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NOMENCLATURE AND SYMBOLS

a = acceleration

A = area

Ar = area ratio (ratio of stream tube area to cross section at 

initial reaction front) 

g = gravitational constant

L = flame thickness

m = mass

m = mass flow rate

M « molecular weight

P = pressure

Q = heat transferred, volume flow rate

q = mixture ratio or volume of fuel per unit volume of

fuel/air mixture 

Rg = universal gas constant

R =3 specific gas constant »

r = particle radius

S = laminar adiabatic flame speed

T = temperature

T = initial temperature

Tf = final temperature

t = time

V = total flow velocity
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NOMENCLATURE AND SYMBOLS 
(Continued)

velocity normal to the flame front at the point of first

sensible temperature

flame velocity at any point

velocity due to thermomechanical effect

final velocity

idealized flame velocity (based upon flame of constant 

stream tube area and having same m at initial reaction 

front) 

distance

average gas viscosity 

thermal conductivity 

density

initial density



ABSTRACT

Flame studies to include flame speeds, the limits of flame 

propagation, and temperature profiles are best carried out by 

observations of a planar flame front propagating in one dimension.

The thin, disc like flame produced by the flat flame burner des

cribed herein approximates the ideal flame. The burner is designed 

such that the reacting fuel issues from the burner port with a 

nearly perfect uniform velocity distribution. Appropriate adjust

ment of the flame speed leads to a balance of stream velocity against 

flame speed. Subsequently the flame, takes up a position of equilib

rium a short distance from the burner port,

The design of the burner provides for the injection of 

magnesium oxide dust particles into the flow just prior to reaching 

the burner tube. This technique permits direct photographic measure

ment of velocity.

Finally, an evaluation of the apparatus is made and sugges

tions for future improvements of the system are outlined.

vii



CHAPTER 1

INTRODUCTION

There are numerous methods available for the determination 

of burning velocities. These methods include the bunsen burner, 

soap-bubble, glass-tube, spherical bomb, and the flat flame. Most 

of these methods are open to objections which reflect upon their 

validity. The soap bubble method is limited to a few mixtures and 

the aqueous bubbles contaminate the mixture with an unknown amount 

of water vapor. Ordinary burner methods are dependent upon the 

exact specification of the flame boundary. The determination of 

velocities in tubes is limited by wall effects and the improbability 

of accurately measuring the area of an advancing flame. The flat 

flame is most suitable for measuring very slow flame speeds. While 

investigators disagree on the accuracy of flame speed determinations 

for relatively fast flames, the flat flame burner method is as suit

able as any. In addition, only the flat flame gives clearly defined 

determinations at limit mixtures. All but the flat flame involve 

measurements on a curved flame front thereby leading to arbitrary 

definition of the area of the flame. The flat flame burner provides 

a planar reaction zone free from all surface contact which eliminates 

the doubt as to the area of the flame thereby preventing arbitrary 

assumptions.

1



Flame speed observations are facilitated by injecting 

microscopic dust or particles into the flow stream. The flat flame 

burner is ideally suited for this technique since the geometry of 

the flame permits easier visualization of the paths of the par

ticles and more definitive quantitative measurements. Photographic 

recording of these particles allows direct measurement of velocity.

This thesis consists of the basic design and construction 

of a flat flame burner with allowances for expansion of the appara

tus for more extensive applications. Presently, the apparatus 

consists of a water-cooled burner tube with ancillary equipment 

consisting of fuel and air supplies metered by flow meters, needle 

valves, pressure monitoring devices with the system capability 

enhanced by particle track and schlieren equipment.

There are four descriptive sections to this thesis. Chap

ter 2 consists of the general considerations of this study and the 

theory involved. Since the basic theory of the burner has been 

previously established, physical considerations are emphasized 

rather than the mathematical aspects. Chapter 3 treats of the 

burner system to include design parameters, materials, mechanical 

layout and apparatus compatibility. Chapter 4 outlines the 

operation of the burner and presents test results.

The final sections include concluding remarks (Chap

ter 5), an appendix, and a bibliography. Since flat flame studies 

are relatively obscure, this bibliography extends beyond the refer

ences used herein to provide for quick access to pertinent material



by those who in the future pursue similar studies here at the 

University. The name-year method of citation of the literature 

is used.

All figures and tables referred to in the text are con

tained in the appendix.



CHAPTER 2 

GENERAL CONSIDERATIONS AND THEORY

A. Historical Sketch

The assumption of one dimension typifies the classic approach 

to flame studies as well as other scientific investigations. To under

stand turbulent flame fronts, it is necessary to draw from knowledge 

of laminar flames. To understand laminar flames, it is necessary to 

make observations of the model which best emulates the ideal undis

turbed, one-dimensional flame. The flat flame is the closest approxi

mation of that ideal flame.

Fowling (1949) first described a method whereby a flat reaction 

zone free of surface contact could be obtained. His burner permitted 

direct and accurate determination of true burning velocities and 

limits of inflammability. The design of his burner was based upon two 

principal requirements for obtaining a flat flame. First, the react

ing gases must flow with a perfectly uniform velocity distribution. 

Secondly, the flow must not be disturbed by the hot products of com

bustion. He further recognized that establishment of a single plane 

of flame was contingent upon equating.the burning velocity to the 

linear rate of flow of unburned gas. See Fig. 1. Briefly, Fowling 

delivered premixed explosive gas to a water-cooled copper burner 

where it was uniformly distributed across the tube diameter by a 

diffuser consisting of glass beads and a series of fine gauzes.



The gases were then streamlined by flow through a vertically lamina

ted matrix the top of which was just below the burner port. A unique 

feature of his burner that was subsequently discarded by most recent 

investigators was a provision for a current of inert gas around the 

outside of the burner to compensate for retardation by friction of 

the gas flowing at the edge of the burner port. A resistance in the 

path of the rapidly rising hot products in the form of a fine mesh 

gauze which formed the top of a glass enclosure, completed the burner 

system. The difficult task of equalization of gas velocity and burn

ing velocity was partly simplified by the occurrence of a back pressure 

of the flame in the burner which is sufficient to cause a slight 

divergence of the approaching reactants which permitted some latitude 

in the linear gas velocity to which the burning velocity is adjusted.

Fowling found, however, that this adjustment of the linear 

gas velocity to the burning velocity to produce a flat flame was pos

sible only over a flame speed range of 5 to 10 cm/sec.

Egerton and Thabet (1951) used a modified Fowling burner for 

flame propagation studies including the measurement of burning 

velocities of slow flames and the determination of limits of combus

tion. The stream of inert gas used by Fowling to eliminate the eddies 

of air on the outside edge of the burner which he believed to be of 

sufficient intensity to preclude the stabilization of a perfectly 

flat flame was eliminated by Egerton and Thabet. The latter con

cluded that it was more advantageous to maintain an air space as a 

jacket to the issuing gas mixture and found no evidence that the 

eddies influenced any measurements.



Botha and Spalding (1954) were the first to extend the 

burning velocity range of a flat flame to that of relatively fast 

flames. By increasing the range of flame speeds (4 to 38 cm/sec), 

they were able to investigate a wide range of mixture ratios in

contrast to the restriction to limit mixtures imposed by Fowling1s

low burning velocities. The essential feature of Botha and Spalding's 

burner is a water-cooled disc of fine porosity positioned at the burner 

exit. No attempt is made ,to equalize stream velocity against flame 

speed. Instead the incoming gas is made to flow slower than the free 

space flame velocity so that the flame tends to flash back toward the. 

disc. There is a heat transfer to the water-cooled disc which greatly 

reduces the temperature of the burned gas and consequently causes a 

reduction in flame speed. This results in a quick and automatic 

establishment of equilibrium just above the disc where the heat trans

fer is just sufficient to reduce the flame speed to the stream velocity.

Hence, a flat flame is established.

A series of modified Fowling burners have subsequently been 

developed but it was not until Hoelscher (1957) that there was a signi

ficant departure from the design principles of Fowling or Botha and 

Spalding. Fristrom and Westenberg (ref. 12) suggest the following 

explanation for the operation of Hoelscher*s burner. The unburned 

gas velocity is slightly greater than the flame velocity at the throat 

of the burner but beyond the throat the stream diverges so that the 

balancing point is reached because the increased cross section reduces 

the unburned gas velocity to equal the flame velocity. A plate above



the flame has the purpose of suppressing the tendency to form a 

conical flame by providing a flat reference surface, (See Fig. 2.)

The equalization of reactant velocity to flame speed through 

heat conduction and hence the stabilization of a planar reacting 

surface as established by Botha and Spalding is the course pursued in 

the design and construction of the burner of this study.

B . General Theory

To fully comprehend the advantages afforded by the flat flame 

burner in flame studies, it is profitable to briefly examine some of 

the aerodynamics of flame propagation. For the quasi one-dimensional 

flat flame, the continuity equation

y°A\/ = Ao Vo - tvi (1)
applies. Density is determined from the equation of state

= _EM_. (2)RoT
Combining equation (1) and (2), velocity at any point in a flame is 

related to temperature by

 ̂ rh RoT (3)

Fristrom and Westenberg (ref. 12) call the conserved mass flux m 

the eigenvalue in the solution of flame equations. The initial vel

ocity vQ (the velocity normal to the flame front at the point of first 

sensible temperature rise), is called the flame speed and is the 

parameter most used to characterize a flame. Fristrom and Westenberg 

point up the difficulty in defining the initial point where the gas



velocity becomes the flame speed. The flame front which has sub

stantial curvature will have aerodynamic influences which vary the 

velocity before there is a rise in temperature. With other than a 

purely one-dimensional flame (which is approximated by the flat 

flame), the determination of the reference area is somewhat arbitrary.

Fristrom and Westenberg (ref. 12) suggest that the two major 

questions of flame aerodynamics are (1) whether or not the flame speed 

is a characteristic function of the initial gas mixture and (2) how 

to determine the relationship between the theoretical one dimensional 

flame velocity and the velocity measured on flames which have sensible 

curvature and stream tube expansion. Fristrom (1956) and Lewis and 

Von Elbe (1943) have experimentally sought the answer to the first 

question and generally concluded that with unducted laboratory flames, 

initial flame speed invariably depends upon the pressure, temperature, 

and initial gas composition. It is not a function of total flow rate, 

burner configuration, flame geometry (other than local curvature), or 

external aerodynamics. The answer to the second question must be 

prefaced with the fact that for highly accurate flame speed determina

tions, not even the comparatively slight changes in stream tube cross 

sections of the flat flame are negligible With this in mind, the 

idealized flame speed is defined as

vt (4)

where Ar is the ratio of the stream tube cross sectional area prior 

to reaching the reaction zone to that at the reaction front. Ar is



closer to unity for the1 flat flame burner than for any other burner 

system.

Observation of microscopic particles injected into the flow 

stream offers the most direct technique for studying flame aerodynamics. 

Since for obvious reasons the whole realm of flame aerodynamics cannot 

be covered here, this discussion will be limited to aerodynamic observa

tions pertinent to flame speed determination. Fristrom and Westenberg 

(ref. 12) are among the foremost advocates of the particle track method 

of flow visualization of flames and offer a comprehensive review of 

this system.

Aerodynamic measurements using particle tracers require visual

ization of their paths and quantitative measurements. Direct measurement 

of velocity is possible using photography with proper timing and illum

ination. The burner system must be capable of injecting particles in 

conjunction with necessary optical and illumination equipment. Fris

trom and Westenberg (ref. 12) suggest a system whereby after injection 

photographs produce a pair of negatives. One of these fixes the 

position of the particles and the other displays the time intervals. 

Distances are then determined and as a result of a series of expo

sures, velocity is obtained using the simplified definition of dis

placement per unit time.

Errors introduced by the particle track method encompass 

three effects. These are physical, chemical, and directional, i.e., 

particle stray from the flow stream.
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Physical effects are generally two-fold. Particle density 

if not carefully regulated could disrupt the flame structure to the 

point of extinguishing the flame. In addition there is a certain 

amount of heat transfer to the particles. However, the energy dis

sipated by the heat absorption of the particles is relatively 

insignificant. Hence, physical disturbances are negligible for all 

but the most exacting determinations. Errors caused by chemical 

effects are more difficult to isolate. Particles can accelerate, 

inhibit, or modify the course of the reaction. When feasible, reduc

tion in particle density will'minimize these effects.

When passing through a flame front, the drag force on the 

particles must balance the acceleration force. Fristrom and Westen- 

berg (ref. 12) estimate the error (the difference between gas velocity 

and particle velocity) by equating these two forces using Stokes Law. 

Their estimation is based upon the use of spherical particles which 

are large compared to the mean free path.

By Stokes Law, the drag force is given by

drag L

where = average gas viscosity

A V  -a relative velocity between particle 
and gas » slippage 

r =s particle radius.
Solving for after equating the drag force to the average accelera
tion force shows

(5)
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where m = mass of the particle of density or

m  =_±TT r3̂ 3

and "a" Is dependent upon the initial velocity, final velocity, and 

time passed in the reaction region. Hence

-  _  ccTfx  To'f-av?
€L~  ZL = 2 L

where according to reference 12 L is the flame thickness in cm given

by the empirically determined equation

^ p v0
where p = pressure in atmospheres, v q » flame speed in cm/sec.

Using the above expression for a, L, and M, equation (5) becomes

av r ! ^ C C y  To)2- UVcP 
Vo 22.5" ̂  (6)

solving for [f gives

4.7 f^(AVZV0)
Vo Lj>?LCT^T0y-aS. (6a)

Equation (6a) gives the particle radius suitable for whatever is the 

allowable % velocity error A V / V 0 . Reference 12 graphically 

portrays the range of applicability of particle track techniques* 

(See figure 3.)
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Thermomechanica1 effects caused by the formation of tempera

ture gradients reflecting the imbalance in molecular collisions on the 

burned and unburned side of a particle are another source of error 

in particle track studies. Reference 12 terms this phenomena a 

"macroscopic analog of thermal diffusion." If the particle is small 

compared to the mean free path kinetic theory techniques are applic

able. Particle velocity as influenced by thermomechanical effect 

is represented by
x / = A  dtvtM

where A. = thermal conducitivity, P = pressure and c is the thermal 

coefficient for molecular collisions.

The thermomechanical effect diminishes pronouncedly when the 

particle is large compared with the mean free path. The random or 

Brownian movement of a small particle attributable to imbalances of 

molecular collisions is also minimized for large particles.

If the investigation is to be totally comprehensive the 

effects of gravity on the particles must be considered. The velocity 

defect caused by the force of gravity is determined by

a v  = p.2gy>gra c msec
where g is the acceleration of gravity. In normal applications this 

effect is negligible.

Salt (1959) summarized the essential considerations when 

use of the particle track techniques in flame studies is contemplated.
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The most noteworthy of these include:

a. Flame disturbances introduced by probes or pitot tubes 

are avoided.

b . Spatial resolution of flame properties is more defini

tive than with many other techniques.

c . Particle track techniques are suitable for low pres

sures,

d. Random straying of particles away from the flow vector 

complicate accurate evaluation of gas streamlines and 

velocity.

e. Good fidelity of flow and photographic definition require 

proper selection of particle size.

f. Illumination and timing equipment place stringent require

ments on photographic techniques♦ This entails the 

acquisition of elaborate equipment.

Lewis and Von Elbe (1961) exhaustively explore the possibili

ties of particle track techniques to include theoretical considera

tions, limitations, and suggested apparatus.

Botha and Spalding (1954) devised an imaginative technique 

for determining flame velocity which is applicable to the geometry 

of the flat flame. As previously stated, because of the highly 

definitive area, flame velocity closely approximates the one dimen

sional ideal, i.e., the flow rate divided by the area. Using this 

method to define flame speed introduces a discrepancy when compared

to the open tube burner because of the lower input enthalpy and
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final temperature as a result of heat transfer to the flat flame 

burner. Botha and Spalding resolved this problem by measuring the 

heat rejected to the burner and extrapolating the flame speed vs. 

heat rejected to adiabatic conditions. Experimentally verifying 

this theory, Botha and Spalding measured the following quantities :

(1) The total amount of heat (Q) absorbed by the cooling

water jacket. The fuel-air mixture entering the 

burner is maintained at 61 F and at atmospheric 

pressure.

(2) Mixture ratio, i.e., volume of propane per unit volume 

of propane/air mixture.

(3) Total volume flow rate of propane/air mixture. Keeping * 

the total flow rate constant for a series of experiments 

in which the mixture ratio is varied from the upper to 

the lower limits of combustion, the heat absorbed from

the flame is found to be a function of the mixture ratio

i.e., Q = F(q) for nearly constant S^^Q . When a certain

mixture ratio is held constant, the following function 

applies:
Sgi° = f (Q) for constant q 

where S610 = flame speed.

Botha and Spalding (1954) graphically depicted a method of 

extrapolation of the adiabatic flame speed as shown in Figures 4, 5,

6, 7, 8, and Table 1. Figure 4 shows Q as a function of q using a 

series of curves of nearly constant flow speeds for which the mean
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values vary from 3.6 cm/sec to 45.9 cm/sec. Table 1 lists the 

mixture flow velocity for the different curves for q = 4.2%.

Figure 5 shows the variation in flow rate using curve 9 of fig

ure 4 as a typical illustration. Note that a q of 4.2% (slightly 

greater than stoichiometric 4.02%) fixes the maxima for all curves 

of figure 4. Flame speed as a function of Q with q kept constant

is shown by figures 6 and 7. Note that figure 6 is for values of

q «£. 4.02% and figure 7 is for values of q 4.20%. The plot of

this function illustrates the linearity of q with respect to the

heat extracted and the flame speed over a wide range. Extrapola

tion of the linear portion of the constant q curves to the inter

section of the flame speed axis (Q = 0) gives the adiabatic flame 

speed at the associated values of q. Figure 8 shows flame speed 

(S&i°) as a function of q for different values of Q. By defining 

the upper and lower limits of the linear portion of the curve of 

q = 4.2% (see Fig. 7) <, the following empirical equation relates 

the flame speed (Sg^o) to heat extracted.

(S^^o) = 41.7 - 8.98 Q

The general form of the equation applicable to other mixture 

ratios is given by

XS^io) = & - BQ

Where A and B are constants corresponding to the linearity limits 

of a given mixture ratio.



CHAPTER . 3 

BURNER SYSTEM DESIGN AND ASSEMBLY.

A- Geaeral Layout

The- schematic: as shown in Fig, 9 displays the relationship 

between components of the. burner;system; It.is to be noted that 

wherever - possiblevcomponents and materials already available-were 

used in the:fabrication of the system.

Air;from■a receiver:tank (A)) maintained at 125 psi is 

delivered to> a high pressure stainless steel needle:-valve (B)^

Flow via 1/4 inch O'.D. copper tubing then proceeds through a 

250 ml capacity pyrex gas washing bottle (Q) containing calcium 

chloride:for;drying purposes. The.air then passes through a 

Fischer-Forter:variablerarea flowmeter (E)). The; air now flows to 

the particle injection system which consists of a 1 liter capacity 

pyrex three-neck distilling flask (G); containing magnesium oxide, 

with the inlet and outlet openings sealed with rubber stoppers 

through which pass 1/4 inch copper.tubing. This tubing is spliced 

together with tygon tubing to permit the use of tube;clamps to 

shut off the flow of air through the;flask when particle injection 

is not desired. A copper tube;tee fitting (P) is used at both the. 

inlet and outlet of the flask. Between these tees is a needle 

valve (H)iwhich is closed when particle injection is desired. The 

air is subsequently mixed with propane.in a mixing chamber (I);and
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the fuel mixture in proper proportions now pass into the base of 

the burner (J).

Propane follows the same sequential path from a bottle of 

liquefied propane (L.P») (M) to the mixing chamber bypassing the 

particle injector.

B . Burner Housing Design

The establishment of a flat flame is essentially a problem 

of producing perfectly uniform parallel flow at a short distance 

above the burner housing. The achievement of this laminar flow 

pattern is not critically dependent upon the size of the burner 

housing. To take advantage of existing laboratory facilities, a 

1-3/8 inch diameter brass burner tube was chosen. The burner is 

dimensioned to conform to a combustion tunnel which has a 3-1/2 inch 

nozzle enclosed by an 18 by 18 inch pyrex stack. See Fig. 10(b). 

The tunnel is equipped with schlieren and particle track photo

graphic equipment. The burner housing is designed to be inserted 

into the nozzle of the tunnel to rest at the proper height to 

utilize the particle-track and schlieren equipment. The partially 

glass enclosed stack serves the twofold purpose of providing photo

graphic access to the flame and protecting against drafts. The 

existing design of the tunnel necessitated the insertion of the 

fuel mixture line and the water inlet and outlet lines through the 

top of the nozzle. Hence the reason for the allowance for space 

between the burner housing and the edge of the nozzle.
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The burner’s 8 inch length allows sufficient travel time 

for the fuel mixture flow to be broken up by layers of glass beads 

and hence become thoroughly mixed. These layers are initially 

supported at the base of the burner by a 60 mesh wire screen and 

extend to the three 1-3/8 inch porous bronze sintered discs, the 

top disc being soft soldered to the burner lip.

The three porous bronze discs, positioned so that the top 

disc is flush with the burner lip, cause the flow to be uniform 

as it leaves the burner tube. They also act as the medium by which 

heat is transferred to the cooling water jacket. They are sintered 

to the desired porosity using the techniques of powder metallurgy. 

Consideration for the design of the discs include:

1. The disc must be closely packed enough to be a good 

conductor of heat.

2. It must be porous enough to allow the penetration of 

4 to 20 micron diameter magnesium oxide particles.

3. Allowance must be made for the back pressure build-up 

and clogging.

The sintered bronze discs used in this system were fabricated from 

grade 340 filter material stock donated by the Chrysler Corporation, 

Amplex Division.

The cooling water jacket runs the length of the burner tube 

with a 5/16 inch inlet at the bottom and two 1/4 inch outlets at the 

top. See Fig. 11 for a schematic of the burner.



C . Ancillary Apparatus

Since sources of air and propane are available at pressures 

which are greater than that required for metering, the pressures are 

reduced by means of needle valves. The valves are standard high 

pressure stainless steel needle valves.

Mercury manometers are placed immediately upstream of the 

flowmeters. Since the flowmeters are factory calibrated for 

14.7 psia and 70 F, any significant variation in pressure or tempera

ture must be considered when determining the volume rate of flow at 

the burner exit. Neglecting the pressure drop across the flowmeters 

(1.2 inches of water), equating drag forces gives
A - Vs A

where is the density of the fluid at? the meter, \/m is the

velocity of the fluid at the meter, A is the flow area at the flow

meters, is the density under factory calibration conditions

(standard), and Vs is the standard velocity. ^  is given by the 

equation of state

It follows that

The apparent volumetric flow rate is shown by 

Q = AVS which suggests
/:



By the continuity of mass

Q*m - w/%,

20

where Ck®* is the ambient volumetric flow rate (flow at the burner 

exit). It follows that

If the temperature change is insignificant, Q& can be expressed as

When determining the air/fuel ratio, the following relationship fol

lows from the above considerations

meters. The meter used for propane measurements is of tri-flat tube 

configuration with a maximum flow rate capacity of 1910 scc/min air 

at full scale reading at 14,7 psia and 70 F. The annular cross- 

sectional area between the float and the tube is expressed in terms 

of a ratio of the tube diameter to the float diameter. This diameter 

is conveniently expressed in terms of a scale reading which when 

referenced to the propane calibration curve gives the flow rate in 

scc/min of propane.

or

a CmO
p v/^ue/ GLaC£u@D Mguel Q.ac£ueo

The flowmeters are standard Fischer-Porter variable area
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The air meter has a maximum flow rate capacity of 1.12 cfm 

air at 14.7 psia and 70 F. The total pressure drop across the meter 

is 1.2 inches of water with a minimum pressure for gas service of 

5.5 psia. Flow rates are indicated by a standard percentage scale.

The particle injector is based upon a scheme suggested by 

Fristrom and Westenberg (Ref. 12). See Fig. 9. Air flow through
o -othe flask picks up the magnesium oxide particles and carries them 

into the mixing' tank. The needle valve within the injection system 

is closed when particle visualization is desired. Initially it may 

be necessary to disturb physically the flask to produce the desired 

density of particles suspended in the passing airstream.

To assure complete mixing of the air and propane, a mixing 

tank containing glass wool is provided just prior to the mixture 

entering the burner tube. Fig. 10(a) is a photograph of the control 

panel.



CHAPTER 4

OPERATION OF THE BURNER AND TEST RESULTS

The first test of the design validity of the burner system 

under study was conducted with a burner somewhat different from that 

previously described. The local inaccessibility of suitable material 

to fabricate the bronze sintered disc led to interim experimentation 

with a functional substitute for the disc.

The edges of twelve 60 mesh brass screens 1-3/8 inches in 

diameter were carefully soldered together to form a "disc" 3/16 inch 

thick. A tandem of two of these "discs" were placed in the top of 

the burner. A volumetric flow rate was determined for a stoichiometric 

mixture of 97% pure propane and air for a burning velocity of 10 cm/sec. 

A slightly rich mixture was used to assure that the b u m  rate would 

slightly exceed the flow rate. The burner was ignited using a propane 

bottle whose flame holding stem was inserted through a small hole in 

the stack of the combustion tunnel. Both flat and cellular flames 

were obtained but both flame structures clung to the surface of the 

screen disc. The spectrum of flame structures ranged from the upper 

limit very rich bunsen type flame sequentially to a large single cell, 

a smaller dominant center cell with several concentric smaller cells, 

a uniform distribution of smaller semi-hemispheric cells, a flat 

flame, and subsequent blow off of the flame. No amount of adjustment 

of the mixture composition would induce the flame to lift off and
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remain at a fixed position above the top disc of screens. Analysis of 

these results suggested that the screens did not provide sufficient 

heat conduction to the water jacket thereby failing to impede the 

tendency of the flame to attach itself to the surface of the top screen-. 

Later the screen discs were replaced with three sintered bronze 

discs each 1/8 inch thick. Initially, the results were identical to 

those obtained with the screens except for very lean mixtures which 

tended to form unstable rTUM shaped flames when lifting off the surface 

of the discs followed by an immediate blow off. An innovation suggested 

by Fowling (Ref. 26) remedied this tendency. A 60 mesh screen con

toured to a 4-1/2 inch ring support was placed directly in the path 

or the hot products of combustion. This obstacle to the path of the 

burned products offsets the tendency of the cooler and more dense 

surrounding gas to displace the burned products. This disturbance of 

the unburned products can prevent the establishment of a stable flame.

In addition to this suppressing action, the screen acts as a reference 

surface for the flame. The resultant flame is flat in the center but 

tended to turn upwards at the edges. See Figure 12. The curled up 

ends can be attributed to the unavoidable mixing with the surrounding 

air and the repelling effect of the cooler edges of the discs caused 

by their proximity to the cooling water jacket. That a certain amount 

of surrounding air influence is unavoidable was demonstrated by 

unsuccessful attempts to neutralize this disturbance by such schemes 

as the use of an air current deflector contoured to the outside 

diameter of the 1/4 inch projection of the burner tube above the water
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jacket and extending approximately 1 inch beyond the burner’s edge. 

This modification produced no significant change in flame geometry.

The presence of the screen above the flame causes energy to 

radiate back on to the porous discs. This effect tends to be con

trary to the objectives desired in the burner of the type suggested 

by Botha and Spalding. It will be recalled that in the case of 

Botha and Spalding's burner, the flat flame was established 

by presenting a "cold”, and thus repelling, reference surface to 

the slightly rich fuel air mixture. This observation suggests that 

the effectiveness of the latter technique is contingent upon the 

absence of significant radiation effects caused by an obstacle in 

the path of the burned products. Associating this deduction with 

the negative results obtained prior to the use of the screen, 

emphasizes the importance of an effective cooling system. The maxi

mum flow rate of the available tap water used for the burner of this 

study is approximately 2 gal/min with the temperature being 73 F.

The aforementioned observations suggest that this is inadequate.

In an attempt to obtain more cooling, a gallon mixture of 

denatured alcohol and dry ice was gravity fed through the cooling 

jacket of the burner. The temperature of the mixture was consider 

ably below -30 F causing frost to form on the surface of the cooling 

jacket. Using a mass air/fuel ratio of 17*8:1, a flame much flatter 

than previously obtained without a screen was established about 

1/8 inch above the disc. This was slightly richer than mixtures 

previously yielding a flat flame which lends some support to Botha
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and Spalding’s findings. However, the effect of the extremely cold 

surface below the hot products was not as pronounced as expected. This 

observation can possibly be resolved in a future study by the addition 

of the necessary thermocouples to ascertain the effects of precooling 

the fuel air mixture upon the establishment of a stable flame,

Although all the flames obtained had upturned edges> they 

are suitable for accurate measurement of flame speeds particularly 

for flames faster than 6 cm/sec. Badami and Egerton (1954) suggest a 

correction for the deviation from flatness by adding 2a\T&

to the diameter of the flat portion of the flame where "a” is the

average distance between the visible edge of the flame and the point 

of initial bending of the flame from the horizontal. Although not 

specifically outlined by the authors, this correction factor appears 

to be derived from an assumption of a 45° angle between the upturned 

edge and the horizontal with ”a” being the horizontal projection of

the upturned portion of the flame.

Since particle track measurements require only a flat segment 

of the flame, the flat center portion of the flame suffices for a 

trace of the particle rise from the burner to the flame. Flame speed 

is determined by time-distance measurements of the particle from the 

instant it issues from the burner tube until it passes through or is 

deflected by the flame front„ The compatibility of the system to 

particle track studies was verified by observing particles of magnesium 

oxide issuing from the burner port. Some clogging occurred until the 

mixing tank containing glass wool was removed» This problem can easily 
be eliminated by ’’sizing” the particles to be injected.
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Flatter and more stable flames were obtained with air flows 

of less than 0.35 CFM.

Table 2 illustrates the flow rates and flame descriptions 

for a typical regime study of flames from the flat to the bunsen 

type. Figures 13, 14, 15 are photographs of the various stages of 

cell formation. Figure 16 is a shadowgraph of a typical flame.



CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

To summarize briefly this thesis, the initial section con

tains a historical sketch of previous investigations of the flat flame 

burner with emphasis upon the more imaginative innovations and the 

synthesis of these ideas in succeeding studies. The general theory is 

interwoven into the historical sketch with a special section on the 

aerodynamics of flame propagation. This is followed by specifics on 

design and assembly of the system supplemented by appropriate figures 

and tables. Next, burner operation is outlined by means of test 

results.■ The amount of specific experimentation is limited since 

this is beyond the objective of this project.

The design and construction of the burner of this study is 

rudimentary. The results, however, show that the concept is sound 

enough to warrant more sophisticated extensions of the system.

Paramount to increasing the flexibility of the system, i.e., 

extending the range of flame speeds for which flat flames are obtain

able, is the improvement of the cooling system for more uniform 

cooling of the porous discs. Results of this study have indicated 

that uniform cooling may be equally as important as the amount of 

cooling♦ The use of a series of concentric water jackets following 

Botha and Spalding (1954) is one solution.

A feasible design change for flattening the edges of the 

flame is to recess the discs in the burner tube about 1/4 inch to

27
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channel better the flow streams to minimize the diffusive effects 

at the,edge of burner port.

The importance of temperature considerations for most inves

tigations makes it mandatory to incorporate thermocouples in the 

system at critical points.

Other improvements that could be incorporated into the system

include:

1. The use of reducing valves immediately downstream of the 

air and propane tanks.

2. Flow metering using capillary meters for finer control.

3. Providing for access to the interior of the burner tube 

for better particle injection control.

4. A glass enclosure specifically designed for the system 

for added convenience and flexibility.

The flat flame burner developed for this thesis represents 

the foundation for combustion studies encompassing a substantial 

portion of the less investigated areas of laminar flame propagation.

The potential of this system when optimized can best be illustrated 

by suggesting applicable areas for future experimentation and the 

necessary additions and modifications.

This system is ideally suited for studies of combustion 

limits. Since the flat flame is a free flame, it is not cooled or 

poisoned by surface action at very slow speeds. Extremely accurate 

flow measurement and extremely precise flow control are necessary 

at the upper and lower limits of inflammability. G . Dixon Lewis and
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G. L. Isles (1956) in their studies of the lower limit of inflammabil

ity suggest externally heating the gauze or perforated plate above the

burner tube to reduce the possibility of quenching by the compara

tively cool surface which would exist above the flame.

Badami and Egerton (1955) used a cathetometer, a device for 

measuring the diameter of a flame, to determine the burning velocity 

of several hydrocarbons according to the following relationship:

S = ^ where Q is the total flow rate and A is the area of the luminous 

disc of flame.

For rich mixtures the flat flame undergoes a transformation to 

a semi-diffusion type flame very similar to that of a bunsen burner.

Of particular interest is the formation of the bunsen type inner 

cone. As the mixture is leaned out but still on the rich side of 

stoichiometric, the inner cone breaks down into a configuration much 

like honey-combed hemispheres. Each individual cell is clearly 

defined by the formation of nodes between them. The number of these 

cells appear to increase as the mixture becomes leaner until the 

corrugation begins to smooth out to a flat flame front. Lewis and 

Von Elbe (1951) suggest that "preferential diffusion" is the basic 

for this phenomenon. Botha and Spalding (1954) questioned the all 

inclusiveness of this hypothesis and suggested other instigating 

mechanisms since cells have been observed with mixtures of all com

positions. The latter also point out that Markstein (1951, 1952) 

claimed that the formation of this corrugated cell structure in 

turbulence free streams must be interpreted as an "instability of
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the flame front." Markstein showed that deviations of streamlines 

from other than parallel flow tends to magnify any discrepancies in the 

flame front. An associative effect is a divergence of the streamlines 

from the salient of the flame front causing a decrease in flow velocity 

which encourages salient growth in the upstream direction thus giving 

way to the formation of a cellular structure.

As previously mentioned this cellular flame was obtained in 

the tests of the design of the burner of this study. These results 

further substantiate Marksteinf s findings and point up the versatility 

of the flat flame burner. As of this writing, no experimental evidence 

has been uncovered indicating the actual stream velocity upstream of 

the salient of the cell. This gap in our knowledge of flame structures 

suggests a fruitful area for further study with the flat flame burner.

Friedman (1953) measured the temperature profile of a laminar 

propane flame by sweeping a thermocouple from approximately 0.3 cm 

upstream of the luminous zone to about 0.2 cm downstream of the zone. 

The geometry of the flat flame burner makes it ideally suited for 

temperature profile studies because of its clearly defined flame front 

free of any surface influences.
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4

Fig. 9 (Appears on back of this page.)
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(Legend for Figure 9)

125 psi air reservoir

High pressure stainless steel needle valve

250 ml capacity pyrex gas wash bottle containing calcium

chloride as a drying agent

Mercury manometer

Fischer Porter flowrator, maximum capacity 1.12 SCFM air,

% scale

Fischer Porter Flowrator, maximum capacity 1910 scc/min air,

Dt/Df scale

1/4" copper tubing

1 liter capacity, 3 neck distilling flask containing 

4 to 20 micron magnesium oxide

Stainless steel needle valve which is closed when particles 

are injected into flow stream

6M X 3n copper mixing tank containing glass wool 

Burner Housing

5/16" copper tube water inlet 

1/4" copper tube water outlets 

125 psi propane tank 

Propane tank control valve 

Stainless steel needle valve 

1/4" copper tube tees
All connections are made with 1/4" copper tubing or tygon 

plastic tubing unless otherwise specified.



Fig. 10(a). System Control Panel

Fig. 10(b). - Burner Mounted in 
Combustion Tunnel
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Fig. 11. (Appears on back of this page.)



(Legend for Figure 11)

A Water inlet

B Water outlet

C Water jacket

D 60 mesh screen

E Glass beads

F Silver solder

G Copper water jacket and burner housing

H Gas mixture inlet

I Sintered bronze discs
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Fig. 12. - Flat Flame
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Fig. 13. - Initial Cell Formation



Fig. 14. - Intermediate Cell Formation



47

z
Fig. 15. - Single Cell
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Fig. 16. - Shadowgraph of Flat Flame
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TABLE 1

Ref: Figure 4, q = 4.2%

Curve No. , Flow Speed
(cm/s)

 1    . .    Vu = 45.9

2 . .  ............................... ' .............. 40.7

3 . . . .  ' ......................................  37.9

 4 ................ ' ...........   35.5

5 . . .  .......................    33.0

 6 ...............................   29.0

7(a) . . . . . . . . .  ...............................  24.9

7 ( b ) .................................................  25.7

 8 .................    22.5

 9 .............................    18.5

1 0 ...............................   14.4

11 .  ...................................................... 9.3

1 2 ..........................................................  5.6

1 3 ..........................................................  3.7



TABLE 2

PRO RAN £. 
CFM
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0*0071 O . Z240 2Z- X
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X _  >

0.0113 0,2240 8.55/ Cfi2L S  5^ 6 /A/ T O  FCV?M

0.0/94 a  2240 7-6X C E L L S  EH LARGE WITH V5U Q W  CENTER 
CONE START INC, TO FORM

o. ozot 0,2240 7.3^ SINGLE CENTER CQNE 
(BUNSEN TYPE FLAME')

Typical Flame Regime
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