and procedures 

provided a starting point for project work with the FPD. In the course of testing, 

capabilities and limitations of the equipment and instruments were quickly discovered. 

An important limitation was the fact that the photodiodes used were only sensitive to the 

visible portion of light. Other photodiodes were tried but results were even poorer. This 

necessitated the development of an indirect lighting technique in order to get acceptable 

signals from the photodiodes when faint flarne fronts were produced. 



1.7 Organization of Thesis 

The following chapters detail various aspects of the project. 

Chapter 2: 

Chapter 3: 

Chapter 4: 

Chapter 5: 

Chapter 6: 

details the theory involved with flarne front propagation through a straight 

duct and a flow in a bend. 

discusses the various apparatus used in testing and the procedures developed 

for the experimentation regime. 

presents the results. 

discusses the results. 

communicates the conclusions drawn on the testing and the proposed 

recornmendations shouid future work be carried out. 



Chapter Ibo 

Literature Review and Theory 

2.1 Introduction 

Hame propagation in a curved duct encompasses several individual phenomena. These 

phenomena include; laminar flame propagation, prernixed combustion, secondary flow 

development in a bend, and flame and flow structure interaction. 

2.2 Prernixed Combustion Process 

Although it was not within the scope of this investigation to detail the actual mechanisms 

of prernixed flame combustion, a surnmary of pertinent combustion theory with reference 

to premixed flames and flame front propagation is merited. 

Prernixed combustion is a complex process involving heat transfer, chernical kinetics, and 

fluid flow. The process is govemed by the mass, mornentum, energy, and species laws of 

conservation. The equation of state is also necessary. Clavin [2] utilized a simple, one- 



step model describing the exothermic, irreversible reactions of combustion. This model 

is summarized below: 

Reactants + Products + Heat release ( 1 > 

Equation (1) describes combustion as a process in which the reaction between two or 

more fuel and oxidant species results in the creation of product species, and the liberation 

of heat energy. The rate at which these reactions take place is shown as the global 

reaction rate in equation (2). The global reaction rate is a function of mass concentration, 

density of the reactant species and a characteristic reaction time which in itself is 

dependent on the elastic collision tirne (TJ, and temperature of the reaction. A high 

reaction rate is therefore characterized as having a small characteristic reaction time and 

a high reaction temperature. If the reaction temperature remains high and a sufficient 

quantity of reactant species remain available, then the combustion process becomes self- 

sustaining. Excess energy not necessary to keep the global reaction rate high, is released 

as heat. As shown in equation (3), this is manifested as an increase in temperature of the 

product species. 

2.3 Fiame Propagation 

In the context of a self-sustaining combustion zone, reactants must continually be brought 

into the localized reaction area and products discharged. In a deflagration, the reactant 

9 



and product flow velocities are subsonic. The combustion zone itself is referred to as a 

flame front which c m  be either stationary or moving. For constant pressure combustion, 

the equation of state dictates that the density of the products is less than the density of the 

reactants. If the flame front is used as the Lagrangian h u n e  of reference, then given a 

constant cross sectional area, continuity requires that the velocity of the product species 

(vb) is greater than the velocity of the reactant species (v,). 

If the frame of reference is now removed from the Rame front and replaced by the 

unburned gas flow, then continuity is preserved and the (v,) term is replaced by the 

velocity of the advancing flame front. This velocity is defined by Shepherd and Lee [3] 

as the buming velocity (S3 of the flame front. For propane and air mixtures, the 

maximum burning velocity is 44 crn/s. The burning velocity is lower for fuel Iean and 

fuel nch mixtures, 

Figure 2.1 shows a simplified arrangement of a propagating flame front in a duct. The 

starting point of the flame front is at the ignition point near the closed end of the duct. 

The other end of the duct is open. 

Upon ignition, a flarne kemel forms near the ignition source. Since the unbumed gas is 

initially stagnant, the flame front must move in order to preserve continuity. 

Consequently, the kemel expands outward until it reaches the duct walls. Further 
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Fig. 2.1 Propagating flarne front i n  duct. 

expansion only occurs in the direction of the unbumed gas. The buming velocity is 

denendent only on mixture composition, pressure and temperature. Due to the one-end 

open configuration of the duct, there is an even pressure distribution across the flame 

front interface. Therefore, the bumed gas volume is greater than the unbumed gas it 

displaces. This makes itself evident as a displacement of the unburned gas towards the 

open end of the duct. 

As the flame front begins near the ignition point, the unbumed gas which was initially 

stagnant, now begins to accelerate in the direction of the open end of the duct. Using the 

duct as the Eulerian frame of reference, the observed flame front propagating through the 

duct has a flame propagation velocity (SUME) at any discrete moment composed of two 

components. These components being the buming velocity (Sr) and the velocity due to 

the expansion of the burned gases. The induced movement of the unbumed gas is related 

to the flarne propagation velocity by the following equation. 



It is possible for a flarne front propagating in a horizontal duct to have a planar shape, 

however it is an unstable state. Generally, wall effects and convection tend to distort the 

flarne front shape. Previous studies as discussed by Matalon and Metzener [4], show that 

a hydrodynamic instability is formed across the fiame front due to the density gradient 

between the bunied and unbumed gases. This instability is also referred to as the 

Damieus and Landau instability. The instability results in the flame front becoming 

asymmetncally curve shaped with the convex leading edge oriented in the direction of 

flarne propagation. 

2.4 Flow in Curved Ducts 

Fiow in curved ducts has been extensively studied by numerous researchers. Most of the 

research has involved the study of secondary flow formations in bends. These secondary 

fiows are a consequence of centrifuga1 flow instabilities. The Rayleigh's circulation 

criterion States that for a Aow instability to exist, the following empirical condition must 

be satisfied: 

This is schematically shown in Fig. 2.2, where fluid flows through a bend with a convex 

inner radius and concave outer radius. In this situation near the outer surface of the bend, 

an incremental increase outward in the positive radial direction results in a negative 

velocity gradient. Consequently, the Raleigh criterion is satisfied and a region of unstable 

flow develops dong the outer wall of the duct. 
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Fig. 2.2 Conditions for the development of fiow instabilities. (Saric) 

The secondary flow structures developed from the instabilities are characterized as a pair 

of symmetncal, counter-rotating vortices onented in the flow direction. At higher bu1 k 

80w velocities, it is also possible to form structures with four or even six vortices. These 

vortex stmctures are classified as Dean vortices and are depicted in Fig. 2.3. Dean 

vortices have been studied experimentally by Humphrey et al. [5 ] ,  Hille et al. [6],  and 

Bara et al. [7]. Numerical modeling has been conducted by not only these researchers but 

also by Pratap and Spalding [8 1, Hassager et al. [9] ,  and Soh [IO]. 

Dean vortices develop in the bulk volume of the flow. However, similar streamwise- 

oriented, counter-rotating structures also develop within the boundary layer of the flow 

dong the concave surface of the bend. Here again, the secondary flow vortices develop 

due to the instabilities resulting from the same conditions shown in Fig. 2.2. These 

boundary layer instabilities also satisfy the Raleigh criterion. The resulting smaller scale 



Fig. 2.3 Dean vortices in bend. 

vortices are generally classified as Gortler vortices, and unlike Dean vortices, develop in 

multiple side-by-side arrangements as shown in Fig. 2.4. 

Curved duct flow is characterized by two parameters. These parameters are the Dean 

number and the curvature ratio. Various researchers have promoted many variants of the 

Fig. 2.4 Gortler vortices dong concave surface of bend. (Sait) 



definition of the Dean number. For the purposes of this thesis, the following definition is 

used. 

In this equation, Re is the Reynolds number and (Wa) is the curvature ratio. In the 

present work, (R) is considered the mean radius of the duct ( R = 7.62 cm), and (a) is the 

characteristic length as defined by the hydraulic diameter ( a = 3.39 cm). 

The Dean number is a measure of the magnitude of the secondary flows which are the 

result of the interactions of inertia, centrifuga1 and viscous forces. Understandably, for 

very slow fiow velocities or large curvature ratios (slight curvature), development of 

Dean vortices does not occur. Figure 2.5 shows the development of Dean vortices in 

water flow through a square duct. Experirnental results by Bara et al. [7] showed that 

with increasing Dn numbers, the Dean vortices hlly evolved within a smaller arc of the 

bend. 



Fig. 2.5 Development of secondary flow structures in a bend. Dn = 149.9. (Bara) 

Berger et al. [1 I l  summarized the findings of flow in curved pipes by other researchers. 

This extensive summary detailed Dean vortices for many flow conditions. 



2.4.1 Small Dean number regime 

For the present FPD apparatus. the small Dean number regime was comprised of flows in 

the bend of Dn < 64. In this regime, previous studies have indicated that the core flow of 

fluid with the maximum axial velocity moves slightly off-center towards the outer 

surface. This is due to the centrifuga1 forces exerted on the fluid. A slight positive 

pressure gradient develops between the outer and inner surfaces. The result is that fluid 

near the walls begins to move from the outer bend region to the inner bend region dong 

the duct perimeter. This causes fluid near the inner bend region to be directed to the outer 

bend region through the center of the duct perpendicular to the primary axial flow. These 

secondary flow movements form the bais of Dean vortices. The centers of the Dean 

vortices are approximately located dong the axial centerline of the duct. 

2.4.2 Intermediate Dean number regime 

The intermediate Dean number regime encompassed those flows in the FPD bend in the 

approximate range of 64 c Dn < 400. Previous studies have indicated that the core flow 

of fluid moves further outward towards the outer surface of the bend. The pressure 

gradient becomes greater and the resulting symmetrical Dean vortices become stronger. 

With increasing Dn number, the centers of the Dean vortices move further radially toward 

the outer surface. Secondary boundary layers begin to form, and intemiixing with the 

axial boundary layers becomes more pronounced. The axial boundary layer near the outer 

surface may contain Goder vortices. 



2.4.3 Large Dean number regime 

The large Dean number regime encompassed the rernaining attributes of secondary flow 

development of laminar flows through the FPD bend up to approximately Dn = 3333. In 

this regime, previous studies have indicated that the core flow increases in axial velocity, 

the core flow and centers of the Dean vortices continue to move towards the outer 

surface. However, there is a limit to these outward movements as the axial and secondary 

boundary layers remain. The increased circumferential forces cause thinning of the 

boundary layers near the outer bend surface. This further promotes intermixing of fluid 

between the core flow, axial and secondary boundary layers, resulting in further 

strengthening of the Dean vortices. With the movement of the Dean vortices closer to the 

outer bend, the secondary boundary layer near the inner surface of the bend thickens. 

At higher Dean numbers, the development of an additional smaller set of Dean vortices 

can occur in the region of the outer bend. Other studies have shown that six-vortex 

structures can also develop. 

2.4.4 Entry flow 

The core flow of fluid into a bend is considered inviscid. The effects of the development 

of secondary flow are mainly seen in the boundary layers. As the secondary boundary 

layers grow, the core fiow is seen to constrict. This results in the acceleration of the core 

flow into the bend. 



For al1 Dean number values, this idealized view of developing flow remains valid to a 

distance into the bend of O(a). Numerical studies have indicated that there is a crossover 

point in the bend where the location of largest wall shear changes from being on the inner 

bend surface to being on the outer bend surface. The wall shear is initially greater near 

the inner wall since the boundary layer in this region is thin. This is due to the shorter 

wall length compared to the outer wall length. However, at some later point, the wall 

shear near the outer bend becomes larger. This is in part to the movement of the core 

flow towards the outer surface and the resultant thinning of the boundary layer. With 

increasing Dean number, this crossover point moves closer to the entrance to the bend. 

For large Dean nurnber, the centrifugai, inertia and viscous effects balance within a 

distance of O((~R)'.~). Furthemore, the magnitude of the secondary flow begins to 

increase. The outward displacement of the core flow becomes more of an effect of the 

secondary flow rather than the core flow itself. This causes a high pressure repion ro 

develop with the resuli being that the secondary boundary layers continue to remain thin 

relative to the thick inner boundary layer. 

2.4.5 Entry conditions 

Researchers have implemented different enûy conditions for their experimental, 

analytical and numerical investigations. These conditions have included (1) uniform 

axial velocity, (2) straight pipe Poiseuille flow, and (3) unifonn total pressure. However, 



experimental results have indicated that regardless of inlet conditions in circular pipes, 

the flow rapidly evolves into a potential vortex structure with the maximum axiai velocity 

near the inner surface. This occurs before the curvature effects of the bend influence the 

flow development. Bara et al. (7) experimented with a square cross-sectioned duct in 

which the maximum axial velocities were observed near the outer surface. Therefore, the 

potential vortex structure may not exist in ducts of square or rectangular cross-section. 

2.4.6 Unsteady laminar flow (Developing flow) 

In a bend of defined Iength, developing flow is almost always the characteristic flow 

condition. This is the flow condition which describes the unbumed gas flow in the tests 

conducted for this experimental investigation. 

Numerical investigations have indicated that in developing flow, the skin friction in the 

boundary layers increases when the flow is accelerating. The opposite occurs when the 

flow is decelerating. As a result, in the inlet section of the bend where fluid flow is 

accelerating, the maximum wall shear crossover point is extended funher into the bend 

relative to steady flow. 

2.4.7 Finite bend 

As previously mentioned, the development of secondary flows in bends results in 

pressure variation between the inner and outer bend regions. Previous studies have 



shown that in a 90' bend, such as the one used on the current FPD, the maximum pressure 

gradient occurs at 45'. The inlet of the bend experiences a pressure gradient of 

approximately 40 - 50% of the maximum. At the bend exit, the pressure gradient is 20- 

40% of the maximum. This indicates that the secondary flow structures influence the 

flow upstream and downstream of the bend. 

2.4.8 Turbulent flows 

The development of secondary flow structures in bends occurs for flows of turbulent 

nature. These flows are characterized by Dean numbers greater than those for laminar 

flows. Numencal and experimental investigations by Humphrey et al. [12] and Taylor et 

al. [13] have indicated that the effects of high Reynolds number flows in bends are 

similar to those of laminar flow. 

The high fiow velocity in turbulent flow causes large shearing stresses in the boundary 

layers. However, the stabilizing effect of the inner surface region reduces the turbulence 

energy in the boundary layers at these locations. The destabilizing surface along the 

concave outer bend intensifies turbulent energy. The result of secondary flows is that 

fluid is continuously exchanged between these two regions of the duct. This hinders the 

development of larger scale turbulent structures in the flow. 



2.5 Interactions of Vortices with Flarne Fronts 

Previous investigations of Barne front and flow vortex interactions have been centered 

around the study of turbulent effects on flames, Lee and Santavicca [14]. These 

interactions are also important to the mechanisms leading to detonations. These 

investigations have entailed darne front propagation into vortices in the direction parallel 

to the vortex axes. However, in the case of flame propagation in a bend. the Rame front 

direction is parallel to the axes of the secondary flow vortices. 

Shepard and Lee [3] have disclosed that for moderate flarne velocities, the interactions by 

fiames and vortices result in stretching and folding of the flarne fronts. Furthetmore, with 

strong vortices, it is possible for the flame front to be further stretched by becoming 

entrained in the vortices. If the strain on the flame front is large, then the flame front may 

be quenched in the interior of the vortices. 

A numerical snidy by Lee and Santavicca [14] has indicated that for counter-rotating 

vortices, the vortex tangential velocity and to a lesser extent, vortex size dictate the 

effects of interactions. For example, if the vortex tangential velocities are O(2) higher 

than the buming velocity, then the flame front can be stretched and wrapped completely 

around the vortices creating reactant pockets. 



2.6 Summary of Events in the FPD Under Investigation 

From the literature review, theory, previous work cited and experience, the following 

sequence of events occurs. 

A quiescent combustible gas mixture is introduced into a duct and allowed to 

stabilize at atmospheric conditions. 

The duct end near the bend is opened. At the closed end, a spark is used to ignite 

the mixture. A flarne front develops. This flame front extends across the cross 

sectional area of the duct and shortly thereafter begins to propagate in the 

direction of the unbumed gas. 

Thermal expansion of the burned gas products begins to drive the unburned gas 

ahead of the flarne front, Sustained combustion causes the acceleration of the 

bumed gas to some maximum flow velocity. 

The transient nature of the flame propagation and unbumed gas flow causes the 

gas to go through the larninar, transition and possibly turbulent flow regimes. The 

unbumed gas flow results in the development of secondary flows in the bend. 

When the flame front has propagated to the inlet to the bend, the secondary Flow 

structures interact with the flame front. The interactions may possibly cause 

distortion and stretching of the flame front. 



Chapter Three 

Experimental Apparatus and Procedures 

3.1 Introduction 

This chapter describes the apparatus utilized and the procedures developed to undertake 

this research program. Aspects pertaining to construction, modification and 

cornrnissioning activities are discussed more in detail in appropriate appendices. 

3.2 Flame Propagation Duct 

A schematic of the major test apparatus components is shown in Fig. 3.1. The main piece 

of equipment was the Rame Propagation Duct (FPD). A photograph of the FPD is shown 

in Fig. 3.2. The FPD had a constant rectangular cross section, H = 5.08 cm x W = 2.54 

cm, through both the straight and curved sections. The straight inlet section was 168 cm 

in length. The exit section after the bend was 30 cm in length. The 90' bend had intemal 

and external radii of 5.08 cm and 10.16 cm respectively. This resulted in a curvature 



ratio of 2.25. The sides of the straight section were fabricated fiom 12.7 mm thick clear 

Plexiglas panels. Glas panes 6 mm thick formed the sides of the curved section. 

Flamc Propagation Duct 
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Fig. 3.1 Schematic of major test apparatus components. 

Ignition 
Transformer 

Remaining structural components such as the duct top, bottom, endplates and clamp 

pieces were composed of machined aluminum parts. The endplate at the end of the 

longer straight section featured a threaded opening for a centrally mounted spark plug. 

The endplate for the short vertical section a& the bend had two off-center openings. 

One opening was for the vacuum and gas fili piping comection. The other opening was 

7.lmm in diameter and was comected to the surroundings through a valve. The valve 

remained open during experirnents and was used to exhaust the flow of unburned gas 

ahead of the flame fiont. In this manner, it served the role of equalizing the pressure 

between the FPD and the environment. The opening was only about 3 % of the cross 

sectional area of the duct. 

Signal 
Processing 

Board 



Fig. 3.2 Photograph of Flarne Propagation Duct. 

This FPD was designed by Acton [15] and manufactwd in the Mechanical Engineering 

machine shop. A feature o f  the design was that the modular arrangement of the duct 

components allowed for extension of the duct to longer lengths. Another aspect was that 

bends of different curvature could be easily removed and installed. This flexibility in the 

design however, necessitated the requirement for a large number of seams. In order for 

an acceptable vacuum to be obtained within the FPD, these seams needed to be sealed. 

Much effort was exerted in trying to get the FPD to seal. The fuial arrangement involved 

the use of RTV silicone compound in conjunction with rubber O-ring cord to seal the 

side panels to the duminum framc members. Automobile gasket sealant and kraft papa 

gaskets were used to seal the seams between adjacent aluminum fisMe membea. In the 

event, the FPD was never able to hold a leak tight vacuum. A 3.1 m V s  leakage rate 



during the FPD filling procedure was deemed acceptable in order to proceed with the 

experirnental investigation. 

Plexiglas panels could not be used in conjunction with Schlieren visualization in the bend 

area. These Plexiglas panels were replaced with glas  panels. Quartz glass was 

considered, but the expense was prohibitive. The final arrangement used plate glas 

panels that prior to cutting, were tested in a Schlieren device for acceptable light 

transmission qualities. Due to the inelastic nature of glass, glas pieces as cut to fit the 

bend profile failed from stress concentrations in the area of the sharp inner radius. 

Modifications were made to the aluminurn frame members of the bend structure. These 

changes ailowed the use of glas pieces shaped with only straight cuts. 

A final modification made to the duct was the installation of thermocouple wires in the 

entry region of the bend. This required drilling a series of holes on the top and bottom 

frame members. These filament wires were activated for millisecond durations to heat up 

unbumed gas flowing through the duct. The result was a vertical tracer line of lower 

density gas flowing i n  the Stream of the bulk gas flow. These lines were easily visualized 

with the use of a Schlieren apparatus. Their displacement in time and shape illustrateci 

the velocity field of the unbumed gas. 

Further details of the FPD and activities relating to its commissioning are given in 

Appendices A and B. 



3.2 Ignition System 

The ignition system for the FPD consisted of a high voltage transformer, a relay, switch 

and a spark plug. The transformer was obtained from a heating and air conditioning 

equipment supplier. It was a common transformer used mainly for ignition of oil or gris 

fired home heating furnaces. This particular unit operated on 120 VAC, but outputted at 

10,000 volts DC with a current rating of 20 mA. The electrical discharge was transferred 

to a spark plug through an automobile type spark plug wire. Control of the transformer 

was through a mechanical relay. The relay was a safety device which allowed control of 

the high AC voltage by a simple low voltage DC switch circuit. DC power in this case 

was provided by the instrumentation power supply. The ignition switch was connected to 

the relay and instrumentation power supply through a 3 meter letigth wire cord. This 

allowed the operator to assume a safe distance from the FPD during tests. 

The spark plug was a common automobile type (MOTORCRAFï type ASF 32C). The 

spark gap was widened to approximately 2 mm to facilitate ignition of lean gas mixtures. 

Further details and a schematic of the ignition circuit are described in Appendix 1. 

3.3 Gas Mixture Preparation Cart 

The purpose of the gas mixture preparation cart was to prepare a combustible mixture of 

propane and air for use in the FPD. An existing mobile laboratory cart was taken in hand 

for modifications. SWAGELOK compression fittings, on-off valves, check valves and 

metering valves were used for fabrication. Al1 tubing and most of the fittings were of 



bras construction. A stainless steel, thick-walled sample cylinder of 2250 ml volume 

was used as the storage container for the flammable mixture. Mixture preparation was 

done by the partial pressure method. This rnethod is described in Appendix E. 

Fuel and oxidizer gases were supplied from two, high pressure, industrial gas cylinders. 

The fuel used was Instrument Grade, 99.5% propane as supplied by WELDCO. The 

oxidizer was dry air supplied by BOC GASES. 

The key component of the apparatus, necessary for producing accurate gas mixtures was 

the ASHCROFT type 1082 test pressure gauge. This gauge was a combination vacuum 

and pressure gauge. The vacuum side of the gauge was delineated in inches of mercury 

(in Hg). The pressure side of the gauge was delineated in pounds per square inch (psig). 

The pressure gauge had a stated accuracy of 0.25%. Its maximum operational pressure 

was 700 kpa (100 psig). Consequently, gas regulators were required to reduce the output 

pressure from the individual gas cylinders. 

A vacuum pump was installed on top of the mixture preparation cart. The vacuum pump 

was used to initially evacuate the sample cylinder and intemal piping prior to preparing a 

gas mixture. For tests, the pump was used to evacuate the FPD prior to filling with the 

test mixture. The vacuum pump was an EDWARDS type ES50 and had a maximum 

vacuum draw of 1 x 10 -~  torr. 



3.4 Instrumentation and Signal Processing 

Flame propagation velocities were measured by a series of photodiodes attached at 

specified locations along the FPD. The photodiodes were manufactured by VACTEC and 

were designated type VTP33 10LA. These photodiodes had their maximum sensitivity in 

the visible light spectral range. Nine photodiodes were used in testing. The photodiodes 

could be relocated along the FPD so as to characterize flame propagation along the entire 

duct. In the course of this testing program, three photodiode configurations were 

implemented. These configurations are labeled AA, BB, and CC in the test data tables. 

Signals from the photodiodes were sent to a custom-built signal processing board. The 

signal processing boards arnplified the outputs from each individual photodiode. The 

arnount of amplification was different for each photodiode. The circuit then combined 

these signals from four or five photodiodes into one distinct "summed waveform signal. 

This allowed for the display of al1 photodiode signals on a two channel oscilloscope. 

A LECROY 9400A oscilloscope was used to determine the tirne di fference between 

photodiode signals. A feature of this oscilloscope was that the waveform could be 

expanded to more precisely determine the time difference between photodiode signals. 

For al1 tests, the oscilloscope was set up for SINGLE RUN operation. Triggenng of the 

run was done by using a hop of wire to create a low voltage DC signal from otherwise 

undesirable EML noise. The EMI noise was produced by the high voltage ignition 

transformer when the ignition switch was closed. 



Appendix F details the photodiode specifications and their installation configurations. A 

supplementary backlighting procedure is also discussed. The signal processor circuits are 

described in Appendix G. Appendix H discusses the details of the signal waveforms 

obtained with the oscilloscope. 

3.5 High Speed Camera 

A black and white, high speed CCD camera was used for recording the motion of flarne 

fronts propagating through the FPD bend. This unit was a Motionscope 500 camera 

manufacnired by REDLAKE but sold by OPTICON. It had a maximum frame rate of 500 

frameslsec. A PentaxIComiscar TV type lens was used for these recordings. This lens 

had a 6 mm aperture and a 1: 1.4 focal length. The high speed camera was also used in 

conjunction with the Schlieren apparatus to record the motion of tirnelines in the 

unbumed gas flow. These recordings were conducted with another Pentax/Comiscar lens. 

This lens had a 6 mm aperture and a 1: 1.2 focal length. 

Images from the high speed camera were digitdly stored in an intemal buffer memory. 

About 2000 images could be stored before the memory was overwrîtten. A switch on the 

camera control was used to disable the overwrite mode. The remote "pickle" switch was 

used for this purpose. A GRABïI' frarne grabber device was purchased to download 

images from the camera memory into a personal cornputer. LVIEW PRO software was 

used for image processing. 



3.6 Schlieren System 

Schlieren visudization is a technique which uses light to differentiate density gradients in 

a fluid. The basic principle of Schlieren visualization is that density gradients within a 

fluid causes transmitted light to refract at different angles. Through the use of an 

appropriate apparatus, a columnar light beam can be produced and passed through a 

heterogeneous fluid under investigation. The pemtrbed light beams are focused by a lens 

or converging mirror. Deviations in the angles of the refracted light beams are amplified 

by the use of a knife edge or Schlieren diaphragm located at the focal point of the collated 

light beams. The resulting image can be displayed on a screen for recording by a camera. 

The Schlieren apparatus used for these experimental investigations was designed, 

fabricated and tested for a Mech 460 Design Project. A 100 watt Xenon larnp mounted 

on a 2-ais  traversing mechanism was used as the light source. The resulting columnar 

beam was approximately 18 cm in diameter. Since images were to be recorded by the 

black and white high speed camera, a simple knife edge rather than a coior Schlieren 

diaphragm was acceptable. Once al1 the lens and mirron were satisfactorily adjusted, the 

images produced by the apparatus were of very good quality. The Schlieren system was 

set up to visualize conditions of the flow in the confines of the FPD bend. Specifically, 

timeline tracers in the unburned gas flow and temperature gradients of the flarne fronts 

were to be obsemed. Appendix K details the Schlieren apparatus used in this project. 



3.7 TimeHne Device 

In order to visualize the flow patterns of the unburned gas flow in the FPD bend, it was 

decided to use a timeline procedure. As previously discussed, creating a timeline 

involved heating a localized area in the bulk Flow of a fluid. A Schlieren device was then 

used to visualize the less dense fluid in relation to the heavier bulk fluid around it. 

The timeline arrangement consisted of a 76 micron diameter, thermocouple wire installed 

vertically in the channel at the inlet to the bend. This wire in turn was heated by a 

modified thennocouple time constant tester. The one used for these experirnents was 

built by the University of Waterloo electronic shop. This device allowed for the varying 

of the cut-rent as well as the duration of the electrical impulse to the thermocouple wire. 

Initiation of the impulse was originally performed by a push-button switch rnounted on 

the tester. The initiation circuit was altered by bypassing the switch and connecting the 

wire leads to the output of a simple, custom-built time delay circuit. This circuit allowed 

for time delays of 1 to 100 milliseconds between an input signal and a respective output 

signal. Due to the transient nature of the unburned gas flow in the bend, varying the time 

delay allowed for the initiation of a timeline at different flow conditions. Time delay 

circuits are further detailed in Appendix J. 

3.8 Procedures 

The initial task in conducting a test run was to prepare a mixture of propane and air using 

the mixture preparation apparatus. This involved applying a vacuum to the storage tank, 



and filling the tank at pressures corresponding to the desired mixture composition. Once 

filled, the mixture in the tank was allowed to stabilize for at least 10 minutes prior to 

filling the FPD. The vacuum pump hose was attached to the FPD apparatus and a 

vacuum was applied. Filling of the FPD with the gas mixture was then undertaken. The 

FPD was filled to atmospheric pressure. The mixture was allowed to stabilize to a 

quiescent state for at l e s t  2 minutes prior to ignition. 

The ignition system, instrumentation circuits, oscilloscope and if required, the CCD 

camera were turned on and checked for proper operation. It was important to set the 

oscilloscope to the desired measurement parameters. Sampling rate, signal scale, and 

trigger mode were the more important adjustments. Once the oscilloscope was ready for 

triggering, the main FPD valve was opened. For safety and a broader view of flame 

propagation in the FPD, the operator was positioned about 2 meters from the PD. 

Ignition of the mixture was done by closing the ignition switch. In most cases, ignition 

was quick and the Bame front propagated through the FPD in less than I second. For 

mixtures of very nch or lean composition. more than one operation of the ignition switch 

may have been warranted. In these cases, the oscilloscope would have been reset after 

every sw itch operation otherwise photodiode signals would not have been displayed. 

Once the flarne front had passed through the FPD, the resulting waveform could be 

viewed on the oscilloscope. Cursors and expansion settings were adjusted to determine 

the time differences between the various photodiode signals. These time values were 

recorded in a lab notebook. 



The high speed CCD camera was used in some test runs to record flame front propagation 

in the FPD bend. This device was set up on a tripod approximately 1.2 rn from the face 

of the FPD bend. Besides the ignition switch, the carnera "pickle" switch also needed to 

be activated for these tests. When a satisfactory test run had been conducted, video 

images were downloaded from the camera memory into the personal computer via 

utilization of the GRABïï frarne grabber device. Images were stored in the computer as 

bitmap files for subsequent processing. 

For a specific test mixture composition, attempts were made to obtain at least 10 trials for 

each of the three photodiode configurations. Ail tests were conducted during the summer 

of 1998. However, tests for a specific mixture composition were not al1 conducted on the 

same day. This was done so as to diminish the effects cf excessively high humidity or 

temperature on the collected data. 

For timeline expetiments, the same procedures were implemented except photodiodes 

and the oscilloscope operations were not used. In their place, the Schlieren apparatus and 

modified Thermocouple tester were utilized. 

The thermocouple tester was connected to the thermocouple wire installed in the FPD. 

The Schlieren system was set up with the high speed CCD camera recording Schlieren 

images projected on a small screen. The potentiometer on the time delay circuit was then 

adjusted for an approxirnate time delay. The actuai delay was determined later by 



analyzing the high speed camera images. Again, ignition of the gas mixture and 

recording of the Schlieren images were initiated by closing the ignition and camera 

"pickle" switches. 



Chapter Four 

Results 

4.1 Introductory Remarks 

The expenmental trials were conducted with various mixtures of propane and air. The 

composition of the mixtures was defined by the equivalence ratio ( + ). In this work, the 

equivalence ratio is a mass based characteristic variable which relates the fuel to air ratio 

of the test mixture with respect to the stoichiometric fuel to air ratio. The following 

equation symbolizes the relationship between the fuel to air ratios. 

The test plan involved the combustion of gas mixtures which spanned the range from @ = 

0.6 to = 2.0. Equivalence ratios were varied by 0.1 increments. The increments were 

reduced to 0.05 to more precisely speciQ the equivalence ratios where the flame 

propagation limits were encountered. 



Appendix L contains the raw data results from the initial FPD commissioning tests. 

These tests were conducted with BERNZOMATIC propane. This type of propane 

contained a mixture of propane and higher order hydrocarbons. Consequently, a 

commercial grade propane was obtained and used for the remaining trials. The raw data 

results from these triais are presented in Appendix M. 

4.2 FIame Propagation Limits 

The lean and rich flame propagation limits were determined for specific mixture 

compositions as measured by equivalence ratio. The criterion set for the determination of 

a Rame propagation limit was a mixture composition where a flame front developed and 

propagated through the entire length of the FPD. 

Under this definition, the lower limit of flame propagation occurred for a mixture 

composition of 4 = 0.85. Fourteen trials were conducted at this equivalence ratio. Al1 the 

trials resulted in flame fronts which propagated through the entire duct. Fifty trials were 

conducted at an equivalence ratio of = 0.80. In 38 trials, flame fronts were quenched 

either in the bend of the FPD or just after the bend. 

The upper Rame propagation lirnit occurred for a mixture composition of 0 =1.80. Fifty- 

three trials were conducted at this equivalence ratio. In dl the trials, the developed flarne 

fronts propagated through the entire length of the FPD. Nine trials were conducted at an 



equivalence ratio of @ =1.85. Of these trials, six resulted in flarne front propagation 

through the entire length. However, the remaining trials resulted in the quenching of the 

flame fronts prior to entering the bend. 

Mixture compositions could be ignited beyond the lean and rich flarne propagation limits. 

However, in these cases, the developed flame fronts quenched at some point in the FPD. 

Extending the mixture compositions fûrther into the lean and rich regimes resulted in no 

ignition of the mixture. Compared to the flarne propagation limits, the equivalence ratios 

which delineate the lean and rich flammability limits were not precise boundaries. 

The criteria set for mapping of the lean and rich flamrnability limits were mixture 

compositions where ignition was difficult or impossible to achieve. At the lean 

flammability lirnit, ignition was characterized by a long spark duration of more than 5 

seconds, or a series of many short duration sparks. If a flame front did develop through 

this effort, it was very slow and was quenched in the straight inlet section of the FPD. 

Ignition at the rich flammability limit was characterized by a single, short-duration spark. 

The resulting flame fronts propagated through the siraight section of the FPD very slowly 

and were quenched before entering the bend. 

From these experiments, the lem flammability limit was found to be for a mixture 

composition of O = 0.75. At this equivalence ratio, six trials resulted in no ignition of the 



mixture. However, four of the ten trials resulted in ignition of the mixture and the 

development of a slow moving flame front. Three of these flame fronts were quenched 

near the midpoint of the straight entrance channel of the FPD. One flame front was 

quenched just before entering the bend of the FPD. 

The rich flamrnability limit for this experimental program was found to be for a mixture 

composition of @ = 2.0. Of the nine trials, eight flame fronts developed but were 

quenched before entering the FPD bend. One trial resulted in the development of a fiame 

kemel around the spark. This kemel was observed to have a diameter of about I cm. It 

did not evolve into a flarne front and it disappeared once the spark was deactivated. 

4.4 Flame Propagation Velocities 

Figures 4.1, 4.2 and 4.3 are summary graphs which compare the average flame 

propagation velocities of the various mixtures. Figures 4.4 to 4.14 are graphs showing 

average flame propagation velocities and standard deviations for individual mixture 

compositions of @ = 0.8 to $ =1.8. In al1 these charts, the axial length is considered along 

the centerline of the duct. The 90' bend begins at the axial length of 166 cm and ends at 

the axial length of 178 cm. 

These figures show that the average flarne propagation velwities Vary considerably with 

mixture composition and location within the duct. However, there are two distinct 



patterns of behavior in the flame propagation velocity. One pattern is seen in the inlet 

section of the FPD while the other is in the bend. 

Figure 4.1 shows the average flame propagation velocities for mixture compositions of $ 

=1.1 to = 1.4. From the ignition point at the O cm location, the fiame fronts initially 

evolve and accelerate as they progress into the first 30 cm of the inlet section. Between 

the 30 cm and 53 cm locations dong the duct length, the average flame propagation 

velocities decrease. The propagation velocities then increase abruptly in the short 

distance between the 53 cm and 58 cm locations dong the duct length. From the 58 cm 

location to the 151 cm location, the average flame propagation velocities remain constant 

with only srna11 variations. At the 151 cm location, the flame fronts undergo a 

deceleration until just pnor to entering the FPD bend. For the inlet section of the FPD, 

the average flame propagation velocities for these mixture compositions are on the order 

of about 10 mis with variations generally not exceeding 8 m/s. 

Average flame propagation velocities for mixture compositions of $ = 0.8 to 9 = 1.1 are 

shown in Fig. 4.2. Drarnatic variations in the average flame propagation velocities along 

the inlet section of the FPD are shown for these cases. The velocity changes can be as 

much as 35 m/s in a length of 5 cm. This is shown between the 53 cm and 58 cm 

locations along the duct. 

At the higher equivalence ratios of 1.5 to 1.8 (Fig. 4.3), again the average Rame 

propagation velocities change dramatically dong the inlet section of the duct. At an 



equivalence ratio of 1.8, the maximum change in the inlet duct section is about 30 m/s 

within a 5 cm axial length. Similar to Fig. 4.2, this maximum velocity change also occurs 

between the 53 cm and 58 cm locations dong the duct. 

However, with the exception of @ = 1.8, the mixture compositions in Fig. 4.3 encounter 

their largest individud variations near the 144 cm location. Pnor to this region, the 

mixture compositions of t$ = 1.5, 1.6, and 1.7 exhibit relatively small variations in their 

average flame propagation velocities. 

Together, these first three figures show the wavering velocity profile of the flame fronts 

prior to entering the bend. The velocity profiles have distinctive patterns. A notewonhy 

feature is the consistent acceleration and slowing pattem experienced by the flame fronts. 

This is most pronounced by the flame front decelerations and subsequent accelerations 

between the 30 cm and 58 cm locations dong the FPD. This occurs for al1 tested mixture 

compositions. Flame front decelerations are aiso noted for aimost al1 mixture 

compositions prior to the flame fronts entering the bend. 

These graphs show that at any specific location dong the inlet duct section, the flame 

front is either undergoing an acceleration or a deceleration. The mixture composition has 

a major effect on the velocity variations. Even with these velocity variations, a pattem is 

still distinguishable. 



Tempering of the velocity variations occurs for the slightly rich mixture conditions. 

Approaching the rich flame propagation lirnit, the velocity variations in the inlet section 

are small until the flame fronts reach the 140 cm region. This is with the exception of @ = 

1.8. When the mixture compositions approach the lean Rame propagation limit, the 

pattern of accelerations and decelerations is similar to the rich mixture compositions. 

However, larger velocity variations are encountered. 

Figures 4.1, 4.2, and 4.3 show that flames decelerate prior to entering the bend with the 

exception of 9 = 1.8. For most mixture compositions, the average flame propagation 

velocity at the entrance to the bend does not exceed 6.2 m/s. For the exceptional case of 

$ = 1.8, the resulting average flame propagation velocity at the bend entrance is 13.2 m/s. 

However, as Fig 4.14 shows, the standard deviation at location 16 1 cm and for this (I = 

1.8 mixture is high, and it therefore necessitates some rese~ation of this specific value. 

For the mixtures with compositions of 41 =0.9 to $ =1.8, the average flame propagation 

velocity of the flame fronts increases as they propagate through the bend. The maximum 

average flarne propagation velocity occurs either just before exiting the bend, or 

immediately after exiting the bend. This again is dependent on the mixture composition. 

The slightly rich mixtures resült in maximum velocities occumng in the bend. The lean 

and very rich mixtures generally show maximum velocities occumng outside the bend. 

The velocity level of the flarne fronts near the bend exit does not exceed 18.6 mis. 



Upon exiting the bend, the average flame propagation velocities generally decrease 

through the exit Iength of the duct. For the two mixture compositions of 4 =l .O and 4 

=1.8, a slight increase in the average flame propagation velocity is shown for flame fionts 

progressing through the exit length of the duct. However, these equivalence ratios also 

had relatively high standard deviations at the end locations of the exit duct (Figures 4.6 

and 4.14). 

Fig. 4.1 Average flame propagation velocities for slightly rich 
mixture compositions. 



Fig. 4.2 Average flame propagation velocities for lean and 
st~ichiometric mixture compositions. 

Fig. 4.3 Average flame propagation velocities for very rich 
mixture compositions. 
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Fig. 4.4 Average flame propagation velocities and standard 
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Fig .4.5 Average flame propagation velocities and standard 
deviations for $ = 0.9. 
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Fig -4 .6  Average flame propagation velocities and standard 
deviations for 6 = 1 .O. 
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Fig. 4.7 Average flame propagation velocities and standard 
deviations for 4 = 1.1. 
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Fig. 4.8 Average flame propagation velocities and standard 
deviations for 4 = 1.2. 



+ AVG 
-ï- ST D DEV 

8 

Bend --& 
8 

l 
a 
I 

I 

8 . 

Fig. 4.9 Average Bame propagation velocities and standard 
deviations for + = 1.3. 
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Fig. 4.10 Average flame propagation velocities and standard 
deviations for 4 = 1.4. 
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Fig. 4.1 1 Average flarne propagation velocities and standard 
deviations for 41 = 1.5. 
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Fig. 4.1 2 Average flarne propagation velocities and standard 
deviations for $ = 1.6. 
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Fig. 4.13 Average flame propagation velocities and standard 
deviations for 4 = 1.7. 
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Fig .4.14 Average flame propagation velocities and standard 
deviations for 4 = 1.8. 



The standard deviations shown in Figures 4.4 to 4.1 1 indicate that there is a low variance 

arnong the data points obtained for the location near the entrance of the FPD bend. The 

standard deviations at this location are 2 m/s or less for the mixture compositions of @ = 

0.8 to = 1.5. The very rich conditions are exceptions with higher variances. For a 

mixture of 9 = 1.6 (Fig. 4.12), a slightly high standard deviation of 4.15 m/s results. For 

the conditions of @ = 1.7 and $ = 1.8 (Fig. 4.13 and 4. M), the standard deviations are 12.9 

m/s and 26.4 m l s  respectively. 

Where large variations in the average flame propagation velocities occur (@ = 0.8 to 1 .O 

and $ = 1.5 to 1.8), the standard deviations appear to follow the actuai flame propagation 

velocity trends. The standard deviations are high for the high average velocities and low 

for the low average velocities. The mixture conditions of = 1.1 to 1.4 show that for 

these conditions of relatively steady flame velocities in the inlet section of the FPD, 

relatively low standard deviations of 5 mis or less are the result. 

4.5 Flame Front Contours 

A series of contour plots starting at Fig 4.15 shows the leading edge of flame fronts 

propagating through the FPD bend. Each plot is a composite of single frames obtained 

from the high speed CCD carnera for one individuai triai. They are representative of 

typical Bame front propagations for a specific equivalence ratio. The plots were 

processed in a negative format which displays black pixels as white and vice versa. This 

allows for easier visualization of the flarne fronts and better contrast to more accurately 



determine their contours. An added benefit is that the photodiode shield locations are 

aiso easily discemible. 

For those individual triais where photodiode data was obtained, graphs are also presented 

which compare flame propagation velocities calculated from this method, and from the 

analysis of the contour plots. 

Analysis of the first one or two flarne front contours of each plot shows distinct profiles 

for different equivalence ratio conditions. These contours are roughly 5 cm in front of 

the entrance to the bend. The flame fronts for 9 = 0.9 and 1.0, and for the very rich 

conditions of $ = 1.5 to 1.8 appear to have an elongated parabolic profile. For the slightly 

rich conditions of = 1.1 to 1.4, the flame front profile has a "top hat" like appearance. 

The flame fronts upon entenng the bend, have the tips of their leading edges either at the 

midplane level or slightly above the rnidplane. As the flame fronts proceed into the 

bend, the tip of the leading edge gradually moves inward toward the inner surface of the 

bend. By the time the flame fronts are halfway through the bend, the tips of the leading 

edges are very close or relatively near the inner surface of the bend. The fïame fronts 

proceed through the latter half of the bend in a similar manner. 

The contour plots extend down into the exit length of the FPD approximately 8 cm from 

the exit of the bend. Upon exiting the bend, the tips of the leading edges of the flame 

fronts begin to move back toward the centerline. The final contours for the plots of 



+ = 0.9 and 1.0 and = 1.5 to 1.8 show that the flame front tips are now off-centered with 

the tips located between the duct centerline and the outer surface of the straight exit 

length. 

The contour plots show an interesting occurrence near the outer surface of the bend. For 

mixture compositions of = 1.1 and 1.2, the flame front propagates proceeds quickly near 

the outer surface of the bend. This is shown as one or two flame front contours near that 

region of the bend. The other contour plots indicate that as the equivdence ratio of the 

mixture increases above $ = 1.2, the concentration of contour lines increases near the 

outer bend. This also occurs when the equivalence ratio is decreased below 41 = 1.1.  The 

high concentration of contour lines for these cases is indicative of slow flame front 

propagation dong the outer radius region of the bend. The result is that the flame front is 

extended or stretched as it proceeds through the latter half of the bend and into the exit 

length. Speculation as to the reasons for the slow flame propagation in this region will be 

discussed in the next chapter. 



Fig 4.15 Flame front contours for 4 = 0.9. Test # 242,400 f p s .  
Tirne spacing between contours: At = 2.5 ms. 

Fig 4.16 Flame fiont contours for 4 = 1.0. Test # 186,500 @S. 
The spacing between contours: At = 2.0 rns. 



Fig 4.17 Flarne fiont contours for 4 = 1.1. Test # 192,400 f p s .  
T h e  spacing between contours: At = 2.5 ms. 
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Fig 4.18 Cornparison of  centerline flame propagation velocities for Test # 
192, as obtained fiom photodiode and contour analyses. 



Fig 4.19 Flame fiont contours for 4 = 1.2. Test # 198,400 fps. 
T h e  spacing between contours: At = 2.5 ms. 
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Fig 4.20 Cornparison of centerline flame propagation velocities for Test # 
198, as obtained fiom photodiode and contour analyses. 



Fig 4.2 1 Flame fiont contours for 4 = 1.3. Test # 202,400 f p s .  
Time spacing between contours: At = 2.5 ms. 
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Fig 4.22 Cornparison of centerline flame propagation velocities for Test # 
202, as obtained fiom photodiode and contour analyses. 



Fig 4.23 Flame fiont contours for 4 = 1.4. Test # 206,400 @S. 
The spacing between contours: At = 2.5 ms. 
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Fig 4.24 Cornparison of centerline f lme propagation velocities for Test # 
206, as obtained fiom photodiode and contour analyses. 



Fig 4.25 Flame fiont contours for 4 = 1 S. Test # 21 3,400 f p s  
Tirne spacing between contours: At = 2.5 ms. 
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Fig 4.26 Cornparison of centerline flarne propagation velocities for Test # 
21 3, as obtained fiom photodiode and contour analyses. 



Fig 4.27 Flame fkont contours for $ = 1.6. Test # 218,400 @S. 

The spacing between contours: At = 2.5 ms. 

Fig 4.28 Flame fkont contours for 4 = 1.7. Test # 224,400 @S. 

Time spacing between contours: At = 2.5 ms. 



Fig 4.29 Flame front contours for 41 = 1.8. Test # 229,300 @S. 
Time spacing between contours: At = 3.3 ms. 

4.6 Velocity Corn parisoos fmm Photodiode and Contour Methods 

Photodiode data was obtained for Tests # 192, 198, 202, 206, and 213. Graphs were 

developed which compare the fiame propagation velocity as obtained fiom the 

photodiode data and analysis of the respective contour plots. These graphs are s h o w  in 

Figures 4.18,4.20,4.22,4.24 and 4.26. 

The fust three figures show the qomparisons for mixture compositions of 4 = 1.1, 4 4 . 2 ,  

and 41 4 . 3 .  The graphs indicate that flame propagation velocities determhed through 

both methods correlate closely for the regions in and bordering the bend. With the 

exception of the first data points, the graph for mixture composition of 4 4 . 3  (Fig. 4.22) 



shows the best agreement between both methods. Yet, among these three graphs, i t  has 

the largest difference between any two corresponding plotted points. At the location near 

16 1 cm, the velocity difference between the methods is 8.1 m/s. 

In the cases of mixture compositions of + = 1.1 and 41 =1.2, velocities obtained from 

photodiode data are slightly less than the values obtained from contour analysis in the 

region of the entrance and first half of the bend. In the region of the latter half of the 

bend and bend exit, velocity values from the photodiode data are slightly higher than 

those values obtained from contour analysis. 

Figures 4.24 and 4.26 show the cornparisons for mixture compositions of + = 1.4 and 6 

=1 S. These graphs do not exhibit as close an agreement between the methods as the 

previous graphs. Similar to the graphs for 4 = 1.1 and 41 =1.2, the velocity values 

obtained from photodiode data are slightly less than those values obtained from contour 

analysis for the regions of the bend entrance and first half of the bend. In the region of 

the latter half of the bend and bend exit, the values obtained from the photodiode data are 

somewhat higher than the corresponding values obtained from contour analysis. 

However, in the region immediately after the bend, the velocity values from the 

photodiode method are much higher than the values obtained from contour analysis. At 

the location near 18 1 cm, the velocity differences between the methods is 1 1.7 mis for the 

mixture composition of 4 = 1.4 and 20.8 m/s for the mixture composition of $ = 1 S. 



Together, the five graphs show that more detailed velocity information can be obtained 

from analysis of the contour plots than from the photodiode data. The graphs indicate 

that velocity variations as  seen in the inlet length of the duct are still present as the flame 

fronts propagate through the bend. The photodiode data does not show this effect. 

4.7 Timeline Tracer 

The Timeline Tracer Method, as previously detailed in Chapter 3, was a technique in 

which a heated column of unbumed gas was formed by filament wires near the bend 

entrance. The heated column was convected together with the unburned gas flow ahead 

of the propagating flame front. 

This method was used for the last 37 tests (Tests # 636 to # 672) of the test regimen. Of 

these tests, only one (Test # 643) resulted in the observation of a discernible timeline 

progression. The composite image of this test is shown in Fig. 4.30. The timeline was 

obtained for a mixture composition of $ = 1.4, with the timeline forming approximately 

100 ms after ignition of the gas mixture. The flame propagation for this test appeared to 

start off much slower than previous tests at this equivalence ratio. This resulted in the 

formation of a timeline during the initial development of unbumed gas flow in the bend. 

Except near the inner surface, the timeline remained intact throughout its progress 

through the bend. In the other tests, the timeline was seen to dissipate immediately after 

being formed. 



Fig 4.3 0 Composite Schlieren image of timeline progression. 
Test # 643,4 = 1.4,250 @S. T h e  spacing between 
tirnelines: At = 12 ms. 
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Fig 4.3 1 Horizontal velocities of timehe for 1/4 height, centerline, and 
3/4 height planes. Test # 643. 



Test # 643 was the first test performed from a new mixture batch. Subsequent tests frorn 

the same mixture batch resulted in fast flames normally expected for an equivalence ratio 

of 1.4. This variation among tests within a mixture batch was a common occurrence 

throughout the testing program. It will be discussed more in detail in the next chapter. 

Since Fig. 4.30 is a time lapse composite image, a large distance separating the lines 

represents the timeline progressing quickly. This is shown clearly just before the 

timeline enters the bend. On the other hand, a close grouping of lines is indicative of a 

slowly progressing timeline. This is shown near the outer surface of the bend. 

Figure 4.3 1 displays the timeline velocities in the horizontal direction for discrete points 

as rneasured at the 114 duct height, centerline and 3/4 duct height planes. Upon entering 

the bend, the timeline has an approximate horizontal velocity of 1.58 m/s. Consequently, 

the bulk flow of the unbumed gas is also moving at this velocity. Therefore at this 

snapshot in tirne, the unburned gas has a "top hat" velocity profile. The graph shows that 

as the timeline progresses through the bend, the horizontal velocity at the different planes 

varies. At the 114 height and 314 height planes, the timeline accelerates in the first 113 of 

the bend. The tirneline decelerates as it progresses through the remaining part of the 

bend. At the centerline plane, the timeline is seen to accelerate in the first 20' of the 

bend. It then decelerates for approximately 20' More it undergoes a slight horizontal 

acceleration. From 58' onwards to the end of the bend, the timeline continues to 

decelerate. 



The timeline not only has a horizontal velocity component, but also a vertical component. 

This is indicated by the stretching of the timeline, particularly in  the latter section of the 

bend. Near the inner surface of the bend, the timeline disappears entirely. This suggests 

that in this region, there are strong velocities in both directions. 

Figure 4.32 shows the contour plot of the flame front progressing through the bend for 

Test #643. The time separation between the timeline entering the bend and the flame 

front entenng the bend is approximately 400 ms. This flame front propagation is similar 

to others as shown in previous contour plots. The flame front enters into the bend with an 

asyrnmetrically curved profile. The leading edge of the flame front then moves closer to, 

and remains near the inner surface as it proceeds through the bend. 

Figure 4.33 is a graph of the flame propagation velocities as measured at the 1/4 duct 

height, centerline and 314 duct height planes. Compared to the velocities of the unbumed 

gas flow shown in the previous timeline graph, the flame propagation velocities are much 

higher. This indicates that the unbumed gas continued to accelerate through the bend in 

the interim between timeline progression and flame front progression. The graph shows 

that in the bend, the Rame front undergoes accelerations and decelerations at different 

points dong the leading edge. Initially, the leading edge of the flarne front has its highest 

velocity at the 114 duct height plane. As the flame front progresses through the bend, the 

points of the leading edge near the centerline and 314 duct height planes continue to 



Fig 4.32 Composite Schlieren image of Bame fiont contours. 
Test # 643,$ = 1.4,250 @S. Tirne spacing between 
contours: At = 4.0 ms. 
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Fig 4.33 Cornparison of 114 height, centerline, and 3/4 height, flame front 
contour velocities for Test # 643. 



accelerate. The point of the leading edge at the 114 duct height plane slows down as the 

flame front goes through the bend. 

The largest change in axial velocity occurs at the centerline plane. The flame front 

leading edge enters the bend at this plane at 6.9 m/s. It exits the bend at this plane at an 

axial velocity of 14.6 m/s. The velocity variations between for the other two planes are 

about the same. The flame front leading edge enters the bend at the 114 duct height plane 

at 10.0 d s  and leaves the bend at 6.9 m/s. At the 314 duct height plane, the flame front 

goes into the bend at an axial velocity of 5.4 rn/s and leaves the bend at 8.5 m/s. 

4.8 Cornparison of Schlieren and Visible Images of Flame Fronts 

Figure 4.34 shows representative images of flame fronts proceeding through the FPD 

bend. The two left images are consecutive visible flame images processed frorn Test # 

206. These images were further enhanced using a negative pixel format similar to that 

used for the contour plots. The two right images are Schlieren flame images processed 

from Test # 656. These images were contrast enhanced. Both tests are for a mixture 

composition of 4 = 1.4. The image sets were obtained using the high speed CCD 

camera at a frarne recording speed of 400 fps. The time lapse between the visible images 

is 2.5 ms. The Schlieren images have a time lapse of 5.0 ms. This is due to a slower 

flarne propagation during the Schlieren test. 



Fig. 4.34 Side by side comp~son of visible (left) and Schlieren (right) 
Barne images. Visible images: Test # 206,# = 1.4,400 fps, 
Time lapse At = 2.5 ms. Schlieren images: Test # 656,O = 1.4, 
400 fps ,  T h e  lapse At = 5.0 ms. 

The overall shape of the flarne fiont profile for both image sets are somewhat different. 

The differences reflect the particular characteristics of the Schlieren method. The 

Schlieren images show a dark area in the leading edge profile of  the flame fiont. The 

dark area has a unifonn shading across the entire profile of the flame tront. This dark 

area is indicative of a density gradient within the flame front In the absence of a pressure 

gradient, the density gradient is only attnbutable to temperature differences. Koowing 

that the highest temperatures of combustion occur in the combustion zone, it can be 



concluded that the dark areas in the Schlieren images are at higher temperatures than the 

gray or white regions. 

The areas of high temperature in the Schlieren images are much narrower than the 

corresponding areas shown on the visible images. In fact, the zone of combustion in the 

visible images extends further back dong the inner and outer surfaces of the duct bend. 

These rear combustion areas dong the duct surfaces must be at a lower temperature than 

the main combustion zone of the flame front. The lower temperature in those regions 

may be a consequence of the high heat transfer rate between the combustion products and 

the relatively cool duct surfaces. 

4.9 Other Observations 

4.9.1 Full Duct Images 

Figure 4.35 shows the images of a typical propagating flame front through the entire duct. 

These images are for a preliminary test performed to detemine test procedures and to 

check out apparatus operation. The images were recorded using a standard, 30 fps home 

camcorder. Each subsequent image therefore represents a time increment of 33 ms. As a 

result, the entire duration of this trial was a little less than 0.8 seconds. The negative 

pixel format was again used for processing of the images to better display the flame front 

features, 



Fig. 4.35 Flame f?ont progression through FPD . Preliminary 
test with BERNZOMATIC propane. 4 = 0.8,30 @S. 

Time interval between images: At = 33.3 ms. 



For this particular test, the propane used was a BERNZOMATIC brand torch propane. 

This propane is used for propane torches, camping stoves, gas barbecues. etc. The 

contents of this transportation grade propane were about 95% propane. The remaining 

constituents were higher order hydrocarbons. The equivalence ratio for this test mixture 

was fJI = 0.8. 

Image 1 through 18 are consecutive images which show the flame front progressing 

through the straight inlet section of the FPD. The leftmost black spot in the fïrst eight 

images is the ignition spark. The first image shows that the flame front has propagated 

quickiy through the first 1112 th of the inlet section (approximately 15 cm). The flame 

front then continues to propagate but at a slower velocity. By the fifth image, the flarne 

front profile has distinctly become more parabolic-shaped, but with a slight distortion. It 

also begins to streich out in the lengthwise axial direction. 

Xrnage 8 clearly shows the flame front with the distorted and stretched, asymmetrically 

curved profile. At this point, the flame front is about halfway through the inlet section. 

Its propagation velocity from ignition has averaged about 3 m/s. The flame front 

proceeds through the remaining half of the inlet section with a slightly lower average 

flarne propagation velocity (approximately 2.5 mls). Image 17 and 18 in particular, show 

a noticeable reduction in propagation velocity of the flarne front just as the flame front 

begins to enter the bend. 



Image 19 through 24 show the flame front progressing through the bend and into the exit 

section. The flarne front proceeds into the bend dong the inside surface of the bend as 

shown in image 19. Comparing images 19, 20, 21 and 22 shows that the flame front 

propagation velocity varies as it leaves the bend and proceeds into the exit section. Once 

the flame front reaches the end of the exit section, combustion of the unburned gas 

continues even while the unbumed gas is escaping through the pressure equalization 

valve. This is shown in image 23 where the black smear in the lower portion of the 

image is the combustion occurring in the escaping gas stream just outside of the FPD 

equalization valve. Image 24 shows the last moments of combustion of the residual 

unbumed gas remaining in the FPD. 

4.9.2 Quenching Phenomenon 

Figure 4.36 shows the images of a propagating flame front which is quenched in the bend 

of the FPD. The equivalence ratio for this test mixture was 4 = 0.8. Images were recorded 

using the high speed CCD carnera at a frame rate of 180 fps. The images are arrayed in a 

column arrangement with succeeding images displayed one under the other. 

The first column shows how the flame front enters the bend. Its behavior at this point is 

not abnormal in cornparison to the behavior of other flame fronts. In the second column, 

the images show that the forward movement of the flame front begins to stagnate. The 

latter images in the column show that combustion continues, however the combustion 

zone remains stationary at a point slightly over halfway through the bend. This location 

is at the axial length of 174 cm. The flame front begins to waver back and forth and it 



Fig. 4.36 Quenching of a fiarne fiont in a bend. Test # 248,4 = 0.8, 
180 @S. T h e  interval between images: At = 5.6 rns. 

remains in this region for approximately 28 milliseconds. This is show in Fig. 4.37, 

which graphs the flame fiont position along the axial centerline with respect to t h e .  



Column 3 shows the flarne front breaking away from its initial stationary position. It then 

proceeds forward through the bend and into the straight exit section. In column 4, the 

flarne front is seen to slow down and finaily stop at a second stationary point in the exit 

section. This is also shown in Fig. 4.37 at the axial length location of 18 1 cm. The first 

three images in column 5 show the sustained combustion and flame front wavering at the 

second stationary point. The graph shows that at this location, the flame front wavering 

occurs between the 178 cm and 181 cm locations dong the axial length of the FPD. The 

flame front wavers for 125 ms. The final images in Column 5 show the cessation of the 

combustion reactions and the quenching of the flarne front. 

Fig. 4.37 Quenching of a flame front in a bend. Flame front location 
along axial centerline, with respect to time. Test # 248, 4 = 0.8. 



Hame front waverings were observed for other test conditions as well. These conditions 

were for mixture compositions of + < 0.9 and + > 1.7. 

4.9.3 Large Scale Turbulent Flame Fronts 

It was also observed that some flame profiles were wrinkled and rough with large scale 

eddies. Otker flarne fronts showed convoluted fold structures within the flame. These 

characteristics are evidence of turbulent, premixed combustion. 

Figure 4.38 shows images of a particular behavior exhibited by some turbulent flame 

fronts. The main characteristic of this type of flarne front was the cyclic expansion and 

contraction of the combustion zone as the Bame front progressed through the bend. 

The expansion and contraction phenomenon was observed only for three tests out of the 

entire test regime. The equivaience ratio for this test mixture was 4 = 1.2. Images were 

recorded using the high speed CCD carnera at a frame rate of 400 fps. Similar to the 

arrangement in Fig. 4.36, images are arrayed in columns in which succeeding images are 

displayed one under the other. 

The first column shows the flame front entering the last few centimeters of the inlet duct 

section. As previously shown in other figures, the dark areas differentiate the combustion 

zone. Image I in the first column shows an even shading of the combustion area. The 

leading edge of the flame front is blunt and does not have the smooth, asymmetrically 



Fig. 4.38 Turbulent flame front phenornenon. Test # 197, $ = 1.2, 400 
fps. Tirne interval between images: At = 2.5 ms. 



curved profile normaily expected. Image 2 has about the same area, but there is a darker 

shading at the leading edge of the flame front. Image 3 and 4 are similar. There is an 

even shading of the extended combustion zone (Image 3), and then the combustion zone 

is shortened and the zone itself is slightly darker at the leading edge (Image 4). 

The last image in Column 1 and the first image in Column 2 form another flame front 

expansion/contraction set. This effect continues as the flarne front progresses into the 

bend as shown in the images in Column 3. The flame front proceeds into the bend with 

the leading edge near the inner surface. Column 4 shows the flame front entering the exit 

section of the FPD. Again, the phenornenon continues to occur. 

The last image in Column 2 clearly shows the convoluted structure of the flame front. 

Although this image only provides information in two dimensions, the complexity shown 

necessitates a three dimensional effect in which the flame structure is folded in among 

itself. 



Chapter Five 

Discussion 

5.1 Introductory Remarks 

This chapter will link the results of the tests with combustion and fiuid mechanics. This 

will provide evidence that flarne front propagation through a 90' bend is affected by 

downstream flow structures in the bend. Further to this will be an analysis of the sources 

of enors in the test results. This analysis will provide information to gauge the relative 

quality and confidence level of the obtained test data. 

5.2 Flammability Limits 

From Tums [ 161, the lean limit of flammability for propanelair mixtures is 4 = 0.5 1. The 

rich limit of flammability is 4 = 2.83. These lirnits were determined by the "tube 

method". This method employs a long, vertically-onented tube of circular cross section. 

Ignition of the test mixture occurs at the bonom of the tube. 



The lean flamrnability lirnit in this work was determined to be 4 = 0.75. The differences 

between the measured and the literature value can be attributed to the square cross section 

and horizontal orientation of this FPD, Part of the difference c m  also be attributed to the 

precision in producing repeatable mixture compositions. This w il1 be discussed later in 

the Sources of Error section of this chapter. 

The richest mixture composition tested was for an equivalence ratio of 4 =2.0. This 

mixture composition was less than the rich limit of flarnmability as indicated in the 

literature. 

5.3 Unburned Gas Flow in Bend 

As discussed in Chapter 2, curved duct flow is characterized by the development of 

secondary flows. The extent of the secondary flow development in the bend is quantified 

by the Dean number. Since the bend geometry remained the sarne throughout the test 

regirnen, the curvanire ratio remains constant and the Dean number is therefore strictly 

dependent on the Reynolds number. 

The Reynolds number is described by the following equation: 

where: S, is the unbumed mixture velocity ahead of the flame front. 
Dh is the characteristic length equal to the hydraulic 

diameter of the duct. (Dh = 3.386 cm ) 
p is the viscosity of the unbumed mixture. (p = 1.80 x 105 N s /m2) 
p is the unburned mixture density. (p = 1.20 kg / m3) 



The main component in al1 the test mixtures was air. All tests were performed at 

atmospheric pressure. The temperature of the gas mixtures did not vary more than 3' C 

over the course of the test penod. As a consequence, the density and viscosity of the gas 

mixtures were considered constant. As a result, the largest dependent factor in the 

Reynolds number is the unbumed mixture velocity. 

Table 5.1 shows Reynolds and Dean numbers for a range of unbumed gas velocities. 

Regarding the Dean number, it must be rernembered that the unbumed gas velocity is 

initiaily zero prior to ignition. As a Bame front develops and begins to propagate through 

the FPD, the unburned gas undergoes transient changes in its mainstream velocity. 

Consequently, the unburned gas flow in the bend steadily develops through the low, 

intermediate and high Dean nurnber regimes. 

The propagation velocity of the flame is an important parameter in analysis of the flame 

and flow structure interactions. The region near the entrance to the bend is where the 

flame front will begin to interact with the developed and evolving fiow structures in the 

bend. An estimate of the unburned gas velocities can be obtained from the continuity 

equation. Consequently, the unbumed gas velocity profiles at this location most 

accurately details the conditions of the 80w structures in the bend. 



Table 5.1 Gas velocities with corresponding 
Reynolds and Dean numbers. 

It has been observed that the fiame propagation velocities continually change as the flame 

front progresses through the FPD. Since the initial interactions between the flame and 

flow structures are of short duration, the flow conditions just prior to the interactions can 

be considered as quasi-steady state. 

Figure 5.1 compares the average unburned gas velocities 5 cm in front of the bend ( 

location 16 1 cm) for different mixture compositions as characterized by equivalence 

ratio. The velocities stay below 0.85 mis. with the Dean number not exceeding 1250. 

These velocities were calculated assuming no heat transfer from the burned gas to the 

environment. With heat transfer, the density ratio (Pa /pu) increases. This results in 

slightly higher unburned gas velocities frorn those shown in the figure. The velocities for 

the nch conditions of 4 = 1.6, 1.7 and 1.8 have been revised from the flame propagation 

velocity plots shown in Chapter 4. Data values considered grossly out of the nom were 

removed, so as to reduce the standard deviations. The corresponding Dean numbers are 

also plotted as a secondary field. 



Equivalence Ratio 

Fig. 5.1 Effect of equivalence ratio on average unbumed gas velocities 
and Dean number at bend entrance. 

The graph can be broken down into 3 distinct regions. The first region envelops the 

slightly rich mixtures (1.1 < 4 < 1.5 ). Here, the highest average unbumed gas velocities 

are encountered. 

In the region delineating stoichiometric and lean mixtures (4 I 1 .O), the average unbumed 

gas velocities at the bend entrance are seen to decrease the closer the mixture composition 

approaches the lean flammability lirnit. 

A sirnilar decrease is seen in the region delineating very rich mixtures (4 > 1.6). In this 

region, the average unburned gas velocities decrease as the mixture compositions 



approach the nch flammability limit. However, the average velocity decreases are more 

gradua1 compared to what is seen with the lean mixtures. 

The development of secondary flows in the f o m  of Dean vortices can only occur for 

laminar flows. The accepted critical value of the laminar to turbulent Reynolds number is 

Re = 2300 - 2400. Berger [ I l ]  argues that flow in curved pipes has been shown to be 

more stable than in straight pipes. As a result, the laminar to turbulent transition point is 

at a higher critical Reynolds number. Berger also contends that the transition point may 

be two or more times larger than the accepted value of Re = 2300 - 2400. Therefore, 

according to Table 5.1 and Fig. 5.1, the flow of unbumed gas through the bend can be 

characterized as laminar. 

Figure 4.30 shows the composite Schlieren image of the timeline progression in the 

unbumed gas flow. Since no dissipation of the timeline is seen, the flow could be 

described as laminar. In addition, the subsequent timeline velocity graph (Fig. 4.3 1) 

shows that the unbumed gas remains in the laminar regime. 

The appearance of a flarne front provides some quantitative information about the motion 

of the flow ahead of the flame. Figure 5.2 shows untouched images of flame fronts in the 

5 cm ahead of the bend. Except for the + = 0.8 image, al1 images are from the tests 

reflected in Figs. 4.15 through 4.28. The image for Q = 0.8 was obtained from Test # 248 

( also see Fig 4.36, Flame quenching ). 



Comparing these images shows that there are distinct difierences in the flame fronts 

produced from different mixture compositions. Fiame fronts produced from lem 

mixtures of equivalence ratio < 1.0 and nch mixtures of 4 2 1.6 have smooth and 

distinct leading edges. There are extended "regions" behind the leading edges which are 

evenly luminescent. These "regions" may simply be the projected side views of the 

parabolic surfaces of the thin combustion zone. These parabolic flame front profiles are 

similar to a Poiseuille flow profile, which describes laminar, incompressible fiow in 

pipes. None of the Schlieren trials showed evidence of pressure waves dunng flame 

propagation through the bend. Therefore, the assurnption of incompressible gas fiow 

appears valid. Since the flame front is the interface between the burned and unbumed 

gases, defining the parabolic profile of the flame front as the Poiseuille flow is a valid 

supposition. This would then define the unbumed gas flow for these mixture 

compositions as larninar. 



Fig. 5.2 Cornparison of flame fronts near bend entrance for different mixture 
compositions. 



The flame fronts for mixture compositions of 1.5 2 4 Tl .O show extended combustion 

regions behind the leading edges. These regions appear to be wrinkled with areas of 

slight distortion or striations. The regions also have varying luminescence. The leading 

edges of the combustion zone are fuzzy and not as distinct as those for the lean and very 

nch mixture conditions. These characteristics are evidence of the beginnings of turbulent 

flame propagation. No large-scale, duct size, easily discernible eddies are visible. 

Therefore, the turbulent structures are of smaller scale. Tums [16] and Kuo [17] describe 

this flame regime as the wrinkled laminar flame regime. 

Kuo [17] States that fine scde turbulence occurs in the range of 2300 S Re 1 6000. This 

correlates to the upper values of Reynolds number in this work and makes the existence 

of wrinkles possible. 

Using these arguments, unbumed gas velocities below 1.0 m/s are clearly flows that are 

laminar in character. Unburned gas flow with velocities above 1.0 d s  are not as well 

characterized. The flame fronts rnay be laminar, in transition, or turbulent in nature. 

5.4 Flame Front Profdes in Entrance and First Haif of Bend 

The tests performed in this research program resulted in the collection of flame 

propagation velocity data and visual images of flame front profiles in the FPD bend. The 

nature of the flow induced by the propagating flarne fronts is transitionary and non- 

steady. Therefore, a complete understanding of the complicated phenornenon of 

secondary flow and flame front interactions can not be ascertained with a project of this 



limited scope. However, the flame front and flow interactions can be characterized by the 

collected data. The characterizations can be substantiated by previous research in 

secondary flow structures in bends. 

in  al1 cases shown in Fig. 4.15 through 4.29, fiame fronts propagate through the bend 

with the leading edge of the flame front close to the inner surface of the bend. This was 

seen to occur for al1 mixture conditions and flame front velocity regimes. The literature 

citations provide evidence to the possible causes of this flame front behavior. 

As previously stated, the development of secondary flows is dependent on centrifugai, 

viscosity and inertia effects. Increasing the velocity of the fluid flow at the bend entrance 

results in higher centrifuga1 forces due to axial acceleration. This causes the core flow or 

the part of the flow not affected by boundary effects, to move closer to the outer surface 

of the bend. As a result, the boundary layer near the outer surface thins and the layer near 

the inner surface thickens. The displacernent of the boundary layer dong the outer 

surface promotes the development of secondary flows. These secondary flows, in the 

form of Dean vortices, remove high momentum fluid from the outer surface and direct it 

longitudinally towards the inner bend. This redirection of fluid occurs dong the 

sidewalls of the duct. To satisQ continuity, the low momentum fluid along the inner 

bend is directed back towards the outer bend. This outward directed flow is a crossflow 

through the centerline of the duct. 



Berger's [ I l ]  paper contends that the development of the secondary flow results in a 

pressure differential between the inner and outer regions of the bend. The high pressure 

in the outer region forms a stagnation point which results in a high resistance to Ruid flow 

in that region. The maximum pressure variation, and subsequently the highest flow 

resistance occur approximately 45' through the bend. As a result, the streamwise velocity 

of the fluid decreases near the outer surface and increases near the inner surface. 

Experimental work by Bara [7], Humphrey [5] [12], Taylor et al. [13], and numerical 

work by Pratap, et al. [8] provide additional evidence of this effect. 

In the first half of the bend, the flame front proceeds into a region where there is a 

longitudinal pressure variation. The streamwise flow of unbumed gas ahead of the flame 

front is accelerated in the region of the inner bend. The gas flow profile then becomes 

distorted. The result is that the propagating flame front is stretched to match the profile 

of the unburned gas flow. 

Figures 5.3, 5.4, and 5.5 display the axial flame propagation velocities at the 111 height, 

centerline and 3/4 height positions in the bend. The figures show that in the first half of 

the bend, the flame propagation velocities, and conversely the unbumed gas velocities are 

greater near the inner surface than near the outer surface. 

The flame speed is also afTected by the pressure gradient, since flarne speed is inversely 

dependent on pressure. Consequently, a slight increase in  the flame speed would be 

expected for the flame front near the inner surface compared to the portion of the flame 



fiont near the outer surface. This effect would tend to elongate the flame fiont profile 

M e r  in the region of the inner surface. 

-t 114 Duct Ht. 
-c Centerline 

- 3/4 Ouct Ht. 

O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 
Bend Angle ( deg, ) 

Fig. 5.3 Cornparison of 1/4 height, centerline, and 314 height, 
flame fiont contour velocities for Test # 242. 



Test # 198 
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Fig. 5.4 Cornparison of 1/4 height, centerline, and 314 heighq 
flame fiont contour velocities for Test # 198. 
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Fig. 5.5 Cornparison of 1/4 height, centerline, and 314 height, 
flame fiont contour velocities for Test # 21 8. 





in cornparison to the work of Sato et al. 111, the flame front profiles in the entrance and 

first half of the bend are very similar. This suggests that scale of the duct has minimal 

effects on the shape of the propagating flame front. Figure 5.6 shows an exarnple of a 

flame front profile obtained by Sato for an equivalence ratio 4 = 1 .O. 

Fig. 5.6 Typical flame front contour profile through bend by 
Sato, Sakai and Chiga. Front end of duct closed, 
back end open. 4 = 1 .O. 

5.5 Flame Front Profiles in Second Half of Bend and Exit 

In the latter half of the bend, the influence of the secondary flows begins to wane due to 

the decrease in the inertia of the cote fiow. As a result, the pressure gradient between the 



inner and outer surfaces decreases. This causes the flow dong the inner surface to 

decelerate. 

The fiame front contour figures from Chapter 4 show that in the second half of the bend, 

the leading edge tips of the flame fronts move from near the inner surface back towards 

the axial centerline. With further progression into the exit section of the FPD, the sharp 

leading edges of the flame front profiles become more curved shaped. 

The shape of the flame front profile is dependent on the unbumed gas flow conditions. 

Consequently, the fiame propagation velocities reflect the changes in the flow of the 

unbumed gas. As shown in Fig. 5.3, 5.4 and 5.5, the flarne propagation velocities from 

approximately 45' onwards are now greatest at the centerline positions. 

The timeline progression in Fig. 4.30 reveals the nature of the unburned gas flow ahead of 

the flame front. Granted, this was the only discemible timeline captured, its existence 

provides further evidence to the development of secondary structures in the bend. 

The Sato timeline progression shown in Fig. 5.7 is very similar to the images captured in 

Test # 643. Although not shown in Fig. 4.30, the dashed line denoting a boundary layer 

or secondary flow development near the inside surface of Fig. 5.7 was also observed in 

Test # 643. 



The timelines in the Sato case and in Test # 643 are distinctive in that as the timeline 

progresses through the bend, it becomes stretched and bow-shaped. These effects are 

most pronounced near the inner surface of the bend. Also, the distance between adjacent 

timeline views is large near the inner surface region and small near the outer surface. As 

Sato purports, this evidence implies that the gas flow velocity is greater near the inner 

regions than in the outer bend regions. It is also consistent with the development of a 

stagnant region near the outer bend and the attendant formation of secondary flows. 

Fig. 5.7 Timeline variation through bend by Sato, Sakai and Chiga. 
Front end of duct closed, back end open. 4 = 1 .O. Time 
interval between timelines: At = 0.22 ms. 

It would be expected that the secondary flows such as Dean vortices would distort or 

dissipate timelines simply because of their vortical structures. This would be especially 

evident if the timeline shifts off the axial centerline. It is highly probable that this is what 



happened to the tirnelines formed in the other tests. However, if the timeline remains 

centered, then the only secondary flow component is the longitudinal crossflow from the 

inner bend surface to the outer bend surface. The timeline would then remain intact. 

5.7 Combustion and Flarne Profiles Along Outer Bend 

The contour figures in Chapter 4 (Fig. 4.15 to 4.29) show high concentrations of flame 

front contours in the vicinity of the outer surface of the bend. These high concentrations 

of contours are apparent in al1 the figures except for the ones for mixture compositions of 

4 = 1.1, 1.2 and 1.3. The close spacing of the contour lines indicates that flame 

propagation velocities in this region are low compared to the velocities in other regions of 

the bend. The figures also imply that flame propagation in this region occurs more in the 

radial direction than in the axial direction. 

In the outer region of the bend, the unstable boundary layer along the concave wall results 

in the development of Gortler vortices. With increased Dn number, the Gortler vortices 

can breakdown into turbulence which should speed up the flame. 

The interaction of these respective boundary layers and the dynamics of the secondary 

flows cm result in conditions where fluid from the interior of the duct can be easily 

convected to the boundary layer near the outer surface of the bend. These turbulent or 

"turbulent-like" conditions would suggest that upon advancement of the flarne front, 

rapid combustion would ensue. However, it is just the opposite. 



As discussed by Berger [Il] ,  a number of studies have indicated that heat transfer rates 

are higher in coiled pipes than in straight pipes. It has been shown that the high heat 

transfer involves the additional mixing resulting from the secondary flows. The 

mechanism for heat transfer in this case is different than most researched cases due to the 

dynarnics of a propagating flame front inside a duct. 

The outer surface area of the bend is larger than for a comparable straight duct. This 

results in a large heat transfer area. There is also the situation where the secondary flows 

are separating into two individual recirculating streams near the outer bend region. These 

flow streams are at a high temperature due to the preheating of the unbumed gas which is 

being cross convected from the inner surface to the outer surface. Consequently, a large 

temperature gradient develops between the unbumed gas and outer wall surface. As a 

result, the local Nu number is high in this region, Kalb and Seader [Ml, [19]. 

In addition, the section of a flarne front propagating near the outer surface undergoes 

positive flarne stretching due to the separation of the crossflow. This positive flame 

stretching increases the heat transfer area of the flame front which results in high heat 

transfer from the flame. The overall result of these high heat transfer effects is that the 

combustion reactions siow down near the outer bend surface. 

Once a flame front has progressed through a portion of a bend segment, the secondary 

flows in that segment cease. However, due to inertia, movement of the unbumed gas 



continues in the remaining portion of the segment near the outer bend surface. Heat 

transfer increases and the combustion reactions slow down. As the flame front proceeds 

slowly outward towards the outer surface, only unbumed gas in the boundary layer 

remains. This gas gets squeezed between the advancing flame front and outer wall. 

It is speculated that two actions are occurring at this time. The first action is the 

combustion of some unburned gas. The second action has the remaining unbumed gas 

being drawn dong the outer surface since it is still foms part of the unburned gas mass 

still moving further down in the duct. Goder or turbulent vortices could then still be 

present. This continuous motion may aid in the convective transfer of heat from the 

flarne front to the outer surface. This would have the effect of reducing the rate of 

preheating of the reactants near the flame front. 

Referring back to the figures in Chapter 4, the concentration of contours near the outer 

surface indicates that the combustion reactions continue in this region, even when the 

Ieading edge of the flame front has extended some distance into the exit section of the 

FPD. However, reactants must stiIl be available for combustion. The distance between 

adjacent contours is small. This suggests that the advancing flarne propagation velocity is 

on the order of magnitude of the laminar buming velocity. Near the wall, the contours are 

even closer together. The implication here is that the flame propagation velocity, or more 

accurately, the flarne speed is decreasing further due to the high heat transfer to the wall. 

However, quenching of the flame does not occur and the consequence is simply a 

decrease in the combustion rate. 



5.8 Fiame Propagation Velocities 

5.8.1 Straight Inlet Section 

The graph in Fig. 4.1 shows that the flame front propagations for mixture equivalence 

ratios between 4 = 1. I and 4 = 1.4 are charactenzed by relatively steady average flame 

propagation velocities through the straight inlet section of the FPD. However, a pattern 

of slight variation in the flame propagation velocities is evident. 

This range of mixture compositions resulted in the formation of "strong" flarne fronts 

which were inclined to quickly advance forward through the FPD without exhibiting any 

oscillatory behavior. These flame fronts were not appreciably affected by the physical 

boundary conditions of the FPD and heat transfer to the environment was of insignificant 

concem. A distinct, loud bbwhack" sound was also exhibited by these flarne fronts as they 

exited the FPD through the valve opening. These flame fronts also tended to be 

turbulent-like near the bend entrance as shown in Fig. 5.2. 

In Figs. 4.2 and 4.3, the graphs show that for mixture conditions less than 4 =l .  1 and 

greater than = 1.4. large variations in the average flame propagation velocities are 

evident in the straight inlet section of the FPD. This behavior is evident as well in Fig. 

5.8 where the velocity vs. time graph is shown. This velocity profile was determined 

from anaiysis of the video images of the flame front progression through the FPD as 



shown in Fig. 4.35. The profile is ploited only for flame propagation through the inlet 

section of the FPD and ends at the entrance to the bend. 

4 = 0.8 

Prelhnhary test with 
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Fig. 5.8 Rame propagation velocity profile through straight inlet section 
of FPD. Data obtained from contour analysis of images in Fig. 
4.35. 

The flarne front propagations for mixture conditions less than 4 = 1.1 and greater than $ = 

1.4 are charactenzed as "weak". These "weak" flames usually started out slowly just 

after ignition. Only when the flame fronts were approximately 30 to 40 cm downstream 

of the spark plug, did they begin to accelerate. In addition, some "weak" flarne front 

propagations were observed to oscillate to some degree in the duct. In general, the flame 

fronts did not oscillate back and forth more than 5 to 10 cm. These oscillatory flame 

propagations were rnainly seen to occur for the very rich mixture conditions. However 

oscillatory flarne behavior was also observed for many tests conducted with mixture 

composition of 4 = 0.8. 



As shown in Fig. 5.2, the flame fronts for the "weak" mixture conditions are mostly 

laminar in the bend entrance region. When these fiame fronts exited the FPD through the 

valve opening, they usually created a low "whistle" or "whisp" sound. 

5.8.2 Bend and Exit Sections 

The flame propagation velocity stabilization effect, which slows the flame down, is seen 

to occur at the entrance to the bend. This adds further confirmation that the Flow 

dynarnics of the unbumed gas in the bend has upstream effects. For al1 mixture 

compositions with the exception of 41 =1.8, the average flame propagation velocities at 

the entrance to the bend are less than 6.2 d s .  More significantly, the standard deviations 

for al1 the mixture conditions of 4 < 1.7 are low at this duct position. This implies that 

regardless of the flame front behavior in the straight inlet section of the FPD, the 

existence of the bend tends to have a stabilizing influence on the average flame 

propagation velocity in this region. For the slightly rich mixture conditions of 4 =1.1 to 41 

=1.4, the stabilizing influence is manifested as a decrease in the average flame 

propagation velocity in cornparison to the mean velocity experienced in the rest of the 

straight section. For the mixture conditions of 41 < 1.1 and 4 z i .4, the stabilizing 

influence is reflected in a reduction in the variation in propagation velocity. 

The graphs in Figs. 4.1, 4.2, and 4.3 show that average fiame propagation velocities for 

dl mixture compositions increase as the flame fronts progress through the bend. Figures 

4.18, 4.20,4.22,4.24, and 4.26 indicate that this is not necessady always the case. It is 



expected that the flame propagation velocities calculated from the contours are more 

indicative of the actual conditions. This is because there are more contour data points 

than photodiode data points. Therefore, for the test cases in Fig 4.24 and Fig. 4.26, the 

contours indicate that the average flame propagation velocity does not increase over the 

length of the bend. 

Using a high speed camera to record flame propagations through the bend and then 

performing contour analysis provided more details to obtain accurate Rame propagation 

velocities than using the photodiode method. However, contour analysis proved to be 

more time consuming than using the photodiode system. In the region of the bend, the 

data from the photodiodes is rough and should be viewed with a degree of skepticism. 

This is because the flame front profiles change as they propagate through the bend. The 

photodiodes are only illuminated by the flame front profile along the centerline. 

Therefore, the resulting photodiode data does not necessarily reflect the region of greatest 

axial propagation velocity. 

The graphs show that the average flame propagation velocities decrease as the flame 

fronts exit the bend and proceed through the straight exit section of the FPD. The 

exceptions being for the mixture conditions of 4 = 1.0 and 4 = 1.8. The entrance region 

of the straight exit section of the FPD (position 181 cm) continues to see profile changes 

in the flame fronts as seen in the contour images of Figs. 4.15 to 4.29. As a result, the 

considerations in the previous paragraph remain valid and the photodiode data frorn this 

duct position must be viewed as being coarse as well. 



The data obtained from the photodiode set at the end of the exit section (position 200 cm) 

was not substantiated by high speed camera images. However, in this region, the 

unburned gas is severely restricted in its passage through the exit valve. This would 

cause the unburned gas velocity to decrease. Also, the contour images show that the 

flame front profiles in the region far down from the bend exit are now only slightly 

distorted and are developing "top hat" and more axidly symrnetric profiles. This 

suggests that once the Rame front is near the end of the exit section, its profile may bc 

symrnetrical and similar to the flame front profile at the entrance to the bend. As a resuli 

of these factors, the flame propagation velocities calculatcd from the photodiode data at 

position 200 cm rnay in fact be sound. 

Although the photodiode data results in coarse average flame propagation velocities in  

the region of the bend and immediately after, they do reflect actual trends. In most trials, 

high speed video show that the fiames indeed speed up in the bend and slow down in the 

exit section. 

Figure 5.9 shows the flame propagation velocities for varying equivalence ratio €rom the 

study by Sato et al. [l]. The flame propagation velocities between the ignition point and 

bend entrance continuously increase for mixture compositions of 4 20.6. For the mixture 

composition of 4 = 0.6, a short region of constant flame propagation velocity is seen. 



Axial Distance, x, cm 

Fig. 5.9 Flame propagation velocities obtained by Sato. Sakai 
and Chiga. Front end of duct closed, back end open. 

The graph shows that there are no large velocity variations in the inlet section. although 

there is a slight slowing of the flame fronts just before they enter the bend . This is in 

contrat to what was seen in the present work where large velocity variations were 

observed and distinct, local velocity minimums were measured near the bend entrance. 

However it rnust be noted that the Sato duct apparatus had a short inlet section of 10 cm 

in cornparison to the 168 cm long inlet section of this FPD. In addition, the Sato 

apparatus also had a fully open back end condition. 



At the entrance to the bend, Sato measured flame propagation velocities on the order of 

18 to 22 m/s. This is 3 to 4 times higher than the fiame propagation velocities measured 

at the bend entrance in the present study. 

Sato et al. determined their results in the bend region by straight line interpolation of the 

bend entrance and bend exit propagation velocities. This method although crude, does 

venS that the Rame propagation velocity increases as the flame front propagates through 

the bend. The sarne conclusion can be drawn in the present study. 

In Sato's exit section, the flarne propagation velocities are seen to decrease in the 

immediate region after the bend. The propagation velocities then begin to increase again 

after a distance of approxirnately 3 cm from the bend exit. This trend was observed in 

this work as well. 

A scaiing factor of Fs=1.69 was calculaed using the ratio of the hydraulic diameters of 

the present FPD and the Sato duct. Length cornparisons indicate that the exit sections of 

both apparatus are proportionally the sarne. The 3 cm length in the Sato duct correlates 

to a length of 5 cm in the FPD. This is near the 18 1 cm axial location on the FPD. At 

this location, Fig. 4.1 shows that there is also a decrease in flame propagation velocity 

from the bend exit for the sarne mixture compositions of @ = 1.1 and 4 = 1.4 used by Sato. 

It is noted that the mixture equivalence ratio denoted as 4 =1 in the graph, is referred tu as 

4 = 1 .O6 in the Sato paper. 



The Sato graph shows that for mixture equivalence ratios of 4 =1 .O6 and + =1.35, they 

observed higher flame propagation velocities at the duct end than at the exit from the 

bend. For the mixture composition of 4 = 1.06 , this was seen as a continuous 

acceleration through the exit section after the initial deceleration out of the bend. The 

flame propagation velocity profile for mixture composition of =1.35 shows some 

variation as the flame front proceeds through the exit section. However, the final Rame 

propagation velocity was still higher than the velocity at the exit from the bend. 

These exit section flame propagation velocities are much higher than the comparable 

velocities obtained in the FPD. In the latter part of the exit section, Sato indicates that 

flarne fronts accelerate for the mixture compositions of $ = 1.06 and 4 = 1.35. In the 

present study, flame front deceleration is evident in the latter part of the exit section. 

These contrats can be explained by the fact that Sato's duct had the capability of fully 

opening the duct end. In the present FPD, the fully opened condition refers to a valve 

opening which has an open area that is 3% of the duct cross section. The result is that 

unbumed gas flow from the duct end is restricted. This causes the gas to decelerate as it 

approaches the duct end and limits velocity developmeni within the duct. 

5.9 Visible and Schlieren Images 

The Schlieren images shown in Fig. 4.34 indicate that the highest density gradients occur 

in the vicinity of the leading edge. This is valid as combustion theory stipulates that the 

highest combustion temperatures occur in this region. The visible images show that the 

combustion zone extends for some distance behind the leading edge of the flame front. 



When these images are compared side by side with the Schlieren images, it can be 

concluded that there is a temperature gradient within the combustion zone. The high 

temperatures are attained at the leading edge of the flame front, while the regions further 

behind the leading edge attain lower temperatures. 

Both sets of images show characteristics of turbulence. In the case of the visible images, 

these characteristics are evident as convoluted, unevenly shaded structures in the 

combustion zone. The Schlieren images show the turbulent structures as striations behind 

the leading edge of the flame fronts. 

Interestingly, the Schlieren images do not show any density gradients in the unburned gas 

flow ahead of the flame front. As previously described, with the development of 

secondary flows in the bend, it is expected that pressure gradients will form. These 

pressure gradients would result in density gradients that the Schlieren system should be 

able to resolve. 

The absence of evidence of pressure gradients may be explained by the fact that the 

pressure gradients caused by secondary Hows are small in these cases. The Schlieren 

apparatus used in this project may simply not have the resolution to detect these srnall 

pressure gradients. 



5.10 Quenching of Flame Front 

The quenching phenomenon as shown in Fig. 4.36 only occurred for very lean and very 

rich mixture conditions. In these instances, the cause of the quecching phenomenon is 

the removal of heat from the combustion reactions. For these very rich and very lean 

mixture compositions, quenching occurs when the rate of heat transfer from the reactions 

exceeds the rate of heat generation in the combustion zone. 

The locations where flame quenching occuned did not necessarily always happen in the 

bend as shown in this example. In many cases, flames were quenched in the inlet or exit 

sections of the FPD, 

It was observed that oscillatory or wavering motion by the flame front and quenching 

were accompanying phenomena . In many instances, a flame front would waver, but it 

would not necessarily be quenched. On the other hand, any flame front that was 

quenched almost always exhibited some degree of oscillatory behavior. 

As indicated by Brailovsky [20], oscillatory flame propagation occurs when the thermal 

diffusivity of the mixture is exceeded by the molecular diffisivity of the limiting reactant. 

In essence, the Lewis nurnber (Le) can no longer be approximated as unity. The result is 

that stable, forward projecting flame propagation reverts to an unstable, oscillatory mode. 

Further investigation of quenching and oscillatory flame propagation was beyond the 

scope of this project. However, the observed phenomena does seem to confonn to the 



above interpretation. In the flarne front, heat transfer to the wall reduces the temperature 

of the burned gas. This, in tum, reduces the rate of heat convection from the bumed gas 

to the unbumed gas. The flame front begins to oscillate. If the rate of heat transfer to the 

walls increases, then the flame front is quenched. 

5.1 1 Turbulence 

As previously discussed, the flame front characteristics and flow conditions were not 

limited to the larninar regime. Many images of turbulent flame fronts were recorded 

dunng this research project. An example of such a flame front is shown in Fig. 5.10. 

This flame front profile is similar to the images shown in Fig. 4.38. 

Fig 5.10 Image of turbulent flame front in bend. Test # 208, 
é=  1.4. 

Since the combustion zone behind the leading edge appears turbulent, the flow of the 

bumed gas behind the flarne is turbulent Whether the unburned gas ahead of the flame 

front is laminar or turbulent is not easily discemible. According to Tums [16], wnnkling 



of the flame front requires the presence of vortices in the upstream flow. However, as 

discussed in a previous section of this chapter, the rneasurement of flame propagation 

velocities greater than 1.0 d s  will not necessarily disclose more detail about the 

unburned gas flow regime. Large scale wrinkles present in Fig. 5.10 could develop due to 

secondary flows ( large structures) or due to Le < 1 conditions. 

Laminar flow is a prerequisite for the development of Gortler and Dean vortices. 

However, in every test conducted in this project, it was observed that the iip of the 

leading edge of the flame fronts always proceeded near the inner surface of the bend. 

Some of these tests involved turbulent flows of the unbumed gas ahead of the flame 

fronts. Therefore, secondary flows in the form of Gortler and Dean vortices could not 

exist for these conditions. 

In this work, Dean numbers are somewhat higher compared to other research where Dean 

vortices were clearly identified. However, this does not exclude the development and 

existence of secondary flows in this case. In fact, the effects of secondary flows intensify 

with higher Dn number. Gortler vortices are replaced by turbulent boundary layers and 

Dean vortices transform to even higher energy, large eddy-type structures. Taylor [13] 

and Humphrey [12] showed in their work that the characteristics of turbulent flow in a 

bend are similar to those of laminar flow. As a result, the Rame front propagation 

profiles through the bend would exhibit similarities in the flow regime limited to 

transition to detonation. 



The flame propagation shown in Fig. 4.38 is unusual. This "stop and go" phenornena is 

not like the oscillatory behavior described earlier for 'beak" flame fiont propagations. 

Figure 5.11 is a composite of the individual images fiom Fig. 4.38. The figure shows that 

the flame front does not propagate backward, but only hesitates in advancing forward. 

As shown in Fig. 5.1, slightly rich mixture conditions resulted in high average flame 

propagation velocities. The hesitant nature of the flame front propagation suggests that 

the unbumed gas flow is also unsteady or pulsating. It is speculated that fast flames may 

induce resonant sound/pressure waves in the duct which could cause this effect. 

Fig. 5.1 1 Flame fkont contours for Test # 197, 4 = 1.2,400 @S. 
Time interval between images: At = 2.5 ms. 



5.12 Sources of Error 

There are severai sources of error which influence the accuracy of the flame propagation 

velocity measurernent determinations. These include natural or inherent errors, errors due 

to the preparation of the test mixtures, and erroo due to the methods used in flame front 

detection. 

The variations in the average flame propagation velocities as shown in the straight inlet 

section of the FPD rnay be due to a number of factors. As described in Chapter 4, Figs. 

4.4 through 4.14 show the respective standard deviations for the velocity data for the 

tested mixture compositions. High flame propagation velocities have high standard 

deviations while low flarne propagation velocities have low standard deviations. 

5.12.1 Natural Differences 

One factor is the natural differences due to the physics of flarne propagation. The 

photodiodes are used to determine time averaged velocities over a specified distance 

dong the FPD. Propagating flarne fronts from diflerent trials do not have the same 

velocity profiles through the duct. Therefore, the flarne fronts may not be reaching their 

maximum or minimum local velocities at the same locations in the FPD for every trial of 

a specified mixture composition. As a result, the collected time difference data covers a 

range of flame front accelerations and decelerations for each photodiode set. With high 

average flarne propagation velocities, the range of accelerations and decelerations may be 

large. This would be evident as large standard deviations. With low average flarne 



propagation velocities, the range of accelerations and decelerations may be small. This 

would result in small standard deviations. 

The error associated with flame velocities can be determined from the following 

expression developed from a Taylor expansion and root sum square method using the 

length (L) and time (t) variables of velocity. This expression relates the error strictly to 

the physical measurement of these variables. 

Although the natural differences may contribute a fraction to the total error, the 

expression indicates that with increasing flame velocity (SF), the error (A&') and 

consequently, the standard deviation also increases. 

5.12.2 Instrumentation for Velocity Determination 

The second factor in erron is the instrumentation. High velocity flarne fronts pass 

through a photodiode set in a small period of time. The ability to resolve time differences 

is subjective since the operator must manipulate cursors on the oscilloscope screen. 

Particularly for small time differences, errors in resolving the time difference result in 

large errors in calculating the velocity. Whereas for large time differences, errors in 

resolving the time difference do not have a large effect on the calculated velocity. 

Subsequently, little variation would result for the low propagation velocity calculations 

while high variation would result for the high propagation velocities. 



Another consideration would be the response time of the photodiode circuits. Although 

assumed to be instantaneous, the photodiodes and their respective circuits do add some 

tirne delay to the processing of the signals. A number of factors can affect the response 

time and no doubt their effects are not the same for al1 individual photodiodes nor for al1 

tests. Such factors may be the light intensity of the flame in front of the photodiode, 

different resistances of the wire leads, and the different variations in performance of the 

individual electronic circuit components. The effect of these factors w ould be extremel y 

low for the low flame propagation velocities for the same reason explained in the 

previous paragaph. However, for the high velocity calculations, the response time may 

form a large portion of the total time difference signal. In this case, the response time is 

not negligible and may contribute to the large deviations in the collected data. 

Signals were sent from the processing circuits to the oscilloscope. The LECROY 

oscilloscope used for this project allowed for the expansion of the signal wavefoms. 

However, there was a limit to how small the difference between the time signals could be 

resolved. Generally, each photodiode signal could be resolved to within 0.1 ms. It was 

ultimately the observer, who manipulated the oscilloscope cursors, that had the largest 

impact on time difference detemiinations. With small time differences, observer error in 

resolving the times would result in large variations in the calculation of the propagation 

velocities. 



Analysis of the data showed that signal differences less than 1 ms resulted in propagation 

velocities which appeared exceedingly high compared to the other velocities. niese high 

propagation velocities were on the order of 50 ds or more. Subsequently, because of 

these suspect propagation velocities and the potential observer enor in resolving very 

smail time differences, time differences less than I ms were not used in calculating flame 

propagation velocities. Forty-eight time difference values were treated this way. 

Photodiodes were securely attached to the FPD during the tests. However, the 

photodiodes as purchased, had a broad detection view angle. This view angle was 

reduced through the use of photodiode shields. These shields are described in  Appendix 

F. 

Flame propagation velocities were determined assuming that the detection of the fiame 

front by the photodiodes occurred when the flame front passed through the center of the 

view angle. This may not have always happened with the result being that eerrrs in the 

measurement length are possible. 

The profiles of the flame fronts did not change drasticdly as the flame fronts propagated 

through the straight, inlet section of the FPD. Consequently, propagation velocity errors 

in this region were mainly due to flame front detection and time difference resolution as 

descnbed above. However, in the bend and exit sections of the FPD, the flame front 

profiles change dramatically. These profile changes contribute to the differences between 



the propagation velocities obtained from the photodiode method and the contour analysis 

of high speed photographic images. 

As shown in the graphs in Figs. 4.18 to 4.26, the photodiode method cm result in 

propagation velocities that are as much as twice the propagation velocities obtained from 

the flame front contour analysis. Another contribution to the differences is that the flame 

propagation velocities calculated from the photodiode data are averaged over a duct 

Iength of 5, 6, or 10 cm. The velocities obtained from contour analysis are averaged over 

distances of less than 3 cm. 

Taking these considerations into account, in the region of the bend and exit sections of 

the FPD, flame propagation velocities obtained from contour analysis of images are more 

accurate than the propagation velocities obtained from photodiode data. Using the above 

expression for the error resulting from physical measurernents of time and length, an 

approximate relative enor of 21 % was cdculated for flame propagation velocities in the 

straight inlet section of the FPD. 

5.12.3 Mixture Preparation 

The partial pressure method utilized in preparing test mixtures proved reliable. The high 

accuracy pressure gauge and consistency in performing the mixture preparations were 

crucial to obtaining accurate test mixtures. 



Looking strictly at the capabilities of the pressure gauge, the error in flame propagation 

velocity due to the mixture preparation procedures cm be expressed in the following 

equation. 

A polynomial equation was developed from the data used to develop the graph in Fig. 

5.1. This equation relates the flarne propagation velocity with the equivalence ratio. In 

tum, an additional equation was developed which expresses the equivdence ratio in tems 

of the total mixture pressure ( PtoJ and the fuel pressure ( PfUei) as measured by the 

pressure gauge. 

From this analysis, the relative error in flame velocities due to differences in mixture 

composition can be as much as 53%. This relative error is for the lean mixture 

composition of 4 = 0.8. For mixture compositions of 4 r 1.0, the relative errors are less 

than 17%. 

Prior to running tests. a number of gas mixture samples were prepared and tested with a 

gas analyzer. These tests were conducted to confirm that the mixture preparation 

procedures are correct and to gauge the accuracy of the gas mixture samples with respect 

to a standard. The gas analyzer was calibrated with a certified 1.06% propane i n  air gas 

mixture. Mixture samples were prepared using the Gas Mixture Cart and collected in 

mylar balloons. The results of the gas analysis of the mixture samples are shown in 



Appendix O. These results show that compared to the acnial (measured) fuel ratios of the 

mixture compositions, the calculated fuel ratio values differ by less than 12% for the 

mixture equivalence ratios used in the test regime. 

The mixture compositions were al1 richer than what was calculated. This confirms that 

the procedures used to produce the mixture sarnples were consistent. The degree of error 

was a concem however. This was looked at in more detail. 

The partial pressure method utilized gauge markings on a pressure gauge to detemine the 

amount of air and propane needed for a specific mixture composition. As described in 

Appendix E, the test gauge used on the Gas Mixture Cart had two scales. A vacuum 

scale and a pressure scale. The vacuum scale was used to mark the fuel pressure. The 

major markings on the vacuum section of the gauge were close together. The arc length 

between the markings was about 1 cm. Therefore, obtaining the precise fuel pressure 

called for in the mixture preparation spreadsheet program could be difficult. The major 

markings on the pressure section of the gauge were further apart on the scale. This 

ailowed for more precise measuring of the total mixture pressure. 

Using the actual fuel ratios from the gas analysis information, it was possible to back- 

calculate the exact gauge markings needed for the actual mixture. These exact gauge 

markings could be compared to the sample fuel gauge mark called for in the mixture 

preparation spreadsheet program. Differences between the gauge mark used to produce 

the sample and the exact, back calculated value were less than 3%. This was with the 



assumption that the total mixture pressure was precisely at the required gauge mark. The 

3% difference is considered very good considering that the ability to obtain the ultimate 

vacuum pressure in the mixture tank could Vary. 

The vacuum pump used in evacuating the mixture tank in the Gas Mixture Cart was an 

Edwards Type ES 50. This pump was a rotary vane type which used oil as the sealing 

mechanism. Although a very simple pump to operate, it had one major disadvantage for 

applications of this nature. This type of pump could not achieve its ultimate vacuum 

pressure if too much water vapor condensed in the oil. Tests were conducted during the 

surnmer months where on some days, the humidity level was very high. On these days, 

water vapor would condense in the oil and the ultimate vacuum pressure achieved would 

be 2 to 3 kPa less than nomal. The inability to achieve the maximum vacuum was not 

taken into consideration when using results from the mixture preparation spreads heet 

program. This resulted in mixture compositions leaner than desired. In hindsight, this 

should have been looked at more closely. This effect is reflected in the relative error 

estimates presented earlier in this section. The consequence of the humidity is most 

pronounced for the lean mixtures due to the srna11 fuel ratios involved. For the higher 

equivalence ratio mixtures, where fuel ratios are larger, the effect due to humidity is less 

pronounced. 

This problem of not achieving ultimate vacuum when high humidity conditions prevailed 

also affected the evacuation of the FPD for trials. More importantly, the FPD could not 

be made leak tight. Therefore, during the FPD fil1 operation, air would infiltrate into the 



FPD until it reached atmosphenc pressure. Over the course of the test regime, air 

infiltration tests were performed on the FPD to gauge the leakage rate. The results of the 

air infiltration tests are shown in Appendix P. 

The effect of air infiltration, and in some cases not achieving ultimate vacuum in the FPD 

resulted in the dilution of the test mixture inside the FPD. During the filling operations, it 

was imperative io fi11 the FPD in the shortest tirne possible to reduce the amount of 

dilution air. A fill time criteria of less than 90 seconds was used over the course of the 

tests. As the gas mixture entered the FPD from the mixture tank, the vacuum pressure in 

the FPD decreased. Since the pressure differential between the atmosphere and inside the 

FPD decreased, the rate of air infiltration also decreased. 

The FPD fill rate varied from test to test and was not measured. Therefore it  was not 

possible to compare mixture fi11 rates to air infiltration rates to gauge the effect of dilution 

of the gas mixture charge inside the FPD. However, a worsi case condition could be 

analyzed to estirnate the effect. This condition would be to evacuate the FPD and allow 

air infiltration into the FPD for 90 seconds. At the end of this tirne, a gas mixture charge 

would instantaneously fi11 the FPD to atmospheric pressure. Using the curves displayed 

in Fig. P.l, the ideal gas law, the volume of the FPD, and the fuel ratios for various 

mixture compositions, an analysis was performed to estimate the effect of air infiltration 

on mixture compositions using this worse case scenario. The analysis indicated that this 

worst case scenario would reduce the fuel ratio of the gas mixture from the mixture tank 

by only 12%. 



Typically, five mixture charges could be obtained from a gas mixture batch produced in 

the Gas Mixture Cart. As each succeeding charge was withdrawn from the mixture tank, 

the pressure in the tank decreased. The initial mixture charges would fi11 the FPD very 

quickly (- 15 - 20 seconds). The fourth and fifth charges would take longer. In most 

tests, the fifth charge would take 65 to 75 seconds to fil1 the FPD. Only for a few tests 

did the fil1 time corne close to the 90 second criteria. As a result, the 12% error figure is 

considered consetvative, 

5.12.4 Analysis of Variance 

Over the course of testing, it was observed that in some instances, the first charge from 

mixture batches would produce flarne fronts that appeared to propagate faster than flame 

fronts from succeeding charges. This effect was obsewed over the entire range of tested 

mixture compositions. It was felt that this may have been due to the air infiltration effects 

discussed in the previous section. 

Analysis of Variance ( ANOVA ) techniques were employed to investigate whether these 

observations were attributable to variations in the flame propagation velocities. The 

ANOVA technique was applied to the data from mixture compositions of + = 0.9, 1.2 and 

1.6. The data was soned into separate groups. These groups represent the t d s  

conducted with one mixture batch. Subsequently, al1 the first trials from each mixture 

batch were collected and average flarne propagation velocities calculated. This same 

procedure was used for the second, third, fourth, and fifth trials in each batch. 



The statistical package in MS EXCEL was used for this ANOVA investigation. The 

results from the investigation are shown in Appendix Q. The most important parameter is 

the variance ratio ( F ) between the columns. In these cases, the columns refer to the trial 

number in a batch. These ( F ) values are compared to the critical variance ratio ( Fcrii ) 

values. For dl three mixture compositions, the ( F ) values are less then their respective 

critical values. This implies that there are no significant differences in the variations 

between the trials, 

As a result, although it may have appeared that flame front propagation in some 

individual trials was characteristically difierent than others, the propagation velocities 

themselves were not statistically different. This simple ANOVA investigation adds 

credibility and confidence in the collected data. 



Chapter Six 

Recommendations and Conclusion 

Work was performed to commission an existing, yet unfinished flarne propagation duct 

apparatus. Additionally, a gas mixture preparation cart was constnicted. Flarne detection 

instrumentation was fabricated and operation procedures were devised. A test program 

was implemented which resulted in the completion of 672 individual tests. Flarne 

propagation velocity data was obtained to aid in the characterization of Rame propagation 

through the FPD. High speed images were also recorded of fiame propagation in the 

bend. A Schlieren apparatus in conjunction with the high speed carnera and a timeline 

technique were used to analyze the unburned gas flow ahead of propagating flame fronts 

in the bend. 



6.1 Recommendations 

The objectives of this project were to get an FPD to an operational state, and to perform 

an initial investigation of the characterization of flame front propagation at atmospheric 

pressure in the FPD. This study illuminated the deficiencies encountered in trying to 

understand the interactions of secondary flow structures with propagating flame fronts in 

the bend. The following recommendations pertain to alleviating these deficiencies should 

future studies in this area be conducted. 

With the present apparatus arrangement, the development of secondary flow 

structures in the bend was evident only by the effects observed on the timeline and 

flame fronts. There was no direct observation or measurement of secondary 

flows. In addition, the observed effects could only be discerned in two 

dimensions whereas secondary flows are a three dimensional phenornenon. 

Therefore, to fully understand the characteristics of the unburned gas flow in the 

bend, future work must be directed at 3-D visualization and measurement. 

Ideally, a non-intrusive technique such as Laser Doppler Velocimetry ( LDV) 

could be utilized. This would require the installation of an optical viewport in the 

outer radius of the bend ta allow for measurements in the radial direction, 

II. Further work should be directed at reducing the air infiltration rate into the FPD. 

This is especially important should sub-atmosphenc testing be undertaken. Air 



leakage would not only alter the operation pressure, but it would also make the 

test mixture leaner. It is suggested that the pnrnary source of leaks is the gaskets 

between the aluminum structural memben. It is suspected that the sealant 

impregnating these paper gaskets does not hl ly  cure at room temperature. A 

substitute sealant should be procured. 

III. More photodiodes and closer spacing of photodiode sets would provide more 

accurate determination of average flarne propagation velocities. It would also 

reduce the number of tests needed to be perfomed to fuully characterize flarne 

propagation. This would also provide a better description of how the velocities 

Vary across the inlet section of the FPD. 

IV. The signal waveforms obtained from the photodiodes were displayed on an 

oscilloscope. However, the waveform data could not be digitally recorded for 

future reference. Al1 analysis of the waveform had to be perfomed after every 

test. The use of a data acquisition system would allow for recording of this 

waveform information. This would have the additional advantage of removing 

the subjective interpretation of a signal waveform profile by the observer. 

V. Mixture conditions that produced faint flarne fronts resulted in photodiode data 

that was more suspect than photodiode data obtained from more luminescent 

fiame fronts. The backlighting procedure is not an ideal method to improve Rame 

detection by the photodiodes. Also, although the signal processing circuits 



perforrned adequately for this project, they would not be considered efficient. For 

instance, the MOD 2 circuit uses 40 Mi2 resistances. This excessively high 

resistance requirement implies that a better circuit could probably be substituted. 

Efforts should be made to try to improve the detection capability of faint flame 

fronts by the photodiodes. These efforts could be improvements in the 

photodiode circuits or new circuits al1 together. Experiments with other types of 

photodiodes could also be conducted. if ultraviolet type photodiodes are used, a 

method of installing hem on the inside surfaces of the FPD must be devised. 

VI. Pressure measurements would provide additional information concerning flame 

propagation in the FPD. Pressure transducers could be installed in the straight 

inlet section, bend and exit sections of the FPD. Additionally, a pressure 

differential transducer to measure delta P between the inner and outer regions of 

the bend would provide further evidence of secondary flow development in the 

bend. 

W. It would be beneficial to have more than one timeline to provide more detail of 

the transient changes occurring in the unbumed gas flow ahead of the propagating 

fiame front. Rather than use the TC Tester to create single pulse tirnelines, it 

would be better to devise a heater circuit that cycles on and off over the course of 

an entire flame propagation. A possible arrangement would be to modify the time 



delay circuit to control a relay switch. This would result in the formation of a 

senes of tirnelines in the unbumed gas flow. 

V m  Modifications should be made to the duct endplate to allow for a larger opening. 

The current arrangement has a small opening for the pressure equalization valve. 

This opening is also off-center. It is believed that this configuration and the small 

flow area may be a cause of the velocity variations and flame front profile changes 

in the bend as observed in this test program. An ideal arrangement would be one 

where the duct end could be fully opened. 

6.2 Conclusions 

The following conclusions have been drawn €rom the experimental investigation and 

analysis of data. 

1. In a 90' bend of strong curvature, the developrnent of secondary flows in the 

unbumed gas causes stretching and distortion of flame fronts propagating through 

the bend. The leading edges of the flame fronts proceed through the bend near the 

inner surface. 

II. The presence of a 90' bend reduces variations in the flame propagation velocities 

in the region of the bend entrante. Regardless of mixture composition, the 



resulting flame fronts have a relatively constant flame propagation velocity at the 

bend entrance. 

III. Within the bounds of the experiments, flame propagation limits for the FPD were 

detemined for propane/air mixture compositions of 0.85 < 4 < 1.8. For leaner 

and richer mixture conditions, occasionai instances of flame propagation were 

observed. 

IV. Flame propagation through the FPD is non-steady. Hame propagation velocity 

was observed to Vary as the flame fronts progressed through the inlet section. The 

variations in flarne propagation velocity frorn the mean were seen to be small for 

mixture compositions of 1.1 < 4 < 1.4. Larger variations in the mean flame 

propagation velocity were seen for mixture compositions of 4 c 1.1 and 4 > 1.4. 

V. The technique of using photodiodes to determine fiiune propagation velocities was 

found to be simple, reliable and fast. However, the technique fails when flame 

fronts are faintly luminescent or if the flame front distorts appreciably over a short 

distance. The use of a high speed camera and subsequent flame front contour 

analysis can alleviate these disadvantages, but at the cost of higher tirne 

requirements. 
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Appendix A: FPD Fabrication Drawings 

The following figures show the fabrication drawings and details of the FPD. 
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Appendix B: Construction of FPD Test Apparatus 

B.1 Modifications to FPD 

The aluminum structural parts for the FPD test apparatus were manufactured by the 

Mechanical Engineering Machine Shop at Queen's University. Ciear Plexiglas side 

panels were also machined. The parts were fitted together with O-ring rubber cord to seal 

the Plexiglas panels to the FPD frame. At the time of consmiction, the FPD was not 

tested for vacuum integrity. Testing with the Schlieren apparatus proved the 

incompatibility of using Plexiglas for the observation windows in the area of the FPD 

'bend. The FPD was then stored for approximately 2 years. 

The FPD was nmoved from storage for use in this project. Al1 components of the FPD 

were disassembled and cieaned. It was decided ihat the Plexiglas panels would be cut in 

the region of the entrance to the bend. Quartz glass would be used in place of the 

removed Plexiglas sections. Quartz giass does not cause smearing of the Schlieren 

images as does Plexiglas. Quotes were obtained for 12 mm thick quartz panels cut to the 

required specifications. The quotes were deemed too expensive for this project. It wm 

then decided to use inexpensive, 6 mm thick plate glass for the Schlieren windows. 

However, it was necessary to check the orientation of the glas to produce minimal 

Schlieren smearing, prior to cutting the pieces. 

The aluminum frame pieces of the FPD were reassembled using gaskets for the seams 

between the pieces. The gaskets were constnicted out of Kraft paper frorn a paper 



grocery bag. An automobile gasket cernent compound ( TiteSeal TM ) was used to 

impregnate the Kraft paper. The pieces were set aside to allow the cernent compound to 

air dry. 

The Plexiglas panels were installed on both sides of the FPD. Additional O-ring cord was 

obtained to seal the panels to the FPD. The cord was installed in O-ring channels 

machined in the alurninum frame members. Wherever two aluminum pieces buired 

together, flexible silicon RTV (Room Temperature Vulcanizing ) compound was used for 

additional sealing. The RTV sealant was also used to seal the butt seam f o n e d  between 

the Plexiglas panels and the glass panels. Figure B.1 shows the bend location of the FPD 

with O-ring, frarne and Plexiglas details. 

Fig. B.1 Bend location of the FPD with O-ring, frame and Plexiglas details. 



Two 5 1 cm x 5 1 cm plate glass sheets were purchased from a local glass supplier. These 

sheets were then tested with the Schlieren apparatus to check the quality of the 

transmitted light. The sheets were oriented and matched together to obtain the best 

arrangement which resulted in good optical characteristics. Once this optimum 

arrangement was found, the rough dimensions of the panels were marked off with a black 

marker. The sheets were brought back to the supplier for cuning. Two sets of glass 

panels resulting in 4 pieces were cut. In cutting the glass panels to fit the FPD, it was 

necessary to cut a sharp radius along the inside bend of the glass panel. Figure B.2 shows 

the installation of the g l a s  panel (marked with diagonal stipes), endplate and one clamp 

piece. 

Fig. B.2 Installation of glass panel in FPD. 



Clamp pieces were used to apply pressure against the Plexiglas and glass panels. Ln doing 

so, the O-ring seals were cornpressed. The RTV sealant was allowed to set for at Ieast 24 

hours. To check for vacuum integrity, a vacuum pump was connected to the FPD through 

a hose which was attached to a valve and fitting arrangement on the FPD endplate. A 

vacuum gauge was connected to the second fitting on the endplate. The vacuum pump 

was tumed on and the air in the FPD was evacuated. The gauge was observed. When 

maximum vacuum was achieved, the isolation valve was closed and the vacuum pump 

tumed off. Any air ingress into the FPD was indicated as a decrease in vacuum pressure 

as shown on the vacuum gauge. The first vacuum tests showed a decrease in pressure 

from 30 in Hg (101 kPa) to 20 in Hg (68 kPa) in 7.5 minutes. Since this indicated 

leakage, a water bottle with a smdl diarneter tube was used to Stream water along the 

seams of the FPD. Leaks were localized by the drawing in of the water into the FPD. 

Another method used to find leaks was to pressurize the FPD with air at pressures 1 to 2 

psi ( 7 to 14 ma) above atmospheric pressure. Then a soap and water solution was 

streamed along the FPD seams. Leaks were localized wherever expanding soap bubbles 

were seen. This method was abandoned after one or two instances, since it pushed the 

panels away from the seals which was opposite to the intended design. Also, there was a 

safety concern should the glass panels fail. With pressure in the FPD, a catastrophic 

failure could possibly have resulted in the shattering of g las  fragments outward from the 

FPD. This could have potentiaily caused personal injury. 

In trying to reduce the leakage rate by using the vacuum method to find leaks, one of the 

glass panels cracked. With this type of failure, the pressure in the FPD increased to 



atmospheric pressure. Originally, it was though that the cracking was due to high 

clarnping pressure on the glas panels. The glass panel was removed. The dned RTV 

sealant was removed and the entire bend area was cleaned. One of the g l a s  panels from 

the other set was used for the replacement piece. However, the clamps around the glass 

panel were only tightened lightly for this installation. New RTV sealant was used and 

allowed to dry. When the FPD next underwent a vacuum test, the new glass panel 

cracked. Since there still remained an additional spare glas panel, it was decided to try 

one 1s t  time using a different procedure. The cracked panel was removed and the bend 

area prepared as before. The replacement panel was installed and RTV sealant applied in 

the respective locations. The RTV seaiant was allowed to dry before the clamp pieces 

were installed and lightly tightened. When a vacuum was pulled on the FPD, the glass 

panel still cracked. 

Analyzing the three cracked panels showed that al1 the cracks were located near the sharp 

inner radius. One of the cracked panels is shown in Fig. B.3. It was speculared that stress 

concentrations were localized at the inner radius due to the necessity of making a sharply 

curved cut. When a vacuum was applied in the FPD, the glass was strained and the result 

was that the highly stressed area near the bend failed. The failure was made evident as a 

crack that propagated outward. 



Fig. B.3 Glass panel with crack circied in black marker. 

Three solutions to this problem were proposed. The fust solution was to use thicker 

glass. However, discussions with glass suppliers revealed that cutîing a sharp radius as 

desired for thicker glas of approxirnately 12 mm would not have been possible. The 

second solution was to try different types of clear plastic. Samples of 6 mm thick 

LexanTM polycarbonate plastic were obtained. These sarnples were tested with the 

Schlieren apparatus to determine optical characteristics. Although Lexan TM transmitted 

Schlieren light much better than Plexiglas, it did not equal the optical ûansmission 

characteristics of regular plate glass or quartz glass. Under flexion, LexanlM displayed 

the same smear and striation patterns as Plexiglas. 

The third solution was to use tempered glass. A local glass supplier provided quote and 

delivery time for two sets o f  tempered glas pieces. Ali work was to be performed in 

Gwlph Ontario, so a drawing with dimensions and tolerance specifications was given to 



the supplier. Two 5 1 cm x 5 1 cm plate glass sheets were purchased from the supplier and 

tested with the Schlieren apparatus. Rough outlines of the glas panels were marked on 

the sheets. The sheets dong with an extra drawing copy were then returned to the 

supplier for shipment to Guelph. The tempered pieces were delivered 7 weeks later. On 

attempting to install the glas panels into the FPD, it was realized that the panels were cut 

oversize and not to specified tolerances. Clarification from the supplier indicated that the 

industry standard tolerance is 0.25" (6.35 mm). The sent drawing was specified with a 

tolerance of 0.125" (3.18 mm). The supplier should have picked up on this earlier or at 

least should have cleared up inconsistencies with what was desired and what was 

possible. In the event, payment was not made for these items and it was decided not to 

pursue this course of action further due to the lengthy turn around time. 

The uitimate solution to this problem involved the use of glass panels that did not have 

sharp inner radii. The plan was to modify two of the frame sections to allow for the 

installation of panels made with only straight cuts. The two frame sections which support 

the glass panel near the inside edges were milled down to the level of the connector. This 

rendered the clamping bars as shown in Fig. B.2 useless. Additional workshop C-clamps 

were purchased for this purpose. Plate glass sheets were purchased and checked out on 

the Schlieren apparatus. Glass panels were cut out to the new shape. The frame pieces 

were reassembled and the new glass panels installed. Figure B.4 shows the final 

arrangement with the glass panel outlined in red. 



The FPD was vacuum 

Fig. B.4 Final glas panel arrangement. 

tested using the testing procedures as previously discussed. 

Neither glas panel cracked and they rernained intact for the rest of  the testing program. 

Vacuum testing showed that the FPD was not leak tight. Additional work was perfomed 

to try to fmd the leakage points. Evennially, it was decided to encase the O-ring cord in 

RT\l sealant dong the entire length of the FPD. This is ako show in Fig. B.4. Further 

tests using the vacuum method continued to indicate leakage. However, checking with 

the water Stream proved that the major leaks had been sealed. It was therefore decided to 

proceed to actual testing even though the FPD was not leak tight. Al1 testing was to be 

conducted at atrnospheric pressure, so havhg the FPD under vacuum was only necessary 

for mixture f i h g  operatiom. As long as the f i h g  operations were of short duration, 

only a s m d  amount of leakage aV would enter h o  the FPD. Leakage rate was 

rnonitored over the course of  testing. 



B.2 Timeline wires 

Modifications were made to the FPD when the flame propagation velocity measurement 

tests were finished. The modifications entailed the installation of two thermocoupIe 

wires in the entrance to the bend. These wires were installed in the vertical orientation. 

One wire (0.08 mm dia.) was installed through the mid plane of the duct while the other 

wire (0.05 mm dia.) was installed in the 114 plane of the duct. The wires were used as 

heater filaments to produce tirnelines in the unbumed gas flow. 

Four 1/8" (3.18 mm) dia. holes were drilled in the aluminum frame members. Two holes 

on the top section and two on the bottom section. Plastic isolation sleeves were glued 

into the holes. The thermocouple wire was threaded through these sleeves. RTV sealant 

was used to seal the thermocouple wire leads. Prior to tests, the leads were checked with 

a multimeter for electrical continuity and absence of grounding with the FPD framework. 

Alligator lead clips were used to connect the Thennocouple Tester to the thermocouple 

wires. 

B.3 Note about Seaiant and Gaskets 

The Kraft paper/sealant gaskets may have been one of the sources of leakage. The 

TiteSeal cernent sealant had the consistency of molasses and was intended for use on 

automotive engines. There were indications that this sealant compound did not fully cure 

though air drying. Additional heat may have been required to properly cure the sealant. 

The use of a heat gun was considered after the assembly of the aluminum frame pieces. 

A heat gun was procured and used to heat the areas near the seams of the frame pieces. It 



was inconclusive as to whether this procedure worked or not. The heat gun procedure 

was not pursued further due to reservations that the heat may warp the aluminurn frames, 

soften the Plexiglas panels, andor promote the development of cracks in the glas 

through thermal stress. 



Appendix C: Mixture Preparation, FPD FW, and Shutdown Procedures 

Test mixtures composed of diy air and propane were prepared using the Gas Mixture 

Preparation Cart. This apparatus and the connections to the FPD are shown in Fig. C. 1. 

Fig. C. 1 Gas Mixture Preparation Cart and connections to the FPD. 

A schematic of the piping including valves is shown in Fig C.2. The valves, ports and 

gauge ar2 identified for reference to the procedures. 



Fig. C.2 Schematic of piping arrangement for Gas Mixture Preparation Cart. 

C.1 Mixture Preparition Pmcedure 

For the desired equivalence ratio, calculate the required fuel pressure and fmal tank 

pressure, 

Prior to any operations, check for tight regulator connections to fuel and air bottles. 

ûpen the valves for the fuel and air bottles. 

Adjust regulator valves (VI) and (V2) to desired operating pressures. Fuel 

regulator valve (VI) should be adjusted to a pressure of approxllnately 20 psig. Air 

regulator valve (V2) should be adjusted to a pressure of approximately 100 psig. 

ûpen the shut-off valves on the air and fuel regdators. 

Confm that valve 3 (V3), valve 4 (V4), valve 5 (VS), and valve 6 (V6) are in the 

closed position. 

Attach vacuum pump hose to VentNacuum port.. 

Open valve 6 (V6) and tum on vacuum pump. 



Apply vacuum until gauge indicates 30 in Hg vacuum, or until maximum vacuum is 

obtained. Close valve 6 (V6) and then tum off the vacuum pump. 

Fuel is the first component to be measured. Adjust fuel flow control valve (FCVI) 

to the fully opened position. 

Open valve 3 (V3). 

Monitor gauge. Fil1 mixture tank until gauge indicates the fuel pressure needed for 

the desired mixture equivalence ratio. As the gauge needle approaches the required 

pressure, the fuel flow control valve (FCV1) should be gradually closed to reduce 

the flow rate of the fuel. It is important to use the mirrored dial to reference the 

position of the needle against the dial. The mirrored dia1 reduces parallax error. 

Once the needle indicates the desired hiel pressure, close valve 3 (V3). 

Wait approximately h d f  a minute. The pressure in the mixture tank may drop 

slightly. If this occurs, open valve 3 (V3) again. Close valve 3 (V3) when desired 

pressure is reached. 

Air is used to pressurize the mixture tank to the desired final tank pressure. Adjust 

air flow control valve (FCVZ) to the fully opened position. 

Open valve 4 (V4). 

Monitor gauge. Fill mixture tank until gauge indicates the final pressure needed for 

the desired mixture equivalence ratio. As the gauge needle approaches the required 

pressure, the air flow control valve (FCVZ) should be gradually closed to reduce 

the flow rate of the air. 

Once the needle indicates the desired fuel pressure, close valve 4 (V4). 



18. Wait approximately one minute. The pressure in the mixture tank may drop 

slightly. If this occurs, open valve 4 (V4) again. Close valve 4 (V4) when desired 

pressure is reached. This step may need to be repeated until the final mixture 

pressure is reached and remains steady. 

19. Allow the mixture to stabilize for 10 minutes prior to use in the FPD. At 90 psig, 

the mixture tank contains enough gas to charge the FPD to 1 atm pressure 4 or 5 

times. 

C.2 FPD Fil1 Procedure 

To fill the FPD, attach the vacuum pump hose to the vacuum port on the tee and 

valve fitting as shown in Fig. C. 1. Note that the braided FPD fill line remains 

attached to the FPD at al1 times. 

Confirm that the pressure equalization valve on the FPD is in the closed position. 

Tum on the vacuum pump to evacuate the FPD. Open the vacuum valve (FPDV) 

on the FPD as shown in Fig. C. 1. 

Monitor the vacuum pressure with the FPD vacuum gauge. 

When maximum vacuum in the FPD is reached, close the FPD vacuum valve 

(FPDV) and immediately open valve 5 (VS). Fully open the mixture flow control 

valve (FCV3). 

Monitor the FPD vacuum gauge. Adjust the mixture flow control valve (FCV3) if 

necessary. Close valve 5 (V5) when the gauge indicates O kPa. 



C.3 Shutdown Procedure 

Tum off al1 electrical equipment. This includes the oscilloscope, ignition 

transformer, instrumentation power supply, vacuum pump, etc. 

Disconnect al1 power cords from outlets. 

Confirm that the FPD pressure equalization valve is in the open position. 

Disconnect the vacuum pump hose from the FPD or Gas Mixture Preparation Cart. 

Open valve 6 (V6) to relieve pressure in the mixture tank. 

Fully close the valves for the hiel and air bottles. 

Open valve 3 (V3), and valve 4 (V4). 

Fully open fuel flow control valve (FCVl) and air flow control valve (FCVZ) to 

relieve pressure in the regulator valves. 

Once the pressure is relieved, fully close the shut-off valves on the air and fuel 

regulaton. 

Close valve 3 (V3), valve 4 (V4), valve 5 (VS), and valve 6 (V6). 

Close the flow control valves (FCVl), @CV2), and (FCV3) to some intermediate 

position other than h l l y  owned or fully closed. 



Appendix D: Propane and Dry Air Specifications 

Instrument grade propane ( > 99.5% propane) 
Supplier: Air Products 1 Weldco 

Table D. 1 Composition of propane. 

Typicai analysis (molar basis) 

3ry Air 
Supplier: BOC Gases 

propane 
isobutane 

ethane 
methane 
n-butane 

water vapor 
sulfur 

ni trogen 
oxygen 
argon 

carbon dioxide 
h ydrogen 

neon 
water vapor 

helium 
xenon 

I 

99.60 % 
0.30 % 
624 ppm 
225 ppm 

14 P P ~  
< 3 P P ~  

c 0.5 ppm 

moIar basis) 

78.03 % 
20.99 % 
0.94 % 
300 pprn 

< 100 pprn 
< 12 pprn 
< 10 pprn 
< 4 P P ~  

c 0.1 pprn 

Table D.2 Composition of dry air. 



Appendix E: Partial Pressure Method of Mixture Preparation 

E.1 Theory 

The partial pressure method was used to determine the reactant pressures necessary to 

make mixture compositions to the desired equivalence ratio. The equivalence ratio (@) 

was defined as the stoichiometnc air to fuel ratio with respect to the air to fuel ratio of the 

test mixture. The fuel and air parameters are mass quantities which are symbolized in the 

following equation. 

For this test program, only two reactants were used. These reactants were propane and 

air. The stoichiometric equation which describes the chemical reaction between the two 

reactants is shown in the following equation. 

Subsequently, for a stoichiometric reaction, 5 moles of air were needed for each mole of 

propane. The mass quantities of each reactant were related to the mole quantities of each 

reactant by the molecular weight. 

Therefore, the stoichiometnc air to fuel ratio for propane is calculated as: 

( A / F  )mi&= (m,/ mfud)otoish= 15.58 

152 



Knowing this value, the test air to fuel ratio could be detemined for a desired 

equivalence ratio. 

The ideal gas equation of state c m  be manipulated to form Dalton's law of partial 

pressures. This law States that the pressure exerted by a gas component in a mixture of 

gases is related to the number of moles of that gas component. The summation of the 

pressures exerted by each gas component is equal to the total pressure of the gas mixture. 

Dalton's law of partial pressures is expressed with respect to the fuel component of the 

gas mixture in the following equation. 

w here: 

These last relationships allowed for the use of easily measured pressures to produce test 

mixture compositions. 

E.2 Application 

A simple Microsoft Excel spreadsheet was developed to easily calculate the reactant f i I l  

pressures needed to produce a test mixture. The spreadsheet was deveioped for mixtures 

of propane and dry air. The input parameters were the desired equivdence ratio of the 

mixture and the desired fuel pressure. Two output parameters were calculated. The first 

parameter was the required fuel fil1 pressure as specified for the ASHCROFï Type 1082 



test gauge. The second parameter was the total pressure of the mixture which was 

achieved using the dry air after the necessary fuel pressure had been reached. 

The spreadsheet program is shown below in Fig. E. 1 .  The cell formulae are displayed in 

blue. 

2 
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7 
8 

9 
10 
11 
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14 
15 

16 

17 

18 
19 

20 
21 

22 
23 

24 
25 

26 
27 

2% 

as Ming Parameters 

Fuel: Propane 
Oxidizer: Air 

l Desired equivalence ratio: 1.20 

I~esired fuel messure ( in Hg 9.42 1 

H 

Pressure Gauge Marks A 

Pfuel (in Hg) = 20.50 (19.91-E 1 O) 

Ptotal (psig) = 81.77 (D28) 

Ptotal (psi@ = 

Fig. E. 1 MS Excel spreadsheet program for test mixture preparation. 



Appendix F: Photodiode Descriptions, Installations and Configurations 

F.l Photodiode Types 

A number of inexpensive photodiodes with varying wavelength sensitivities were 

purchased to detemline a suitable type that could be used for this project. The 

photodiodes were silicon types produced by VACTEC and purchased from ALLIED 

ELECTRONICS. A butane BBQ lighter was used to produce a flame in which the 

photodiodes were tested against. The photodiodes were held in place approximately 10 

cm from the flame and the subsequent photodiode signals were measured on a digital 

vol tmeter. 

The VTPlOO type was found to produce the strongest signal from these tests. This type 

of photodiode had a specified wavelengtb sensitivity in the infrared range of 725 to 1 150 

nm. Additional photodiodes of this type were purchased and connected to leads from the 

signal processing circuits. Once the signal processing circuits were tested and checked 

out, the photodiodes were installed in plastic shields. These shields were in mm attached 

to the side Plexiglas and g las  panels of the FPD. 

During the course of initial testing of the FPD, it !.vas found that the propagating Rame 

fronts were not being picked up by the photodiodes. This was due to the fact that propane 

flarnes do not emit infrared radiation except for rich mixture conditions. The VTPlOO 

photodiodes were removed and it was decided to use photodiodes which were sensitive in 

the visible light region. The VTP3310LA type photodiode was connected to the signal 



processing circuits. A number of tests were conducted with the FPD and it was found 

that this type of photodiode produced a satisfactory signal. The wavelength sensitivity for 

the VTP33 IOLA was in the range of 400 to 1150 nm. A number of photodiodes of this 

type were purchased and instdled on the FPD. 

A number of photodiodes sensitive in the ultraviolet region were also obtained. These 

photodiodes were purchased from BOSTON ELECTRONICS. The part number for these 

photodiodes was JECO. 1 These ultraviolet photodiodes were more expensive than the 

visible light types, but testing indicated that the photodiodes could detect propane flames. 

The resulting signals however, were weak. This would have necessitated additional 

amplification circuitry to the signal processing circuits. Another disadvantage was that 

the ultraviolet photodiodes would have required installation on the inside surface of the 

Plexiglas and glas panels. This was due to the fact that these materials severely reduce 

the transmission of ultraviolet light. 

F.2 Backlighting Procedures 

The VTP3310LA photodiodes proved acceptable in detecting visible fIame fronts 

propagating through the FPD. However, for those lean and rich mixture conditions which 

produced faint flame fronts, the photodiodes did not detect the flarne fronts. For these 

situations, a backlighting procedure was devised and implemented. 

The VTP33 10LA photodiode had a small detection element encapsulated in clear plastic 

(see the accompanying specification sheet). The photodiode was cylindrical with a bulb- 



shaped head. When installed on the FPD, the element was perpendicular to the axial 

length of the FPD. It was found that light directed to the back end of the photodiode also 

caused the photodiode to register a signal. It was surmised that since the rear end of the 

photodiode was clear plastic, light entering the photodiode in this manner was internally 

reflected off the bulb shaped head ont0 the detection element. 

The backlighting procedure involved the use of a desktop fluorescent lamp which was 

placed approximately 50 to 80 cm in front of the FPD. The lamp would be adjusted to 

direct the iight to the back ends of the photodiodes. The lamp would be moved backward 

or fonvard just enough to prevent the photodiodes from registering a signal on the 

oscilloscope. Once a faint flame front was produced, the additional light radiation would 

exceed the set photodiode threshold level, thereby resulting in a signal. 

This procedure was only used during the collection of photodiode velocity data and not 

during the recording of Rame front images. Backlighting was necessary for mixture 

conditions of 4 S 1 .O and 6 2 1.6. 

F.3 Photodiode Shields 

Photodiode shields were constructed from pieces of plastic tube and sheet stock. The 

purpose of these shields was to act as photodiode mounting structures and to reduce the 

field detection angle of the photodiodes. Limiting the field detection angle improved the 

accuracy of the velocity measurements. 



PACKAGE DIMENSIONS hch (m) 

Fig. F. 1 Specification sheet for VTP33 10LA type photodiode. 



The photodiodes were held in place in the shields by friction. Figure B.4 shows the 

original arrangement for the i n h e d  VTPlOO type photodiodes. The black, rectangular 

photodiodes were fitted in the photodiode tubes. The tubes were 44 mm long and were 

glued to 3 mm thick styrene plastic bases. The bases were held in place to the s ide  panels 

with duct tape. 

The final arrangement with the VTP3310LA photodiodes used 3.6 mm diameter 

tubestock and 1.6 mm thick bases. The bases were reduced in area and some of them 

were made cross-shaped as shown in the contour images in Chapter 4. Transparent tape 

was used to secure these bases to the FPD side panels. Figure 3.2 shows a typicai setting 

of how these photodiode shields were arranged. 

The shield tubes were originally cut to 3 1.8 mm lengths. The first tests with these shields 

indicated that the photodiodes received insufficient light to register signals. The tubes 

were ultimately cut to 19 mm lengths to improve light detection. This resulted in a field 

detection angle of 10.7 O. 

F.4 Photodiode Configurations 

As mentioned in Chapter 3, three photodiode configurations (labeled AA, BB, and CC) 

were used to characterize the flarne propagation velocities in the FPD. These 

configurations are shown in the following figure. Two sets of photodiodes remained in 



the same locations for al1 three photodiode configurations. One set was located at the 

midpoint of the straight inlet section. The other set was at the entrance to the bend. 



Confi~guration CC 
88.19eni- 166.37 cm -i 

78.19 an- 15631an- -- 
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141.37 CJl1 

114.14 ml - I M J 7  un ~r 

llY.14 cm- 

Fig. F.2 Photodiode configurations AA, BB and CC. 



Appendix G: Signal Processor Circuits 

The purpose of these circuits was to collect the signais from photodiodes and to 

manipulate them so that output signals could be displayed on an oscilloscope screen. The 

signals would be displayed in a characteristic waveform pattern. 

The circuits were combinations of basic electronic designs obtained from published 

sources. Al1 circuits were fabricated and tested using experimental breadboards and 

commercially available electronic components. The breadboards allowed for easy 

removal and installation of components to produce circuits which would operate to the 

desired requirements. Once a test circuit was deemed acceptable, the components were 

removed from the breadboard and hard-wired to phenolic circuit boards. 

Over the course of this research program, it was found that the fïrst circuit design (MOD 

1) did not prove entirely satisfactory. Half the circuit was removed and a new circuit 

design was fabricated, tested and irnplemented. This circuit design (MOD 2) proved 

satisfactory and was used in the collection of the test data. 

G.l Processor Circuit MOD 1 

The MOD 1 circuit was composed of 3 simple operational amplifier sub-circuits. These 

sub-circuits were obtained from NATIONAL SEMICONDUCTOR handbooks. The 

MOD 1 circuit schematic is shown in Fig. G.2. A Zchannel oscilloscope was used for 



this project. However, the diagram shows the schematic for only one channel. The 

schematic for the other channel would be similar. The symbol legend for the circuit 

schematic is shown in Fig. G. 1. A brief description of the 3 sub-circuits follows. 

Sub-circuit 1 : Photodiode Threshold Detector 

This sub-circuit created a constant voltage signal when a photodiode detected light above 

a certain threshold level. The threshold level could be varied by changing the resistance 

of the R1 and R2 resistors. Initial tests showed that an acceptable threshold level was 

attained when R1= R2 = 2.2 Mn.  

Sub-circuit 2: OR Gate 

This sub-circuit detected an output signal from any one of the individual Photodiode 

Threshold Detectors. If an output signal was detected, a new signal was pproduced and 

sent on to the next sub-circuit. 

Sub-circuit 3: One-S hot Multivibrator 

This sub-circuit read the signal from the OR Gate and created a new voltage signal of 

only millisecond duration. The duration of the signal could be adjusted. For this 

application the duration was set to 2.5 ms. The "blip" signal could be read on one 

channel of the oscilloscope as V.. 

During initial testing with propagating Barne fronts in the FPD, a number of deficiencies 

became apparent with this circuit design. The foremost deficiency was the fact that the 



OR Gate sub-circuit would produce an output signal regardless of the nurnber of 

photodiodes illurninated at one time. It was initially speculated that a propagating flame 

front would only illuminate one photodiode at a time. Testing indicated that this was not 

the case. 

Another deficiency was that the "blip" signals from the One-Shot Multivibrator sub- 

circuit were al1 of the sarne voltage level. Therefore, it was not always possible to 

correlate a "blip" signal to an individual photodiode. Again, the fact that a propagating 

flarne front could illuminate more than one photodiode at a time made this deficiency a 

pro blem. 

G.2 Processor Circuit MOD 2 

The MOD 2 circuit was devised to dleviate the MOD 1 deficiencies. The schematic of 

this circuit is shown in Fig. G.3. The MOD 2 circuit used the existing Photodiode 

Threshold Detector sub-circuit of the original MOD 1 circuit. However, in the new 

design, the outputs from these detectors were shunted to ground through resistors. Each 

Photodiode Threshold Detector signal passed through a different resistance. This in 

effect created a voltage divider arrangement which resulted in a different voltage across 

each resistor. This voltage difference was used as the new signal. Consequently, each 

photodiode now had a specific, distinguishing voltage signal associated with it. 

The signals were collected and sent to an N-Input Non-inverting Adder, or Sumrner sub- 

circuit. This circuit was described in Operational Amplifiers and Linear Integrated 



Circuits by Coughlin and Driscoll. The Adder sub-circuit added the voltage signals 

together to produce an output signal V,,. Similar to the MOD 1 circuit, this signal was 

read by one channel of the oscilloscope and displayed as a wavefom on the oscilloscope 

screen. 

Capacitor 

Resistor 

Variable Resistor 

Diode 

Zener Diode 

Rectifier 

Photodiode 

Light Emittin 
Diode 

Fig. G. 1 S ymbol kgend for MOD 1 and MOD 2 circuit schematics. 







Appendix H: Oscilloscope Waveform Profile 

The Mod 2 Signal Processing Circuit allowed for the individual identification of 

photodiode signals. Table H.1 shows the voltage signal values for every photodiode 

installed on the FPD. It should be noted that the signal voltage for each photodiode was 

approximately twice the value of the preceding photodiode signal. This geometnc 

progression prevented the summation of signals from a number of photodiodes from 

being mistaken for the signal from one of the later photodiodes. 

Oscilloscope 
Channel 1 

Table H. 1 Voltage signal values for photodiodes. 

Oscilloscope 
Channel 2 

Photodiode No. 
1 

The output signai from the processing circuit ( V. ) was the summation of al1 the signals 

from those photodiodes which were illuminated. For exarnple, if V, = 1.45 volts was 

measured for channel 2, then the only photodiodes which were illuminated at the time 

were photodiodes number 2, 3, and 4. 

Figure H.l shows a typical oscilloscope screen display of the photodiode signals 

obtained from the MOD 2 signal processing circuits. The top waveform was from 

channel 1, while the bonom wavefotm was from channel2. The green numbers represent 

V,,, 
0.22 

Photodiode No. 
1 

hg 
0.1 1 



the voltage levels for photodiodes 1,2,3 and 4 on channel 1. Note that the summation of 

the voltage signals h m  photodiode 1 and 2 are distinctly lower than the single voltage 

signal fiom photodiode 3. 

Fig. H. 1 Typical oscilloscope screen display of photodiode signal waveforms. 

Electromagnetic Interference (EMI) is shown as noise at the leflmost part of the screen. 

This Eh41 was due to the activation of the ignition transformer. As rnentioned in Chapter 

3, this undesirable condition was tmed hto a benefit by using the EMI to trigger the 

beginning of signal acquisition by the oscilloscope. 

The LECRW oscilloscope used in this research project had the capability to expand the 

wavefonn. This allowed for better resolution of the t h e  differences between 

correspondhg photodiode signals. The cursor arrows could be moved along the 



waveforms by using the appropriate knobs on the oscilloscope. One arrow would be 

moved to the point on the waveform where an abrupt jump to a new voltage level took 

place. This vertical line of the waveform, as shown in Fig. H.1 as a red highlighting 

mark, indicated the time when a photodiode was beginning to be illuminated by a flame 

front. The second cursor arrow would be rnoved to the next vertical line of the 

waveform. This line indicated the time when the neighboring photodiode was beginning 

to be illuminated. The time difference ( delta t ) between these cursor positions was the 

time that the flame front propagated between those specific photodiodes. 



Appendix 1: Ignition Circuit 

Initiation of the combustion of the mixture inside the FPD was achieved by an ignition 

system. This system used a transformer to convert a 120 volt AC current to a 10,000 volt 

DC current. The high voltage resulted in an arc between the electrodes of the spark plug. 

The spark plug protmded into the FPD chamber which contained the combustible gas 

mixture. 

The system as originally conceived used a simple AC push-button switch between the 

transformer and 120 VAC power cord. In the interest of safety, this system was replaced 

by a relay arrangement as shown in Fig. 1.1. In this configuration, the push-button 

ignition switch controlled a low voltage DC current. A relay separated the high voltage 

side of the system from the low voltage DC side. The ignition switch was placed between 

the instrumentation power supply and the coi1 of the relay. When the switch was closed, 

the coi1 was energized. This in turn closed the high voltage switches in the relay. 

Approximately 3 meters of leadwire separated the ignition switch from the relay. This 

allowed the operator to step away from the FPD during firing. This provided additional 

safety and permitted the operator a broader view of the flame front propagation through 

the FPD. 





Appendix J: Time Delay Circuits 

The Tirne Delay Circuits were used during the Schlieren phase of the FPD tests. These 

circuits were to introduce a time delay between ignition of the mixture, and activation of 

the impulse current from the thennocouple tirne constant tester. 

The first system used a mechanical time delay relay. This system had a minimum time 

delay of 100 ms. This delay duration was found to be too long for the test conditions. 

The mechanical relay system was then replaced by an electronic time delay circuit. The 

descriptions of both these systems follow. 

J.1 Mechanical Tirne Delay Circuit 

The schematic of the Mechanical Time Delay Circuit is shown in Fig. J. 1. The key 

component of this circuit was a programmable time delay relay. This relay was a 

POTTER & BRUMRELD type, purchased from ELECTROSONICS. It could be used 

for AC or DC current and could be programmed for one of eight functional modes. The 

time delay was adjustable between O. 1 sec. to 100 minutes. 

For this application, the time delay relay was programmed for a "Recycle- initially off' 

mode. The time delay range was set to the lowest range ( 0.1 to 1 .O seconds ). The relay 

was powered from the instrumentation power supply. Initiation of the time delay was 

achieved by the closing of the ignition switch. This in tum closed the switches in the 



relay. In essence, the Time Delay Relay was activated by one of the switches in the 

ignition relay. After the time delay had elapsed, a switch in the Time Delay Relay was 

closed. This completed the circuit which bypassed the push-button on the TC Time 

Constant Tester. An impulse current was produced by the Time Constant Tester which 

heated the thennocouple wire installed in the FPD. 

J.2 Electronic Time Delay Circuit 

Once it was found that the mechanical time delay circuit was deficient, an alternative was 

found in the fom of an electronic circuit. A simple electronic time delay circuit diagram 

was found on the World Wide Web at http:// 

w w w . p a c s i . o r g / p u b i i r / e d u c a t i o n / g a l l e r y n i  This si te 

was produced by the North Carolina School of Science and Mathematics in Durham 

North Carolina. The site dedt with the activities of the school photography club. 

specificaily with the club's efforts in high speed photography. 

The schematic of the time delay circuit used in this application is shown in Fig. J.2. The 

component symbols can be referenced to the legend in Fig. G. 1. This circuit used a 556 

Timer which consisted of an integrated circuit containing two 555 type timers. The first 

timer was started by grounding the input. This produced a square wave pulse at pin 5. 

By adjusting the 1 MR variable resistor, the width of the pulse could be changed. This 

pulse signal went to the trigger of the second timer at pin 8. When the level of the pulse 

signal dropped to zero, the second timer began. The second timer produced a 50 ms 

pulse signal at pin 9. 



The Silicon controlled rectifiers ( SCR ) were used as triggers which were controlled by 

the pulse signals fiom the timers. With this circuit, the minimum time delay obtained 

was approximately 4 ms. 

Figure J.3 is a schematic which shows how the electronic tirne delay circuit was 

connected to the ignition switch and TC Time Constant Tester. A 9 volt battery was used 

to power the circuit. The input was grounded when the ignition switch was closed. This 

resulted in the irnmediate triggering of SCR 1 .  A light emitting diode ( LED ) was 

connected to this SCR. The LED was used as a visual indicator of the ignition time. It 

was placed in view of the high speed camera when recording Schlieren images of the 

timeline progression. 

At the end of the desired time delay, SCR 2 was triggered. This closed the circuit of the 

bypassed push-button switch on the TC Time Constant Tester. 









Appendix K: Schlieren Apparatus 

The foilowing figures show a schematic of the Schlieren apparatus as used in this 

research project, and a photograph of the test arrangement with the FPD. 

Cambuttion Zone rn 

Fig. K.1 Schematic of Schlieren apparatus. 
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distance between photodiodes: 10 cm 

rclt 
U 

25 

26 

27 
28 

Photodiode #1 is at 132 cm location on FPD. 
Photodiode #2 is al 142 cm location on FPD. 

Al1 tests were conducled with a 2 minute walt from filling of duc1 with gas mixture, to ignition of mixture. 
Video camera used is S-VHS type wlth 30 frames per second framt: rate. 

Vaîe 

4/16/98 

4116190 

4116198 

4/16/98 

Re = v * 4. rho / mu where D, = 3.387 cm. rho = 1.U) kglm3, mu = 1.80 x 10'" s / m2 

Dn = Re I 1 R/a 1''' . where R = mean radius of cwature = 7.62 cm, and a = 4 = 3.387 cm 

1.1 

1.1 

1.1 

1.1 

OsdUpope \. 
Slimple ~ n t t  

(Hz) 
2000 

2000 

2000 

2000 

V M ~ O  

( Y I N )  
Y 
Y 
Y 
Y 

n m c  ~ C W -  

phdodlodcs 

II înd t 2  

(ms) 
14.5 

17.5 

19.5 

24.5 





Appendix M: Raw Test Data 

Table M. 1 : Time signals for photodiode configuration AA 

Tlme between signals (ms) 

Data Conflg. 
z& 

kmpk  
Rate Vld.o 

( k k )  Y N  
25 Y 

25 Y 
25 Y 
25 Y 
25 Y 
25 Y 
25 Y 

125 Y 

j10 cm] 
CH1 

W W M  

167 cm - 
26.44 

1 7.t 
17.94 
17.4 
18.9 

18,lf 
20.7 
14.4 

15 
17.6 
12.e 

13,M 
18.32 

5.96 cm; 
:Hl- CW 
POCPOl 

169 cm TlME No- 
P w 1 9  in Hg, Pm = 70.52 psl~;, -100 kPe vac. 

-1ôû kPa vic. 
-1 00 kPi voc. 
P w l S  in Hg, Pw = 70.52 pdg, -100 kPa vac, 
-1 00 kPa vac. -25 ssc 10 fiil FPD, Press. d tank m 53 pdg 
-100 kP. vac. -40 sec to f i H  FPD, Press. d tank = 35 pslg 
-100 kPa vac. -75 sec lo fiil FPD, P m .  of tank O 17 psig 
Pw=19 in Hg, Pb, = 70.52 pdg, Bemzomabic propane 
~:omsrkpropr rne  
b m t o m a t i c ~ n e  
~nucnnalkpropane 
P# in Hg, Pm = 81.85 psig, 
Pmm. d tank= 63 pdg 
Press. 01 tan&= 46 pgiO 
Prem. al lank= 28 psig, end press. d tuik = 10 pdg 
P&1 in Hg, Pm = 76.65 pslg, 
Pmss. of tank= 59 M g  
Press. of tank- 41 psig 
Press. of tank= 23.5 psig 
P& in Hg, Ptd = 73.07 psig, 
Press. of tank 55 psig 
Press. of tank= 37 psig 
Press. ol tanks 19 psig 
Pw=19 In Hg, Pw = 70.52 psig, long duration spark 
Press. 01 tank= 52.5 psig 
Press. ol tank= 34.5 psig 

Press. al tank= 17 psig 

Prd=16 in Hg, PLol = 73.57 psig, slow faint flame 







(Y - 
n S  1 
" H f  







Time between slgnals (ms) 

Dite - 
6/11/98 
611 1/98 
6)11/98 
6/11/98 
611 1/98 
611 1/98 
W11198 
6/11/90 
6/11/98 
6111198 
6/11/98 
611 1/98 
611 1/98 
6/13/98 
û/13/98 
6/13/98 
6JlW8 
6/13/98 
WW98 
6/ 1 3/98 
611 3/90 
6/13/98 
611 3/98 
6/13/98 
611 3/98 
6/13/98 
611 3/98 
611 3/98 
6/13(98 
6/lM8 
6/ t W98 
6/13/90 
6/l 3/98 

JI0 cm) 

CH1 
WIPM 

03 cm - 

8.24 
14.1: 
6.7; 

1 1.7: 
1 t 

6.24 
12.4 

1 O.@ 
11.4 
11.4 
10.4 

13.14 
8.74 

1 1.32 
11 .t 
7.7t 
6.t 

11.1t 
12.3f 
13.6t 

àimpk 
Rata 

(k*) 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

110 cm) 

CH1 
P039Dl 

161 cm - 

16.92 
15 

13.24 
1 6 

14 .O8 
15.84 
15.72 
19.32 
i4.2e 
18.52 

22 
15.2 
25.e 

12.74 
15 

16.52 
13.52 
13.52 
27.E 

12.44 

Vide0 
Y N  
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
N 
Y 
N 
N 
N 
N 
N 
N 
13 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

Notm 
-100 kPa vac, 400 fps 
-100 kPa vec, 400 fps 
-100 kPa vac, 400 tps, long duration aftefiash 
-1 00 kPa vac, 400 fps 
P,,,,,423 in Hg, Pm, 49.9 psig, -100 kPa vac., 300 fps, fahl 
-1 00 kPa vac, 250 fps, record every 1 or 2 trames 
-100 kPa vac, 250 tps, record every 1 or 2 irames 
-1 00 kPa vac, 180 fps, record every 1 or 2 fremes 
-100 kPa vac, 180 @, record every 1 or 2 trames 
Pm=16 in Hg, Pt,, tB0.2 pslg, -100 kPa vw., ncm alr bottb 
-100 kPa vac, 400 fps, images too da& 
-1 00 kPa vac, 300 fps, queru% M o r e  bmd. 
-100 kPa vac, 300 fps, 
P 4 . 5  ln Hg, PM =90.1 pdg, -99 kPa vac., 
-99 kPa vac, good O-xope profile 
-99 kPa vac, gwd O-smpe profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
Pw=20.5 in Hg, P,, P90. t psig, -99 kPa vac., good profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-swpe profile 
-99 kPa vac, goad O-sape profile 
-99 kPa vac, gooâ O-scope profile 
P-19 in Hg, Pl,,, t88.94 psig, -99 kPa vac., good profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-%ope profile 
-99 kPa vac, good O-scope profile 
Pw=19 In Hg, Pt,, =88.94 psig, -90 kPa vac.. good profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
-99 kP ii vac. good O-scope profile 
-99 kPa vac. 



Time between signals (ms) 

Date Contlg, & 
Il0 cm) 

CH1 
Pû19D2 
83 cm - 

7.74 
10.4 

12.64 
8.1 

10.12 
10.56 

5.9 
12.36 
12.32 
11.16 
1 1.44 

10.8 
10.96 
19.8 

13.76 
21.6 
9.34 
10.2 

13.92 
17.36 
25.5 
17.2 
24.5 
28.9 

17.32 
18.16 

12.12 

Sample 
Rate 

(kHx) 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 

50 
50 

50 
50 
50 
50 
50 
50 
25 
25 
25 
25 
25 
25 
50 
25 
25 

Vldeo 
YIN 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

Y pa;ci~i 

50Yp- 
Y ~oacm 

N 
5 O Y p m x ~  

Y p#;opi 

Y p m  
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

y ,O,, 
Y propi 

TlME 
12:10 PM 
12:18 PM 
12:25 PM 
1232 PM 
12:42 PM 

):O5 PM 
1:12 PM 
1:20 PM 
190 PM 
1:40 PM 

11:28 AM 
1 1 :42 AM 
1 1 :46 AM 
1 1 :59 AM 
12:09 PM 
12:37 PM 
12:46 PM 
1256 PM 
1:15 PM 
1 :26 PM 
3:40 PM 
351 PM 
356 PM 
4:03 PM 
4:l2 PM 
434 PM 
4:42 PM 
451 PM 
455  PM 
9:06 AM 
9:11 AM 
9:20 AM 

Notes 
P 4  in Hg, P,o, 46.89 psig. -99 kPa vu.. good profile 

-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
P-18 in Hg, Plot 590.77 psig, -99 kPa vsc., g w d  profile 
-99 kPa vac, some 'weak' signals 
-99 kPa vac, CH2 PD4 - PD5 anomaly 
-99 kPa va ,  CH2 PD4 - PO5 anomely 
-99 kPa v a ,  good O-scope profile 
P d 1 . 5  In Hg, Pb, d7.95 psig, -99 kPa vac., 
-99 kPa vac, wrong seîlings an O-scope 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-swpe profile 
-99 kPa vac, good O-scope profile 
Pw21.5 in Hg, Pt,, 47-95 psig. -99 kPa vac., good profile 

-99 kPa vac, fair to good O-scope profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
-99 kPa vac, good O-scope profile 
Pm=22 in Hg, Pb, =92.15 psig, -99 kPa vac., fair profile 
-99 kPa vac. mediocre profile 
-99 kPa vac, fair to mediocre profile 
-99 kPa vac, mediocre profile 
-99 kPa vec, 
Pw=22 in Hg, PI,, =92.15 psig, -99 kPa vac., 
-99 kPa vac, 
-99 kPa vac, 
-99 kPa vac, 

Pm=17 in Hg, Pt,, =92.42 psig, -99 kPa vac.. 

-99 kPa vac, gooâ O-scope profile 
-99 kPa vac, good O-scope profile 









Table M.2: Time signals for photodiode configuration BB 

T ime between signals (ms) 

Sampk- 
t 

( k k )  
50 

125 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
25 
25 
25 
25 
50 
50 
50 
50 
50 
50 

TlME 
12:OO PM 
12:11 PM 
1224 PM 
12:38 PM 
!2:46 PM 
337 PM 

1120 AM 
1 1 :34 AM 
Il :43 AM 
1153 AM 
1232 PM 
1 M O  PM 
193 PM 
î:2t PM 
t :28 PM 
1 :37 PM 
150 PM 
351 PM 
357 PM 
407 PM 
4:ll PM 
4:24 PM 
5:09 PM 
5:16 PM 
523 PM 
5:31 PM 
5 4 0  PM 
9:01 AM 

V l h  
YIN 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

Notbr 
Pw=20.5in Hg, Pb, a . 1 2  psig. -100 kPa vac.. 
- 1 0  kPa vac, 
-1 00 kPa vac. 
-100 kPa vac, 
-1 00 kPa vac, 
Pfl.5in Hg, Pl,,, =90.12pdg, -100 Wa vsc.,ôbvmt O-scopa 
-1 00 kPa vac, good profile 
-100 kPa vac, 
-100 kPa vac, 
-100 kPa vac, €MI of sparli mimes with PD1 and PO2 dg. 
Pw19 in Hg. Pm 48.94 pdg, -100 kPa vac.,gaod p d l e  
- 100 kPa vac, €MI of spark rni~es with PD t and PD2 dg. 

Pm=19 in Hg. Pw 4 . 9 4  pdg, -100 We vac., 
-1 00 kPa vac, €MI of spa* mixes wiîh PD1 and PD2 dg, 
-1 00 kPa vac, 
-100 kPa vac, 
-100 kPa vac, good profile 
Pw=17 in Hg, P,,, ~92.42 psig, -100 kPa vac.. multi-iim 
-100 kPa vac, good profile 
-100 kPa vac, 
-100 kPa vac, 
-100 kPa vac, 

Pl,,,,,=21 .5 in Hg, Plot 47.95 psig, 
-100 kPa vac, good profile 
- 100 kPa vac, 
-100 kPa vac, 
-100 kPa vac, gdod profile 

P,,,,=20 in Hg, PtO1 =86.89 psig, -99 kPa, good profile 



T h e  between signals (ms) 

Data - 
6126198 
6/26/98 
6/26/98 
6/26/98 

Cor - 
B 
B 
B 
B 
B 
B 
B 
0 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 
B 

110 cm] 
CH1 

PD1902 

83 cm - 
3.14 
15.8 
5.02 
9.74 

12.1 2 
14.52 

5 
12.84 
15.16 

11 ,W 

9.4 
8.46 

10.28 
9.32 

3.6 
10.28 
24.9 

16.92 
26.4 
25.2 

14.76 
9.78 

10.56 

t 4.08 
18.36 
20.3 

10.08 
13.92 
14.16 

TIME 
9:07 AM 
9:16 AM 
9:23 AM 
9:32 AM 

I l : l7 AM 
11:26 AM 
11 :37 AM 
11 :46 AM 
1 1 :57 AM 
1:18 PM 
1:23 PM 
1 :33 PM 
l:4 t PM 
1 :50 PM 
2:26 PM 
2:32 PM 
2:41 PM 
2:46 PM 
255 PM 
3:35 PM 
3:46 PM 
355 PM 
4:02 PM 
4:10 PM 
12:27 PM 
12:46 PM 
538 PM 
547 PM 
555 PM 
6:02 PM 
6:12 PM 

11 :19 AM 
11 :28 AM 

Notes 
- 99 kPa vac, 
-99 kPa vac, EMI of spark mixes with PD1 and PD2 dg. 
-99 kPa vac, €Ml of spatlr mixes 4th PD1 and PD2 dg. 
- 99 kPa vac, good profile 
Pw1B in Hg, Phi a . 7 7  psig, -99 kPa, good prolik 
-99 kPa vac, €MI of spark mixes wiîh PD1 and PO2 dg. 
-99 kPa vac, EMI of spark mixes with PD1 and PO2 dg. 
-99 kPa vac, €MI O! spark mixes with PD1 and PD2 dg. - 99 kPa vac, good profile 
Pw16.51n Hg, Pw 090.03 psig, -99 Wa, 
- 99 kPa vac, 
- 99 kPa vac, incondusive data 
- 99 kPa vac, - 99 kPa vac, dmilar to #425 
Pm=16.5in Hg, Poo, r90.03 pdg, 49 kPa, dow strirt 

- 99 kFa vac, loud 'whack' sound, profile - 99 kPa vac, loud WmW sound, too much bacWlght 
- 99 kPa vac, llght 'vuhadi' sound, 
- 99 kPa vac, light 'whadr' sound, 
Phu=15.5in Hg, Pm -91.63 psig, -99 kPa, mûü-firu 
- 99 &Pa vac, light 'whlsp* sound, good profile 
- 99 kPa vac, light 'whispm sound, good profile 
- 99 kPa vac, light 'whispm sound, good profile 
- 99 kPa vac, llght 'whispm sound, good profile 
Pw=21.5in Hg, Pt,, 47.95 psig, -99 kPa, 

- 99 &Pa vac, low vdtage slgnals on o-scope. ? 
Pw=21.5in Hg, Pt,.,, a7.95 psig, -99 kPa, good profile 

- 99 kPa vac. goud O-scope profile 
- 99 kPa vac, good O-scope profile 
- 99 kPa vac, good O-scope profile 
- 99 kPa vac, no CHI, PO 4 signal. 
Ptd=20in Hg, Pt,, =95.68 psig, -99 kPa, problems wl imsfnr 
- 99 kPa vac, good O-scope profile 



Time between signals (ms) 

Dito Contig. 

&I 

Ji0 cm] 
CH1 

PDl-PûZ 

03 cm 
15.28 
16.24 
9.84 

12.1 2 
15.72 
11.8 

14.76 
7.60 

10.44 
14.M 
16.6 

12 -32 
10.56 
10.48 
10.64 
t 3.24 
12.56 
14.08 

25 
13.- 

19.5 
10.6 

12.72 
12.76 
12.36 
22.9 
6.12 
8.74 

17.32 
17.48 
41.1 
38.5 

TlME 1 Nol8 
1 1 :36 AM - 99 kPa vac, good O-scope profile 
I 1:43 AM - 99 kPa vac, 

Pw=2ûin Hg, PI,, t86.89 psi@, -99 kPa, 
- 99 kPa vac, 
- 99 kPa vac, 
- 99 kPa vac, 
- 99 kPa vac, 
P w l S h i  Hg, Pw 46.94 psig, -99 kPa vec, 
- 99 kPa vac, - 99 kPa vac, 
- 99 kPa vac, 
P-lBki Hg, Pm tso.77 pdg, -99 kPai V ~ C ,  
- 99 kPa vac, - 99 kPa vac, - 99 kPa vac, 
- 99 kPa vac, 
Pm=17in Hg, P,o, 4 2 4 2  pslg, -100 kPa vac, 
- 100 kPa vac, use flourescent backlighting 
- 100 kPa vac, 
- 100 kPa vac, 
- 100 kPa vac, 

5:21 PM Pm=16in Hg, Pt,, =93.93 psig, -100 kPa vac, 
528 PM - 100 kPa vac, 'whack' sound 
5:37 PM - 100 kPa vac, 'whack' sound, goad profile 
545  PM - 100 kPa vac. 'whisg' sound, good profile 
5:52 PM - 100 kPa vac, 'whaW sound, 
6:20 PM Pm=161n Hg, PI,, 47.94 pslg, -100 kPa vac, dow, Iwhisp' 
630 PM - 100 kPa vac, 'wtiisp' sound, good profile, fast 
638 PM - 100 kPa vac, 'whisp' sound, good profile, 
6 4 6  PM - 100 kPa vac, light 'whack' sound, 
655 PM - 100 kPa vac, loud 'whack' sound, good profile 
8:47 AM PI,=lSin Hg, Pw 49.61 psig, -100 kPa vac,"whack-, multi-tire 
855  AM - 100 kPa vac, light 'whack' sound, 



Time between signals (ms) 

Conflg. - 
BB 
80 
BB 
BB 
BB 
BB 
BB 
BB 
BB 
BB 
88 
BB 
88 
88 
BB 
BB 
BB 
88 
BB 
BB 
BB 
BB 
€31) 

88 
86 
BB 
BB 
88 

Non8 
- 100 kPa vac, loud 'whack' sound, 
- 100 kPa vac, 'whlspm sound, 
- 100 kPa vac, 'whlsp' sound, 
PMs15in Hg, Pb, =89.61 psig, -100 kPa vac, dow start 
- 100 kPa vac, 'whlsp' sound, 
- 100 kPa vac, loud k h c k '  sound, probable wavering 
- 100 kPa m, loud 'wtrack' sound, slight wavering 
- 100 kPa vec, 'whisp' sound, 
P*in Hg, Pm 42.15 psig, -1 00 W a  vsc, 
- 100 kPa vac, good O-mpe profile ' - ~ û û  L P ~  vre, gmc~  amp p. profile 
- 100 kPavac, 'whisp" sound, 

1 -  100 kPa vac, Iight 'wbackm sound 

P a  Hg, Pm 42.15 psig, -100 kPa vac, 
- 100 kPa vac, 'whlsp' mwd, - 100 kPa vac, 'vuihlsp' sound, - 100 kPa vac, 'whisp' swnd, 
- t 00 kPa vac, 'whlsp" 
Pw23in Hg, Pm 49.90 psig, -1 00 kPa vac, 
- 100 kPa vec, 'whisw, quench in bend. 
- 100 kPa vac, quench in bend. 
- 100 kPa vac, flame front wavering. quench In bend. 
- 100 kPa vac, slow 

Pm=23in Hg, PtOI d9.90 psig, -100 kPa vac, waver,quench 
- 100 kPa vac, quench 
- 100 kPa vac, quench, other data incondusive 
- 100 kPa vac, quench ln lat¶er half of bend. 
- 100 kPa vac, wavering 

Simple 
Rata 

(kW) 
12.5 
12.5 

25 
25 

12.5 
12.5 

25 
25 
25 
50 
50 
50 
50 
25 
50 
50 
50 
50 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 

Vldw 
Y N  
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 



Table M.3: Time signals for photodiode configuration CC 

Time between slgnals (ms) 

Data Conflg. + çunpia 
Rate 

(km) 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
50 
25 
25 
25 
25 
25 
25 
25 
25 
25 
50 
50 
50 
50 
50 
50 
50 
50 

TlME 
9:03 AM 

Vidso 
Y M  
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

N o m  
P d . 5 i n  Hg, Pm a . 1 2  psig, -100 kPa vec, good profils 

9: 12 AM 
9:21 AM 
9:29 AM 
9:39 AM 

10:07 AM 
10:15 AM 
1 O:23 AM 
10:32 AM 
10:41 AM 
11:09 AM 
1 1 :18 AM 
11:26AM 
11 :34 AM 
t 1 :44 AM 
1:25 PM 
1:32 PM 
1:42 PM 
1:52 PM 
2:02 PM 
2:44 PM 
257 PM 
305  PM 
312 PM 
3 2 0  PM 
453 PM 
5:01 PM 
5:09 PM 

- 100 kPa vac, good O-scope profile 
- 100 kPa vac, good O-- pmfile 
- 100 kPa vac, good O-scope profile 
- 100 kPa vac, goad O-scope profile 
Pw=l9.0in Hg, Pm a . 9 4  @g, -100 We vac, prdile 
- 100 kPa vac, good O-scope profile 
- 100 kPa vac, good O-scope profile 
- 100 kPa vac, very good O-scope profile - 100 kPa vac, good O-soope profile 
Pw17.0in Hg, PM =92.42pslg, -100 kPa vec, hckiightlng 
- 100 kPa vac, double 'vutiadr' sound 
- 100 kPavac, - 100 kPa vac, strorig W s p '  sound 
- 100 kPa vac, 
Pw16.ûin Hg, Pm, 43.93 pdg, -100 kPa vac, baddi@ting 
- 100 kPa vac, 'whisp' sound 
- 100 kPa vac, 'whisp' sound, fair O-scope profile 
- 100 kPa vac, 'wh\spS sound, fair O-scope profile 
- 100 kPa vac, Iwtrads' sound 
PM=18,ûin Hg, Pb, &.77psig, -100 kPa vac, gd profile 

- 100 kPa vac, good profile 
- 100 kPa vac, good profile 
- 100 kPa vac, good profile 
- 100 kPa vac, good profile 
Pb,=20in Hg, Pw =86.89 psig, -100 kPa vac, gd profile 
- 100 kPa vac, g d  profile 
- 100 kPa vac, good profile 
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Time between sQ~Ms (ms) 

[IOcm] (10cm) [ 5 c r n ]  [ 5 c m ]  [Scrn]  [lOcmj 
CH1 

P W M  

161 cm 
49.8 
35.6 
32.7- 

1.655 
1.655 
1.655 

Vide0 
YIN 
N 
N 
N 

T0d 
# 
633 
ô34 
6% 

CH2 
P019D2 

112 cm 

CH1 
PD1-PD2 

83 cm 
18.68 
24.6 
16.W 

CM2 
PD2-PO3 

I l t c r n  

Sampb 
Rate 

(kHz) 
25 
25 
25 

Date 
7/7/98 
7/7/98 
7/7/98 

PD 
Config, 

CC 
CC 
CC 

CH2 
QDCPDS 

144 cm 
14.92 
1.74 
0.44 

0.1 6 
14.72 

4.9 

11.44 
24.2 

11 

Notes 

CH2-CH1 
POjPD3 

151 cm 
- 100 kPa vac, 'whisp 
- 100 kPa vac, 'whisp 
- 100 kPa vac, 'whisp 

TlME 
58.2 
32.9 
25.1 

1222 PM 
12:30 PM 
12:42 PM 
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Test I 

672 

Date 
~- @ 

9/2198 1.4 
9/2/90 1.4 
9/2/90 1.4 
9)2/98 1.4 
9/4/98 1.4 
9/4/99 1.4 
914198 1.4 

Approx. 
Pulse 

Time M a y  

(-1 
0.006 
0.033 
0.006 
0.021 
0.006 
0.006 
0.01 2 

TC Tester 
Pulse 

Ouratlon 

(ms) 
6 
6 
6 
6 
6 
6 
6 

CCD 
Camra 

FPS 
300 
300 
250 
300 
250 
250 
250 

TlME 
592 PM 
5:40 PM 
5:50 PM 
6:05 PM 
1:45 PM 
154 PM 
2:OS PM 

Notes 
- 98.5 kPa vac., no record 
- 98.5 kPa vac.. no record 
- W.5 kPa vac., no record 
- 96.5 kPa vac.. no record 

Pm = 18.0 In Hg, Pt,, = 90.77 pslg, - 99.0 kPa vac.. no record 
- 99.0 kPa vac., no record 
- 99.0 kPa vac., no record 



Appendix N: Atmospheric Conditions for Tests 

Table N. 1 : Atmospheric conditions for days during tests. 

Rdrllvm 
Humfdlty 

O 
62 
8 1 
62 
94 
100 
72 
82 
94 
5 1 
100 
88 
80 
88 
94 
74 
94 
88 
94 
88 
83 
88 
94 
n 
88 
79 
83 
88 
94 
64 
83 
83 
83 
03 
88 
83 

Room 
ï'ompwatura 

( O C  ) 

18 
20 
21 
20 
21 
22 
23 
24 
26 
24 
25 
27 
23 
24 
26 
25 
27 
24 
26 
24 
26 
25 
25 
23 

24 
25 
26 
25 
23 
26 
24 
24 
26 
26 

Aûnosphenc temperature, pressure and relative humidty *ta obtained frorn 
ENVIRONMENT CANADA. Instrumentaoon located al Kingston Airport. 

Room temperature data obtained from digital themorneter located in Am. 222, 
Mctaughlin Hall, Queen's University. 



Appendix O: Results of Gas Analysis of Mixture Samples 

Mixture samples were produced in the Gas Mixture Cart Apparatus. Samples were tested 

on a ROSEMOUNT mode1 400A gas analyzer. Dry Air and 99.5% propane were the 

reactants for the mixtures. A 1.06% propane in air certified gas mixture was used to 

calibrate the gas analyzer. 

Table 0.1 shows the calculated and actual fuel ratio results of the sample mixtures. Table 

0 .2 shows the results of the analysis of the differences in the calculated and actual fuel 

gauge marks. 

Desi red 
Sample 

Equiv. ratio 
0.24 

Calculated 
Fuel Ratio 

Actual 
Fuel Ratio 

( % by vol. ) % dit 
1.270 -21.4 

Actual 
Equiv. ratio 

0.306 
0.91 O 
1 .O94 
1.273 
1 .S43 
1.737 

Table 0.1 Results of the calculated and actual fuel ratios of the sample mixtures. 



Fuel Gauge Mark Exact Fuel Gauge 
Used to Produce Mark as Back- 

Sam ple calculated from 
Actual Fuel Ratio Pt ~t 

( inHg) ( in Hg ) ( psig ) % dif 
29.00 28.75 30.60 0.9 

Table 0 .2  Results of the calculated and actual pressure gauge marks. 



Appendix P: Results of Tests of Air Infdtration into FPD 

Figure P.1 shows the results of tests of air infiltration into the FPD. Tests were 

performed over the course of the experimental program. 

1080,  

-+Feb. 24,19€i8 
+Apr. 30,1998 

Jun. 1,199ô 
+- Jun. 18,1998 
-K- Jun. 24.1988 
+JJ. 7, 1988 
+ Aug- 24, 1998 

-100 -W) -80 -70 60 -50 -40 30  -20 -10 O 

FPD Pmmun ( kPa ) 

Fig. P. 1 Results of air infiltration tests. 

The Feb. 24, 1998 curve is representative of the rate of pressure drop in the FPD p&r to 

hding and alleviating al1 discemible leaks. The Aug. 24, 1998 curve is the rate of 

pressure drop after installation of the thennocouple heater wires used for the 

timeline/Schlieren analysis. The remaining curves represent the rate of pressure drop in 

the FPD during the collection of the flame propagation velocity data. 



Appendix Q: Results of ANOVA Study 

The following tables show the results of the Analysis of Variance studies performed on 

the data for mixture compositions of $4.9, 1.2, and 1.6. 

For each mixture composition, the velocity data was sorted according to trial number in 

each mixture batch. All the Trial 1 flarne propagation velocities were collected to 

calculate average flame propagation velocities for each photodiode set location. This 

same procedure was used for the second, third, fourth and fifth trials for each batch. 



Anova: Two-Factor Without R e p l i o n  

Location Triel 1 Trial 2 Tria1 3 Trial4 Trial 5 
30cm 26.32 4.85 4.53 5.78 O 
53 cm 7.98 1.55 1 .58 1.57 O 
58 cm O 32.89 38.86 38.36 O 
83 cm 6.83 4.76 4.82 4.42 3.81 
112 cm 10.94 4.85 6.84 3.33 3.20 
117 cm 9.76 6.43 3.96 4.37 4.37 
144 cm 22.35 11.20 12.78 4.72 24.43 
151 cm 7.99 5.17 5.1 1 4.03 O 
163 cm 3.97 3.82 3.48 4.13 O 
169 cm 6.78 3.57 3.69 6.70 O 
175 cm 7.55 3.52 6.00 7.55 O 
181 un 15.70 O 26.04 6.54 O 
200 cm 2.98 O O O O 

SUMMARY Cwnt Sum Avemge Variance 
30 cm 5 41.404 8.297 106.468 
53 cm 
58 cm 
83 cm 
112 cm 
Ili cm 
144 cm 
151 cm 
161 cm 
169 cm 
175 cm 
181 Cm 
200 cm 

Trial 1 
Trial 2 
Trial 3 
Trial 4 
Trial 5 

ANOVA 
SCWIW of V8fk1fkm Ss df Ms F f -W!U~ F cnt 

Rows 2012.226 12 167.6855 3.024509 0.00315 1 .Qô0121 

Total 5080.166 64 

Table Q.1 Resuiîs of ANOVA study for mixture composition t) = 0.9. 



Anova: Two-Facîor Without Replication 

Lacablon Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 
30 cm 4.59 18.96 10.89 14.45 13.41 

ANOVA - -- - - - - - 
Source of Variation SS df MS F P-velue F cnt 

Rows 358.5686 12 29.88071 5.00528 2.59E-05 1,960121 

Total 674.1 837 64 

SUMMARY Count Sum Averege Varience 
30cm 5 62.307 12.461 27.878 
53 cm 
58 cm 
83 cm 
112 cm 
Ili un 
1 4  cm 
151 cm 
161 cm 
169 cm 
175 cm 
181 cm 
200 cm 

Trial 1 
Trial 2 
Trial 3 
Trial 4 
Trial 5 13 128.182 9.880 10.211 

Table (2.2 Results of ANOVA study for mixture composition 4 = 1.2. 



Anova: Two-Factor Without Replication 

Locrt)on Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 
30cm O 5.28 11.01 10.29 5.56 

SUMMARY Count Sum Average Vadance 
30 un 5 32.144 6.429 19.840 
53 cm 
58 cm 
83 cm 
t 12 cm 
117 cm 
144 cm 
151 cm 
161 cm 
169 cm 
175 cm 
181 un 
200 cm 

Tria! 1 
Trial 2 
Trial3 
Trial 4 

ANOVA 
Soumof Variation SS df MS F P-va/ue F CM 

Rows 772,7369 12 64.3B474 1.522923 0,1468û2 1.960121 
Columns 351.8465 4 87.96212 - 0.008015 - 
Error 2029.61 5 48 42.28364 

- 

Table Q.3 Results of ANOVA study for mixture composition + = 1.6. 




