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ABSTRACT 

An experimental investigation was conducted to 

study the effect of the flame holder on the stability of 

laminar propane-air flame-fronts, and to study the flow 

field in the recirculation zone of the flame holder. Both 

schlieren and particle track photographs were taken* 

Cylindrical flame holders of 3/8 and 5/8 inch diameter were 

used, the nominal mixture speed ranged from 5 to 25 ft/sec, 

and the air-propane mass ratio ranged from l6.5 to 22. 5 • 

The flame holder influence, on flame stability was 

studied by rotating the flame holder about its longitudinal 

axis thereby changing asymmetrically the velocity gradients 

on the two sides of the flame holder. It was found that 

the velocity gradient at the flame holder surface is not a 

controlling factor in the stability of the flame-front, but 

that the amplitude of distortions on the flame-front 

depends to a large extent upon the manner in which the 

unburned gases enter the flame as they pass over the flame 

holder (i.e., whether or not the flow is streamlined). 

A cut-off wave length of flame-front distortions 

(the flame-front is unstable to wave lengths which are 

longer than the cut-off wave length) was observed in the 

rotating flame holder experiments; the magnitude of this 

wave length is from two to five times greater than that 

x 



xi 

which had been obtained in experiments by others in which 

the flame holder was horizontally vibrated. This differ

ence appears to be due to an effect of flame holder 

diameter. 

Particle track photographs of the flow field in the 

recirculation zone were obtained without flame holder 

rotation. At the richer mixtures, the vortices observed 

in these pictures remained in a symmetric configuration; 

however, as the air-fuel ratio approached that of the lean 

limit, definite alternate shedding of these vortices was 

observed. Measurements of average vorticity were made in 

the recirculation zone, and the observed trend was that 

this quantity decreased as the mixture became leaner. The 

quality of the particle track photographs, was limited to 

some extent by the capability of the particle track 

i illumination system. 

Recent stability analyses were critically reviewed 

and their predictions as to flame stability were compared. 
a* 

The prediction that the flame is unstable only over the 
I I 

range of -wave lengths which are greater than the cut-off 

wave length was substantiated experimentally, whereas the 

conclusion that viscosity has an unstabilizing influence 

was refuted on an analytical basis. 

A slight extension of the Markstein stability 

theory was performed. This extension allowed for possible 

upstream vorticity whereas the Markstein theory does not. 



The experimental data obtained did not agree as well with 

this extended theory as it did with the original unmodified 

Markstein theory. It was felt that this was due to the 

fact that the conditions of the experiments performed in 

this work matched more closely with the mathematical model 

of the Markstein theory than with the extension of his 

theory. 



CHAPTER I 

INTRODUCTION 

The detailed study of the reaction mechanism 

occurring in a flame has long been the province of the 

physical chemist, whereas the engineer has been interested 

in combustion processes only insofar as predictions could 

be made about such things as the overall efficiency of a 

boiler or of an internal combustion engine. However, as 

devices such as the jet engine became an important means of 

propulsion, it became a necessity for engineers to under

stand the inter-relationship between flow phenomena and the 
t 

combustion process • •' 

The flow in the combustor section of a jet engine 

is very likely turbulent, and any attempt to make analyt

ical predictions with a turbulent flow field involving a 

chemical reaction is extremely difficult. Some aspects of 

the problem may be treated from a purely hydrodynamical 

viewpoint wherein the details of the chemical kinetics are 

lumped into parameters such as the flame speed and the 

density ratio between the unburned and burned gases* Even 

after making a simplification such as this, analytical 

predictions in turbulent flow are very difficult to obtain, 

and the designer must rely heavily on experimental results• 
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The results of experimentation are of course most 

useful if they can be put in as general form as possible, 

and this is much easier to do if the experimenter has a 

very good understanding of the problem at hand. The study 

of turbulent flames is an area in which the basic processes 

are not fully understood. Therefore much work has been 

done in the area of laminar flames in the hope that a more 

complete understanding of the laminar flame process will be 

helpful in future work concerning turbulent flames. 

The terms laminar and turbulent as applied to flames 

have not been well defined in the literature although they 

are used often. For the purpose of this work a laminar 

flame is considered to be one in which the flame-front (the 

zone which separates the unburned gases from the burned 

gases) is locally well defined as viewed on a schlieren 

photograph. The present work was started with the hope of 

adding to the general fund of knowledge concerning laminar 

flames and their stability. 

The word "stability" when referred to the theory of 

flames may have two different meanings. One meaning per

tains to whether or not a flame will maintain itself on a 

flame holder over a range of air-fuel ratios and approach 

velocities. If the flame can be maintained or stabilized 

for a certain air-fuel ratio and mixture velocity, the flame 

* is said to be stable. The limits of stability are usually 

referred to as flammability limits, the lean limit or rich 
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limit at which the flame will be held by the flame holder. 

The second meaning pertains to whether or not the amplitude 
i 

\ 

of small fluctuations of physical quantities (pressure, 

velocity, temperature, etc.) increases or decreases with 

time. A stable situation is one in which the amplitude of 

a disturbance decreases with time. It should be pointed 

out that instabilities in terms of the latter definition 

could lead to an instability in terms of the first defini

tion o For example, the amplitude of a temperature fluctua

tion might grow sufficiently so that local cooling (due to 

a temperature depression) would cause the flame to cease 

propagating. In what follows the second meaning for the 

word "stability" or for the term "flame-front stability" 

will be used unless otherwise noted. - -

The problem of flame stability is not completely 

understood. For example, it is known that the turbulence 

produced by a screen situated normal to an isothermal flow 

decreases in intensity fairly rapidly as one moves down

stream (Dryden, reference 4).*" Yet if a screen is placed 

upstream of a laminar "Vee" flame (a flame which has the 

shape of a V with the flame holder at the point of the V) 

which propagates from a flame holder, the disturbances of 

the flame front can become greater aa one moves downstream 

along the flame front (Petersen, reference 19)• Apparently 

1. Numbers in parentheses refer to cited 
references. 



through some mechanism of the combustion process itself, 

disturbances can be amplified, and the purpose of a 

stability analysis is to predict whether or not disturbances 

will be amplified. In addition to this, there appears to 

be interaction between the two wings of a "Vee" flame. 

This may be demonstrated by placing a wake producing rod 

upstream of one of the wings of a "Vee" flame which 

initially was fairly symmetric in appearance. The wing of 

the flame downstream of the wake producing rod becomes much 

rougher as was expected whereas the opposite flame wing 

appears to become smoother which was not expected. Figure 

1 shows this "anomalous effect." It should be noted that 

no turbulence producing screen was used in Figures la and 

lb. 

Before attempting to analyze the problem of 

stability, the steady state solution of the governing 

equations usually must be known. Unfortunately, no general 
\ 

t\ 

analytical solution for the propagation of a steady laminar 

flame has been obtained. Assumptions which have been made 

by investigators in attempts to analyze this problem and 

its stability are that the flow is two dimensional and 

inviscid (some investigators have included the effect of 

viscosity), that the average molecular weight of the pro

ducts and reactants is the same, and that the mass dif-

fusivity and thermal diffusivity are the same (Lewis number 

is unity). If assumptions such as these are not made, 



a) Air-Propane Mass Ratio = 22*3) Flame Holder 
Diameter = 5/8" -> Mixture Speed = 15 ft/sec 

b) Conditions are the same as in (a) above except 
that 1/8" diameter rod is upstream of left 

hand flame-front 

Figure 1 Anomalous Effect 



numerical methods must usually be used to obtain a solu

tion. In addition to the above assumptions, the stability 

analyses found in the literature to date have neglected the 

influence of the flame holder. 

The present work was started in an attempt to gain 

more understanding of the influence (if any) of the flame 

holder on the stability of a laminar "Vee" flame. The flow 

field about a cylindrical flame holder was changed by 

rotating the flame holder about its longitudinal axis so 

that the velocity gradients on opposite sides of the flame 

holder would be changed asymmetrically• The fact that the 

resulting flame-front appearance was asymmetric with rota

tion shows that the presence of the flame holder does play 

a role in flame-front stability. A study also was made of 

the character of the pair of stationary vortices which 

occur immediately behind the flame holder both with and 

* ' 2 
without rotation in the presence of combustion. 

In Chapter II the Markstein stability analysis (l^) 

is examined in detail, and a brief description of other 

stability analyses which have been done to date is given; 

the predictions of these analyses are then compared with 

one another. A description of the experimental apparatus 

is given in Chapter III, and the experimental results and 

2. For some combinations of air-fuel ratio, flame 
holder diameter, and mixture speed, the vortices appeared 
to shed from the flame holder in an asymmetric manner. 
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their relation to the Markstein theory are presented. 

These include many particle track and schlieren photographs. 

The conclusions and recommendations are given in Chapter IV. 



CHAPTER II 

THEORETICAL CONSIDERATIONS 

A Review of Flame Stability Analyses 

A discussion of existing analyses on flame-front 

stability is given below. This will be useful as back

ground material even though it is recognized that these 

analyses do not take into account the presence of the flame 

holder, which is the focal point of the present experi

mental study; the flame holder being the most likely source 

of disturbances to the flame-front. The method of approach 

is that the governing nonlinear differential equations are 

linearized by replacing the dependent variables with a 

steady state solution plus a perturbation. The perturba

tions are assumed to be small, and higher order terms in 

the perturbations are neglected. The resulting differen

tial equations are linear, and the perturbations appear as 

dependent variables with the steady state quantities appear

ing as coefficients. 

A cartesian coordinate system usually has been used 

in which the steady state flame-front is plane and normal 

to the direction of flow. The direction of steady flow is 

taken to coincide with the x axis, and perturbations are 

considered only in the x and y directions. Solutions are 

8 



then found in the form f(x,5)exp(ihy+St) where h is the 

wave number (h = ^ being the wavelength of the per

turbed quantity), and 8 plays the role of an eigenvalue. 

Upon application of proper boiondary conditions at specified 

values of x, an equation in 6 is obtained which must be 

satisfied in order that nontrivial solutions to the dif-

forential equation exist* The system is then stable or 

unstable depending upon the sign of the real part of S 

(stable if the real part of S is negative and vice versa). 

The first analysis of this kind was done by Landau 

(12). He assumed that the flame could be treated as a 

surface of discontinuity between the unburned and burned 

regions. The flow was assumed to be incompressible and 

inviscid, and it was assumed that the flame speed (speed at 

which the flame propagates normal to itself into and rela

tive to the unburned mixture) is a constant. Upon per

turbing the hydrodynamical equations of motion and applying 

the boundary conditions, the following equation was 

obtained: 

&(£ + l)a2 + 26 a - (6 - 1) = 0 (2.1) 

where a = S/eS^h, ^^P^Pb'P *he mass d®**sity, and 

is the steady state flame speed relative to the unburned 

gas. The subscrupts u and b denote unburned and burned, 

respectively, and the superscript * denotes a steady state 
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quantity. It can be shown from this equation that S is 

positive for all values of h since one of the roots, a, of 

equation 2.1 is always positive. Thus Landau's result 

predicted that the flame is unstable to disturbances of all 

wave numbers or wave lengths. 

Markstein's treatment (l4) was identical to 

Landau's except that Markstein assumed the flame speed at 

a point to be a function of the radius of curvature of the 

flame at that point. The flame speed would be greater in a 

region if in that region the flame-front was concave to the 

unburned gases. Markstein's stability condition is given 

by 

£(e + l)a2 + 26(1 + (ihL)a + 2E(AhL - (£ - 1) = 0 (2.2) 

where L is a characteristic length of the order of the 

flame thickness, and the local flame speed is related to 

the radius of curvature of the flame-front R and the 

product |*L by the relation Su = S^(l + ) . The other 

symbols are the same as previously defined. Equation 2.2 

reduces to equation 2.1 if |i = 0. Equation 2.2 is plotted 

in Figure 2 for 6=7* This value of £ corresponds to an 

air-propane mass ratio of about 18 to 1. Thus for |i > 0 

this analysis predicts the flame to be stable only for wave 

numbers which are larger than the cut-off wave number, 

where the cut-off wave number is that wave number at which 

S = 0. The fact that a cut-off wave number does exist for 



MARKSTEIN 
PARLANGE & CHU 
EINBINDER 
£=70,Pre=0.7 

(LANDAU) 

Ref 

V = 0.2 

i \ 
\ 
\ 

DIMENSIONLESS WAVE NUMBER , hL = 2^L 

Figure 2 Comparison of Various Stability Results 

H 
H 
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laminar "Vee" flames, was experimentally verified by 

Petersen (19)• Petersen also showed experimentally that 

the local flame speed depends upon local radius of curva

ture of the flame-front, and he obtained values for the 

product (JUL. Markstein's analysis will be examined in 

greater detail in a later section. 

Einbinder (5)» in a slightly more general treatment, 

included the effect of viscosity and of heat conduction. 

His stability condition is given by 

Me - D<x2 • aed > rs^t-Xx • 
f e f e 

( £ - 1)(1 + --) = 0 (2.3) 
f 

/0£S£L TIC 
where Re» = , Pr = , ^, C is a mean specific heat, 

f Tl ' e k ' p ' 1 e • 
k is an "effective" thermal conductivity which accounts 
e 

for both thermal conduction and mass diffusion, and TJ is 

the viscosity of the unburned mixture. The above equation 

will have a positive root corresponding to unstable flow if 

the constant term is less than zero, i.e., if 

2£hL - (£ _ 1) (1 + <0 (2.4) 
R e P r  R e „  

i e t 

Since the viscous term (^. ) is negative Einbinder states 

that viscosity has an unstabilizing influence. This 
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appears to be an incorrect conclusion. Equation 2.3 is 

plotted in Figure 2 for 8. = 7 and Pr = 0.7« The effective 
t 

Prandtl number (Pr ) was chosen to be 0.7 (Einbinder states 
e 

that Pre=a 0=75 for a flame in which the controlling 

mechanism is thermal conduction rather than the diffusion 

of active radicals) since for most gases the Prandtl number 

is near this value, and it remains fairly constant over a 

wide range of temperature. Examination of these curves 

shows that as the Reynolds number is decreased, correspond

ing to larger values of viscosity, the flame is unstable 

over a smaller and smaller range of wave numbers. In 

addition, for decreasing Reynolds number, the growth rate 

parameter S decreases, which is a stabilizing influence. 

Thus the effect of viscosity is to stabilize the flame. If 

the Prandtl number were decreased (keeping the Reynolds 

number constant), the value of hL at cut-off would be 

decreased. This is a stabilizing tendency. Note that for 

inviscid flow, the Reynolds number goes to infinity, but 

the product of the Reynolds number and the Prandtl number 

is equal to /0?S°L C /k which remains finite. For this 
/ u u P e 

case the flame is unstable if the product hL is less than 

that given by the equation 

hL = Ref Pre (2.3) 



1^ 

Rosen (22) chose to consider the release of an 

instantaneous source of heat over a small region of the 

flame as the source of a disturbance. He reasoned that 

this would cause a temperature perturbation, and he chose 

to neglect the changes in velocity and concentration which 

would be caused by this temperature perturbation. The 

flame speed was assumed to be constant, and the stability 

condition (the flame is stable if this condition is 

satisfied) which was obtained is 

RT. 
i 

- r S *  
DC 2 

^ (2.6) 
i la, 

whereyO , C^, and k are respectively density, specific heat, 

and thermal conductivity, E is the activation energy 

(cal/mol), r is the order of the reaction, and is the 

reaction rate in the rate determining step (l/sec); v is 

the free stream velocity, R is the universal gas constant, 

is the temperature of the products of combustion, and the 

subscript i denotes steady state values at the inflection 

point of the temperature profile through the flame. Rosen 

explains equation 2.6 as follows: "An explanation of the 

occurrence of an inflammability limit due to dilution is 

that as diluent is added, T\ decreases until the point is 

reached where the above condition is no longer satisfied. 

This point is the inflammability limit since a stable flame 
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is no longer possible." Thus Rosen's stability condition 

predicts a flammability limit rather than the growth or 

decay of small disturbances which might cause a laminar 

flame to become turbulent. 

Barenblatt & Zeldovich (2), Menkes (15)» and Adler 

(l) all consider a one-dimensional flame, and only tempera

ture perturbations are considered (the pressure was assumed 

to be a constant throughout the flow field and the momentum 

equation was not considered). Barenblatt & Zeldovich and 

Menkes use a steady state temperature distribution in which 

the absolute temperature of the unburned gases is zero. 

This departs so far from physical reality that any results 

obtained from an analysis of this type should be suspect 

from the very beginning. Considering this assumption, the 

continuity equation yields 

Au  u =AU b (2 ,7 )  

where U denotes the component of velocity normal to the 

flame, and the subscripts u and b stand for unburned and 

burned respectively. For a constant pressure flame the 

equation of state for a perfect gas yields 

-  (2 .8 )  
P" b * 

From relations (2.7) and (2.8) it is seen that 

U u a ^ u  ( 2 . 9 )  
b 
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Thus if T =0, either U =0 (for finite U, and T, ) or 
u u b b 

U, =co (for finite U and T, ). Either case is physically 
b u b 

not very realistic. Both Barenblatt 8e Zeldovich (2) and 

Menkes (15) conclude that the flame is stable to disturb

ances of all wave lengths, which is contrary to experimental 
\ 

evidence. Adler (l) considers the three cases'in which the 

products of combustion (a) receive additional heat from an 

external source, (b) remain at a constant temperature, and 

(c) lose heat to the surroundings. The first two cases are 

found to be stable, and the last one unstable to temperature 

perturbations. 

In the stability analyses of Landau (12), Markstein 

(14), and Einbinder (5)i the flame was considered to be a 

discontinuity of zero vridth as far as the hydrodynamic part 

of the treatment is concerned. Thus kinemati-c matching 

conditions could be applied at the flame-front. Temperature 

and concentration perturbations were neglected so that the 

governing equations were the continuity equation, the 

momentum equation, and the equation of state. In the other 

analyses discussed here (References 1, 2, 15i and 22), only 

temperature perturbations were considered so that the 

governing equations were the continuity equation, the energy 

equation, and an equation of state (the concentration 

perturbations were assumed to be linearly related to the 

temperature perturbations). The finite thickness of the 

flame only entered via the particular steady state 



temperature profile which was assumed, fend no kinematic 

matching conditions at the flame front were necessary; 

Parlange & Chu (l8) attempted the more general problem of 

the flame of finite thickness, and perturbations of 

temperature, velocity, density, and pressure were con

sidered. The solutions obtained within the flame were 

matched at the edge of the flame with those obtained out

side the flame in the burned and unburned regions. How

ever, a difficulty was encountered in attempting to 

linearize the problem within the flame itself. Since the 

displacement of the flame due to a perturbation could be 

as large as or'larger than the flame thickness, the. 

problem could not be linearized within the flame using a 

coordinate normal to the steady state flame front as an 

independent variable. This problem was surmounted by 

choosing the indej>endent variable to be the temperature 

rather than a position coordinate. The stability condi

tion obtained by Parlange 8c Chu is given by 

£(£ + Da 2  + 25(1 + „ ̂  ) + 2ehL 
Re^Pr Re^Pr 

<£ - 1)(1 + j ̂ ) = 0 ( 2 . 1 0 )  

which is identical to that obtained by Einbinder (equation 

2.3) except for the factor of 4/3 in the last term. 
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Equation 2.10 is plotted in Figure 2 for £ = 7, Pr = 0.7» 

and Re^ = 5 and 10. 

Thus in the analyses to date in which only tempera

ture perturbations are considered (with the exception of 

that by Rosen (22) and the case considered by Adler (l) 

where the products of combustion lose heat to the sur

roundings) the flame is found to be stable to disturbances 

of all wave numbers or wave lengths. In the treatments 

where the pressure and velocity are' the quantities of 

interest, the flame is found to be stable only over a 

certain range of wave numbers. Since experimental evidence 

indicates that a cut-off wave number does exist, one is led 

to the conclusion that the hydrodynamical effects must be 

included in any attempt to analyse the stability of a 

flame. A discussion of the relative values of hL at cut

off as obtained by Markstein, Einbinder, and Parlange & 
f-

Chu will be given at the end of this chapter. 

Discussion and Extension of the Markstein Theory 

As mentioned previously, Markstein (1*0 considered 

the flow of an inviscid, incompressible mixture, in which 

the steady state flame front is taken as the y-z plane 

which separates the burned gas from the unburned gas. In 

the burned gas x > 0, and in the unburned gas x < 0. This 

theory is presented and discussed in the following pages, 

and possible extensions are considered upon introduction of 



19 

the boundary conditions. The steady state continuity equa

tion yields p=yO£UIt is seen that 

U° = S° U* = S* = £S# (2.11) 
u u b b u 

where is the steady state flame speed and the density 

ratio £ is £ = Pu^Pb" local flame speed is assumed to 

be a function of the curvature of the flame front so that 

S = S° (l + (£i + . . .) (2.12) 
u u R 

where L is a length of the order of actual flame thick

nesses, R is the local radius of curvature of the flame 

front, and |X is a parameter which depends upon the 

mechanism of the chemical reactions. The steady state 

pressure drop across the flame is obtained from the 

momentum equation, and is 

t 

p; - pb =/>'; <s;)2 <e- *> . (4-x3> 

The steady state quantities are assumed to have 

small perturbations superimposed upon them, i.e., let 

U = U° + U' V = V* + V' P = P° + P' (2.l4) 

where the perturbations are small and are functions of x, 

y, and t. In what follows V° is taken to be zero; it can 

be shown that the stability condition would be unchanged if 

V* were considered to be non-zero. Upon substituting into 
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the equations of motion and the continuity equation, one 

obtains the linearized equations in the unburned region as 

9°u 

3F-

au* u 
'u $z~ pi35r 

3y />U 
(2.15) 

av^ 
+ u° — 

0t U 0X 

au • av • °  u  u  u _ „  
sr + sr -0 

The same equations would apply to the burned gas if the 

subscript u were replaced by the subscript b. 

9 

These equations can be solved by assuming solutions 

of the form f(x)exp(ihy + St). A set of solutions to these 

equations in the burned and unburned gases of this form 

with the requirement that the pressure perturbations vanish 

at x = + oo can be written as: 

UA = uu fi(x) s(y,t) 

V' 
u 

P' 
u 

ub 

= iU* f2(x) g(y,t) 

=~/3u(Uu)2 [aefi(x) + f2(x)] 8(y»t) 

= uu f 3 < x )  s(y» t )  

<2.l6) 

vb = iUu s(y»t) 

pb -p u u 
af^(x) + f^(x) s(y,t) 
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where a = g(y,t) = e"*"11^ + * *, and the functions f^(x) 
u 

are given by 

I 
.r. i \ a hx , . -aehx f ^ t x )  =  A ^ e  +  A 2 e  

„ / \ . hx ^ c. -athx 
f2(x) = A±e - a€A2e 

(2.17) 
_ / v . -hx , . -ahx f^(x) = A^e + A^e 

i \ k -hx _, -ahx f/^x) = - A^e - OtA^e 

It should be emphasized that while the wave number h is 

real the exponential growth factor S can be complex. As is 

indicated at the beginning of this chapter, positive values 

of the real part of S indicate instability. 

If the x-y coordinate system is taken to be fixed 

with respect to the steady state flame, the perturbed flame 

will be as shown in Figure where 5 and T| are the 

coordinates of an element of the disturbed flame-front. 

Flame-Front 

x  

Figure 3 Geometry of the Perturbed Flame-Front 
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Markstein assumed the displacement 5 of the flame to depend 

on y and t in the same manner as the other perturbations so 

that 

S = r e i h , , s t c s i s < y t )  .  ( 2 . 1 8 )  

If 5 is small, the radius of curvature of the flame front 

can be approximated from 

1  ̂  a  5  / n  i n )  
R ~ ~ ̂ 2 12.19) 

0y 

Thus the flame speed is given by (from equations 2.12, 

2.18, and 2.19) 

S = S° 
u u 

1 +CTA5g(y,t)j (2.20) 

where cr - |ihL. The foregoing presentation of the problem 

and its solution have been formulated by Markstein. The 

stability condition can then be obtained upon application 

of prescribed boundary conditions. 

Markstein found solutions for the perturbations 

(equation 2.16) involving the four coefficients (A^, A^» 

A^, and A^) . The additional coefficient A,. was introduced 

when the flame displacement was specified by equation 2.18. 

Five boundary conditions were therefore needed in order to 

determine the stability condition. 



Two boundary conditions at the flame-front are 

obtained from the momentum equation. In a direction 

normal to the flame-front it can be shown that 

P - P. = p 0(S )2(£ - 1) , (2.21) 
u b y u u 

This is one boundary condition. If it is assumed that no 

forces act in the direction tangent to the flame-front, the 

tangential component of the velocity (See Figure 3) must be 

conserved so that 

U sin0 + V cos0 = U. sin0 + V, cos0 (2.22) 
u u b b * 

This is a second boundary condition. A third boundary 

condition is obtained from the fact that the movement of 

the flame-front normal to itself must be the same when 

expressed in terms of unburned velocities or burned 

velocities. This yields 

U cos0 - V sin0 - S = U, cos0 - V, sin0 - S, (2.23) u u u b b b 

where the conservation of mass across the flame-front shows 

that S. = £ S . A fourth condition at the flame-front is 
b u 

the kinematic condition that 

ST = Uu - Sucoef> . (2-24) 

The fifth condition used by Markstein was that the velocity 

perturbations vanish at x = _+<» . Equations 2.16 and 2.17 
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show that this condition depends upon the sign of 8 or thus 

of a ,  where a  = e Markstein accordingly made the a 
u 

priori assumption that a was positive, and therefore the 

velocity fluctuations vanish at x = _+°° if'.the coefficient 

Ag in equation 2.17 is zero. The stability condition 

obtalined satisfies the boundary conditions only for positive 

values of a, and the limit of instability would be reached 

when a = 0. The stability limit obtained by Markstein 

(from equation 2.2) is given by 

(hL)e o = %I7 (2.25) C • O • ujic • 

It would seem equally logical to make the a priori 

assumption that a is negative, and the velocity fluctuations 

would vanish at x = _+ °° if the coefficient in equation 

2.17 is zero. A stability analysis obtained in this manner 

would satisfy the boundary conditions only for negative 

values of a, and the limit of stability would be reached 

when a = 0. This solution was carried out by the present 

author, and the stability condition obtained is given by 

£(£ + l)a2 + 2a£(cr - l) + £ - 2cr - 1 = 0 . (2.26) 

If £. > 3 (which it generally is for flames), it can be 

shown that the minimum value of hL for which the real part 

of a is zero is given by 

(hL,c.o. = ? (2.27) 
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where c = pihL. This analysis predicts the flame to be 

stable to disturbances for which h > (jiL) and the 

stability limit is independent of the density ratio. 

Since the quantity a has the role of an eigenvalue 

of the stability problem, it would be desirable to not 

restrict the sign of abefore the stability condition is 

obtained. If this is the case, some other condition must 

be used as the fifth boundary condition. If th.e flame is 

distorted as given by equation 2.l8 with (X assumed to be 

real, the flame-front is composed of standing waves in the 

y direction with an exponentially time varying amplitude. 

There is therefore no overall movement of the flame-front 

in the y direction, and it was assumed that each element of 

the flame-front does not move in this direction. A fifth 

boundary condition is therefore 

• = v + s ain0 = 0 (2.28) 
Qt u U 

If this condition is used and a is not restricted 

(other than being real), the perturbations may become large 

because of the exponential terms in x even though the 

exponential in t may be decaying. For this case, the 

linearized solution would no longer be valid. 

Upon substituting equations 2.16 and 2.17 (with 

x = 0) into the five conditions (equations 2.21 through 

2,2k along with equation 2.28), using equations 2.18 and 
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2.20, assuming that cos0 s 1 and sin0£^#~—, and neglecting 
c?y 

higher order terms, the following set of homogeneous equa

tions is obtained: 

(a£ + i)A, + (a - l)A_ + 2<^( e - l)A_ = o 
l 3 5 

A1 - aeA2 + A^ + OCA^ - ( £ - l)Aj. = 0 

Ax + A2 - A3 - A^ +CT ( £ - 1)A5 = 0 (2.29) 

-A. - A + (a£ + cr )a =0 
12 5 

A. - <x£An  + A_ = 0 
12 5* 

In order that a non trivial solution to these equations 

exist, the determinant of the coefficients must vanish. 

This is given by 

oc£ + l 0 a - l 0 2ct( £ - 1) 

1 -a£ 1 a -(£ - 1) 

1 1 -1 -l cr ( e - 1) 

-1 -1 0 0 OiC + or 

1 -ae 0 0 1 

Upon reducing this determinant, the roots oc = - i and a = 1 

are obtained. Doth of these are rejected since the first 

leads to the result that P1 = 0, and the second leads to 
u ' 

the result that P' = 0. The stability condition is then 



given by 

E ( E. + l)a2 + 2 Ear a + 2cx(& - l) - (e + 1) = 0(2.31) 

This equation (in terms of the variables hL, Ji, and SL/S^) 

is plotted in Figure k. for = 0.2 and = 0.5 with £. = 7• 

The cut-off wave number obtained from equation 2.31 is 

given by 

(hL)c.o. - aMe-1!) . <2-32) 

The values of cr = |AhL at cut-off as predicted by 

equations 2.25, 2.27i and 2.32 are plotted in Figure 5« 

The curves A, B, and C represent the locus of points at 

which the growth parameter S = ocESMi is zero. Markstein's 

solution (curve A) predicts the flame to be unstable in 

the region below curve A, and the solution given by equa

tion 2.27 (a priori assumption that S was negative) pre

dicts stability in the region above the curve C. The two 

approaches as represented by these solutions are identical 

except for the initial assumption about the sign of S . It 

might be expected for either assumption (positive or 

negative S) that the two solutions would match (curve C 

being identical to curve A) at 5 equal to zero. Figure 5 

shows that this is not true. 

The analysis performed in this work, which leads to 

equation 2.32 and the curve B in Figure 5 •> was done in an 

attempt to reconcile the differences between the analyses 
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as represented by the curves A and C in Figure 5* No 

a priori assumption about the sign of S was made, and 

therefore in a mathematical sense it is felt that the 

analysis is more general. The ultimate test of any 

analysis, however, is how well the results of the analysis 

predict physical phenomena. This depends upon how well the 

mathematical model which is chosen for analysis matches the 

actual physical situation. 

The flow field of a laminar flame would ideally 

consist of an irrotational flow (no vorticity) in the un-

burned region and of a flow with vorticity in the burned 

region; the vorticity being generated by the distorted 

flame-front. In the analysis performed by Markstein 

( S > 0 so that A = 0), the vorticity of the perturbed flow 
fmt 

field in the unburaed region was zero, and the vorticity of 

the perturbed flow field in the burned region was nonzero. 

The results of this analysis haye been experimentally 
t1 

verified by Petersen (19)? and his data points are shown in 

Figure 5« The flow field in the unburned region in 

Petersen's experiments was of very low turbulence (less 

than 0.6 per cent) so that the vorticity present in this 

region was probably small. The analysis represented by the 

curve C ( 0 so that A^ = 0) shown in Figure 5 predicts 

vorticity in the unburned perturbed flow field, and no 

vorticity in the burned perturbed flow field. This situa

tion is not physically very realistic. The analysis 
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represented by curve B in Figure 5 (no assumption was made 

about the sign of S so that both Ag and were nonzero) 

predicts vorticity in both the unburned and burned per

turbed flow fields. The results of this analysis would 

therefore be more applicable to the situation where 

vorticity is present in the unburned gases as well as the 

burned gases. Since the experimental conditions discussed 

later in this work fit more closely to the Markstein model, 

later discussions of experimental results will be made with 

respect to the Markstein theory. 

Comparison of Cut-off Predictions of Various Analyses 

For purposes of comparison, the values of hL at 

cut-off as predicted by the various analyses are presented 

below. From Markstein ( S > 0), 

(hL)r r> = £2a& (2.33) C . O • |A t. 

From equation 2.26 (S<- 0), 

(hL) • = i ' (2.3^) 
c . o. |i 

From equation 2.31 (no assumption about the sign of S), 

<hL>c.o. - .itlU-1!) • (2-35) 

From Einbinder (equation 2.3) » 

(£ - 1) Re 
(hL>c.o. - -  ( / - I )  • ( 2 - 3 6 >  

e 
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From Parlange 8c Chu (equation 2.10), 

( £ - 1) Re 

(hL)c.o. = 2E/Pre - (4/3>U - 1) • (2*37) 

These equations are shown in Figure 6 for £ = 7 and 

Pr = 0.7* It is seen that if ̂  = Re„ the values of cut-
e f . 

off as predicted by Markstein and Einbinder are the same 

for this value of £ and Pr . However, as shown below, the 
e ' 

magnitude of and Re^. are not similar. From the experi

mental work by Petersen (19) at E. = 7 (A/F = l8) , JxL was 

-3 
found to be between 0.95 x 10 ft and 1.1 x 10 ft, and 

Quinn (20) found the laminar flame thickness L to be 

between 0.057 0.002 inches. Thus the value of -jj should 
r 

lie between k.2 and 5*2 at this air fuel ratio. This range 

is shown in Figure 6. The variation in laminar flame speed 

at this air-fuel ratio as found in references (6), (ll) , 

and (19) is between 0.95 ft/sec and 1.35 ft/sec. Assuming 

the kinematic viscosity of the combustible mixture to be 

— ̂4 2 
1.7 x 10 ft /sec (this is the kinematic viscosity for air 

at standard conditions), the Reynolds number Re^, may vary 

betw e e n  2 6  a n d  3 9 .  T h i s  r a n g e  i s  al s o  s h o w n  i n  Fi g u r e  6 .  

Thus for representative values of ̂  and Re^, the values of 

hL at cut-off are considerably different, with the predic

tions of Einbinder and Parlange & Chu being greater than 

that of Markstein. The values of (hL) as predicted by 
c • o • 

Einbinder and Markstein would be in agreement for this 
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range of ̂  and Re^. if P**e was taken to be between 0.103 and 

0.l8*t. Einbinder states on the basis of kinetic theory 

that for a thermal flame Prg is of the order of 0.75» and 

a propane air flame would be a flame of this type. Since 

Markstein's result has been verified experimentally by 

Petersen (19) for a propane air flame, it is not clear at 

the present time why the analyses of Parlange & Chu and 

Einbinder are not in better agreement with that of Mark-

stein. 

As has been mentioned at the beginning of this 

chapter, the material discussed above is to be taken as 

background material for what follows in the succeeding 

chapters. Whenever possible, the experimental results will 

be related to the Markstein theory, although it is not 

expected that complete agreement will be obtained since no 

consideration is given in the theory to the presence of the 

flame holder. 



CHAPTER III 

EXPERIMENTS AND APPARATUS 

Apparatus 

The experiments reported here were all performed in 

the University of Arizona combustion tunnel. This tunnel 

is shown schematically in Figure 7 and an overall view is 

shown in Figure 8. The fuel and air mixture goes through a 

series of six calming screens (mesh sizes are 1/2, l/4t, 

1/8, 1/16, 1/32, and 1/60 inch), and then into the primary 

flow nozzle. This nozzle has an area contraction ratio of 

about 26 to 1, and the exit inner diameter is 3*5 inches. 

The exit velocity profile is flat over at least 3 inches of 

the diameter, and the turbulence in this region is less 

than 0.05 per cent (Morris, ref. 16). The fuel and air 

mixture leaving the primary flow nozzle is surrounded by 

the secondary air flow. This flow is obtained from an 

axial flow fan mounted on the roof of the building which 

induces a flow of room air into the large plenum chamber, 

up around the primary flow nozzle, and then through the 

test section. The speed of the secondary air is matched to 

that of the primary flow to eliminate as much as possible 

any shearing effect on the jet of combustible gases. 

3'5 
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Primary air is delivered to the control panel from 

a receiving tank which is maintained at 125 psig by a 100 

SCFM air compressor. The air passes through a pressure 

regulator, and then may be metered through either one of 

the two rotameters shown on the left side of the control 

board in Figure 9« The maximum capacity of the rotameters 

is 169 SCFM and 31 SCFM when metered at 70°F and lk.7 psia. 

The fuel (propane), which is stored outside the 

building, may be metered through any one of the three 

rotameters on the right side of the control panel. The 

maximum capacity of these rotameters is 29•2 SCFM, 8.92 

SCFM, and 5*07 SCFM of propane when metered at 70°F and 

lk.7 psia. The mercury manometer near the center of the 

control panel is used to measure the pressure immediately 

downstream of any one of the rotameters, and the large air 

rotameter and the small propane rotameters have thermometers 

installed to indicate the gas temperature at the rotameter. 

With the air compressor mentioned above and with 

this combination of rotameters, it is possible to operate 

continuously with the primary flow speed ranging from 

5 ft/sec to 30 ft/sec, and the air-fuel ratio may be varied 

from the lean limit to the rich limit (the lean limit air-

fuel mass ratio is about 28 for propane, and the rich limit 

air-fuel ratio is about k with these limits depending some

what upon flame holder geometry and mixture speed). Primary 

flow speeds up to 50 ft/sec can be obtained only for short 
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periods of time since these higher speeds correspond to 

flow rates greater than,the air compressor can deliver. 

The flame is ignited with a high voltage spark. 

Pictures of the flame-front were taken using a 

modified schlieren system-which is described in Reference 

9. The background in the schlieren pictures was of a 

uniform shading since no knife edge was used. The camera 

(long wooden box), light source, and one of the mirrors are 

shown in Figure 8. Thp flame-front pictures were taken 

using Kodak Royal Pan (tMx5" sheet film. 

Either of two steel cylindrical flame holders of 

3/8 inch and 5/8 inch diameter was used in the experiments. 

The flame holder was connected through a gear train to a 

1/7 HP Universal motor. Speeds from 0 to 250 rev/sec were 

obtained by controlling the input voltage to the motor with 

a variac. This system is explained in detail in Reference 

9» No attempt was made to maintain a constant flame holder 

temperature either with or without rotation. 

The flow field in and around the flame was studied 

by means of the particle track method. This consists of 

injecting fine magnesium oxide particles into the flow, 

illuminating them stroboscopically, and then photographing 

them. Each particle then appears on the negative as a 

series of dashes, from which the average speed of the 

particle can be determined by measuring the distance 

between dashes and dividing by the known time interval. 



Figure 10 shows a schematic of the optics of this system. 

The light from the source is collected and focused on the 

slit in front of the chopper wheel. It is then chopped 

2000 times per second by the wheel, and is again collected 

and refocused at the center of the test section of the 

combustion tunnel. Figure 11 shows the light chopping 

wheel, light holder (with reflector), and the first con

densing lens. A discussion of the particle track method 

for studying the flow field is given in Appendix C. 

The light source for the particle track system was 

a General Electric"BH-6 lamp. This is a high-pressure 

(when in operation) mercury vapor lamp which is air-cooled.• 

Since this lamp is designed to operate on single phase a.c. 

voltage, its light output varied from full on to almost 

completely off in every 1/120 second. In addition to this 

modulation, the intensity of the light was not great enough 

to produce good photographs, and so a system was devised to 

flash these lamps for a short period of time with d.c. 

voltage. 

Since the electrical characteristics of the lamps 

were not completely known, the system development proceeded 

mainly on a trial and error basis. The electrical circuit 

was relatively simple, cdjtisisting of a capacitor, an 

inductor, and the lamp connected in series. A relay which 

was operated by the camera shutter closed the circuit, and 

the capacitor then discharged through the inductor and the 
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Figure 11 Particle Track Light System 

Figure 12 Particle Track System 



lamp. A photocell was used to compare the output of the 

lamp on a.c. operation, and then on d.c. operation. Tests 

were conducted varying the amount of capacitance, induc

tance, and voltage until the lamp failed. This means of 

testing was awkward since a small amount of mercury vapor 

was released into the room whenever a lamp exploded, but 

the only way to find the operating limits of the BH-6 lamp 

was to test in this manner. When a lamp did break it was 

assumed that the limit had been reached for that amount of 

capacitance, inductance, and voltage. Due to nonuniform!ty 

of the lamps this was not necessarily true for all lamps. 

The "optimum" configuration finally decided upon was 84 |if 

of capacitance (two 42 |if, 12,000 v.d.c. capacitors con

nected in parallel) in series with a 4.3 henry inductor, 

with the capacitors charged to 5500 v.d.c. The total flash 

duration was about 15 milliseconds, and the peak output (as 

measured by the photocell) was about 10 times that obtained 

under a.c. operation. The lamp life at this voltage was 

very short so that the capacitors were charged only to 4500 

volts or 5000 volts when the experiments were conducted. 

At 4500 volts, the flashed lamp still delivered about seven 

times as much peak light as would have been obtained on a.c. 

operation. The life for the lamps used in the experiments 

is shown in Table IV in Appendix A. 

The magnesium oxide particles were stored in a 

bottle on the plywood deck beside the camera. The 
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particles were blown from this bottle into the primary flow 

just above the calming screens (see Figure 7) by means of a 

hand aspirator. Photographs were taken using a Nikon F 

35 t"™ camera with an f:2 135 mm lens. TRI-X film was used, 

which was developed in a fine grain developer. The two 

capacitors, the particle storage bottle, and the camera are 

shown in Figure 12. 

Wake Studies 

Qualitative Observations 

It has been demonstrated (Schlichting, reference 

2k) that the isothermal flow of a viscous fluid around a 

cylinder closely approximates that of an inviscid fluid if 

the Reynolds number (based on free stream conditions and 

cylinder diameter) is much less than unity. As the 

Reynolds number increases the boundary layer separates 

over the rear portion of the cylinder, and a pair of 

symmetric vortices is formed which remain attached to the 

cylinder. This pattern is maintained until the Reynolds 

number attains a value of about *t0. If the Reynolds number 

is between kO and 150 these vortices alternately break away 

from the cylinder, and form a vortex street which remains 

well-defined far downstream. In the range of Reynolds 

numbers between 150 and 300 turbulent velocity fluctuations 

begin to appear in the separated boundary layer and in the 
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wake. They accompany the periodic formation of vortices, 

and as the Reynolds number is increased beyond $00 (up to 

10 ), periodic shedding still occurs, but the well-defined 

free vortices disappear because of turbulent diffusion, and 

a turbulent wake is established. A discussion on wake 

development is given by Roshko (23) • 

The flow in the wake of a cylinder is not charac

terized so completely by the Reynolds number when the cyl

inder acts as a flame holder. In fact, for the case in 

which the wake would be turbulent (Re > 300) in isothermal 

flow, well defined vortices appear in the presence of 

combustion as shown in the particle track pictures of Figure 

13• The region in which these vortices appear is called 

the recirculation zone, and the length of the recirculation 

zone is usually taken to be the distance between the center 

of the flame holder and the stagnation point which occurs 

downstream of and between the vortex centers. In the 

pictures of Figure 13 the flame holder is shown, and the 

two wings of the flame extend upward and outward from the 

flame holder. Well-defined vortices appear behind the 

flame holder, and the flow above the vortices is also 

pictured. The direction of flow is upward everywhere 

except in the two vortices, where the right hand vortex 

rotates in a counterclockwise manner, and the left hand 

vortex rotates in a clockwise manner. With no flame holder 

rotation and completely steady flow,' the flow field should 
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a) D = 5/8", v = 5 ft/sec, 
A/F = 18.5 

b) D = 5/8", V = 5 ft/sec, 
A/F = 20.5 

1 

c) D = 3/8", V = 5 ft/sec, 
A/F = 18.5 

d) D = 3/8", V = 5 ft/sec, 
A/F = 20.5 

Figur6 13 Particle Track Photographs in the Flame Holder 
Wake (no rotation) 



be symmetric about a vertical line drawn through the center 

of the flame holder. Therefore, the cold gases which pass 

around the right hand side of the flcune holder and enter 

the flame should not mix in the burned region with gases 

which have entered the flame from the left side. That this 

is the case is shown remarkably well in Figure 13a• 

Since a detailed study of these vortices has not 

previously been conducted (a search of the literature 

indicates that particle track photographs in the recircula

tion zone have not been previously obtained), it was decided 

to determine the effect, if any, of air-fuel ratio A/F, 

mixture speed V, and flame holder diameter D on the 

"character" of these vortices. 

Experiments were conducted using two cylindrical 

flame holders of 3/8 and 5/8 inch diameter. The nominal 

mixture speeds were 5i 10, and 15 ft/sec, with the air-fuel 

ratio ranging from 16.5 to 22.5 (the stoichiometric air-

fuel ratio for dry air and propane is 15.6). A discussion 

of the uncertainties involved in obtaining the air-fuel 

ratio and mixture speed is given in Appendix D. Tests were 

not conducted near stoichiometric or on the rich side of 

stoichiometric because of excessive heating of the glass 

windows of the combustion tunnel (heating was a problem 

even at A/F = l6.5)» and in addition, there was increased 

danger of flash-back (wherein the flame burns upstream into 

the flow and into the primary flow nozzle) on the rich side 
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of stoichiometric. Particle track pictures were taken for 

the conditions described above with no flame holder rota

tion, and representative pictures (all to the same scale) 

are shown in Figures Ik through 21. Figure Ik shows the 

change in the flow pattern with a change in mixture speed. 

As the mixture speed is increased, keeping the flame holder 

diameter and air-fuel ratio constant, the length of the 

recirculation zone is increased. Figures 15, 16, and 17 

show a 5/8 inch diameter flame holder with a mixture speed 

of 10 ft/sec and various air-fuel ratios. A representative 

picture at A/F = 16.5 is shown in Figure 15a, and other 

pictures taken at this condition are very similar to this 

one. As the mixture is leaned to A/F = 18.5, the location 

of the vortices does not appear to be the same at different 

times. This is shown in Figure 15b, 15c, and 15d. It does 

appear that as the mixture is leaned, the recirculation 

zone extends farther downstream just as it does when the 

mixture speed is increased. 

t 
As the mixture is leaned even further, as in Figure 

16 at A/F = 20.5, the vortices extend further downstream, 

and in some pictures the vortex pattern seems to be sym

metric, and in others it is antisymmetric which would 

indicate that the vortices may be alternately shedding from 

the cylinder. In Figure l6a the flow pattern is shown at a 

distance above the flame holder. The mark on the upper 

right hand side of photographs in which the flame holder 
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b )  V  =  10 ̂ t/s ec 

C) V = 15 ft/sec 
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a) A/F =16.5 b) A/F = 18.5 

c) A/F = 18.5 d) A/F = 18.5 

Figure 15 Particle Track Photographs in the Flame Holder 
Wake D = 5/8", V = 10 ft/sec 



a) A/F = 2,0.5 
Bottom of picture is 
approximately 1.4" above 
top of flame holder 

f tt£> 7 

c) A/F =20.5 

b) A/F = 20.5 

d) A/F = 20.5 

Figure l6 Particle Track Photographs in the Flame Holder 
Wake D = 5/8", V = 10 ft/sec 
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a) A/F = 22.5 
Bottom of picture is 
approximately 1.4" above 
top of flame holder 

c) A/F = 22.5 

b) A/F = 22.5 
Bottom of picture is 
approximately 1.6" above 
top of flame holder 

d) A/F = 22.5 

Figure 17 Particle Track Photographs in the Flame Holder 
Wake D = 5/8", V = 10 ft/sec 
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lin Si 

i) A/F =• 21.9 b) A/F = 21.9 

Figure 18 Particle Track Photographs in the Flame Holder 
Wake D = 5/8", V = 5 ft/sec 

» 



a) A/F = 20.5 
Bottom of picture is 
approximately 1.4" above 
top of flame holder 

b) A/F = 22.5 
Bottom of picture is 
approximately 1.7" above 
top of flame holder 

Z i 3 

c) A/F = 20.5 d) A/F = 22.5 

Figure 19 Particle Track Photographs in the Flame Holder 
Wake D = 5/8", V = 15 ft/sec 
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m 2$ 8 

a) A/F = 20.5 
b) A/F = 22.5 

Bottom of picture is 
approximately 1.4" above 
top of flame holder 

c) A/F = 20.5 d) A/F = 22.5 

Figure 20 Particle Track Photographs in the Flame Holder 
Wake D = 3/8", V = 10 ft/sec 



a) A/F = 20.5 

c) A/F = 20.5 d) A/F = 22.5 

Figure 21 Particle Track Photographs in the Flame Holder 
Wake D = 3/8", V = 15 ft/sec 



is not visible represents a point that is 3 inches above 

the top of the flame holder. The pictures taken correspond

ing to the flow conditions shown in Figure l6 were about 

equally divided between the symmetric and the antisymmetric 

situation. As shown in Figure 17 at A/F = 22.5 the 

vortices were symmetric in some pictures, and antisymmetric 

in others. Figures 17a and 17b show the flow field above 

the flame holder. 

Only symmetric vortices were noted with the 5/8 

inch rod at A/F = 20.5 and V = 5 ft/sec; however at A/F = 

21.9, the possibility of both symmetric and antisymmetric 

vortices was noted as is shown in Figure 18. Figure l8b 

shows a possible mechanism in which two symmetric vortices 

could become antisymmetric. It is possible that one 

vortex could gain more energy than the other due to non

uniform heat release during combustion, and this could 

result in one vortex becoming larger. The increased size 

of one vortex could then displace the other vortex outward 

and upward, and hence the antisymmetric case of alternate 

shedding of vortices. This same idea is suggested by 

Figure l6b. The peculiar appearance of the particle tracks 

as shown in Figure l8d is due to the fact that the mercury 

vapor lamp exploded as this picture was taken. 

Figure 19 shows flow patterns with the 5/8 inch 

rod at V = 15 ft/sec, with the A/F = 20.5 and 22.5* From 

these pictures, and from other pictures taken but not shown, 



it appears that the vortices are symmetric and stationary 

at A/F - 20.and it is not clear exactly what the situa

tion is at A/F = 22.5» In. Figure 19b vortex shedding seems 

to be indicated by the presence of two vortices (one above 

the other, the upper vortex being much more apparent on the 

negative than it is on the print) on the right hand side of 

the picture. On the other hand the two lower vortices (one 

on the right side and one on the left) appear to be located 

opposite one another rather than in a staggered fashion as 

one would expect if the vortices were shedding alternately. 

Other pictures taken at A/F = 22.5 did not seem to clarify 

the situation. 

The lean limit blow off of the flame using the 5/8 

inch rod occurred for an air-fuel ratio between 22 and 23 

when V = 5 ft/sec, between 23 and 2k when V = 10 ft/sec, 

and between 2k and 25 when V = 15 ft/sec. Thus it appears, 

from the previous discussion and pictures, that alternate 

shedding of vortices begins to appear when the air-fuel 

ratio approaches that of the lean limit. 

No shedding vortices, were observed using a 3/8 inch 

diameter flame holder with A/F = 22.5 and V = 5 ft/sec; 

however, the lean limit air-fuel ratio for this rod at 

V = 5 ft/sec was observed to be between 25 and 26. 

3* At higher mixture speeds (above 50 ft/sec) the 
lean limit air-fuel ratio decreases as the mixture speed is 
increased (Scurlock, reference 25)* 
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Figures 20 and 21 show flow patterns with the 3/8 

inch rod at air-fuel ratios of 20 .'5 and 22.5 > and with 

mixture speeds of 10 and 15 ft/sec. No alternate shedding 

was observed when A/F = 20.5 and V = 10 ft/sec; on the 

other hand when the A/F = 22.5 with V = 10 ft/sec, the 

vortices sometimes appeared to be symmetric, and sometimes 

antisymmetric. Figure 21 also shows the possibility of 

either case both for A/F = 20.5 and A/F = 22.5 • The lean 

limit air-fuel ratio for V = 10 ft/sec and also V = 15 

ft/sec was between 25 and 26 just as it was for the 3/8 

inch rod at V = 5 ft/sec. 

Thus the conclusion that one reaches (within the 

framework of these experiments) is that alternate shedding 

of vortices does take place as the air-fuel ratio approaches 

that of the lean limit. This observation was also made by 

Nicholson and Field (17)* who used higher mixture speeds 

and non-cylindrical flame holders. Their observation of 

alternate shedding was based on high speed motion pictures 

of the flame when sodium salts were injected into the 

flame. The mixture speeds reported were 50 ft/sec and 

200 ft/sec, and the flame holders used were a 1/2 inch T 

baffle (the bar on top of the T was mounted normal to the 

flow and on the upstream side) and a 1/k inch wide plate 

mounted normal to the flow* 

Scurlock (25) conducted an experimental investiga

tion using both propane and Cambridge City gas (a mixture 
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composed mainly of CO, CH^, Hg, and Ng) as fuels. The 

mixture speeds ranged from about 50 ft/sec to about 350 

ft/sec, and both cylindrical flame holders and gutters were 

used. The cylindrical flame holder diameters ranged from 

0.016 inches to 0.^98 inches. As a result of his studies 

(only schlieren pictures of the flame were taken), Scurlock 

states that eddy shedding is not present during combustion. 

In the present study, motion pictures at 64 frames 

per second were taken of the flame at A/F = 20.5 and V = 10 

ft/sec with the 5/8 inch flame holder (as in Figure l6). 

These pictures showed the flame to alternate at irregular 

intervals between two different conditions. The first 

condition consisted of the two flame wings moving toward 

each other with each wing of the flame being concave toward 

the unburned gases, and then the two wings of the flame 

would move apart again. This "pumping" action was repeated 

in a fairly uniform manner with a frequency between 8 and 9 

cycles per second. The other condition is characterized by 

the two wings of the flame remaining fairly straight (the 

"pumping" action described above was certainly not occuring), 

with the two flame wings alternately lifting from the flame 

holder. This alternate lifting was not uniform along the 

axis of the flame holder. Sometimes one flame wing would 

lift off at one end or the other, and at other times it 

would lift off at the center. This action could be observed 
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on the moving pictures, but it was not regular enough to 

ascertain any definite frequency. 

The first condition described above seems to 

correspond with the situation of the flame when symmetric 

vortices were obtained from particle track pictures, and 

the second condition seems to correspond with the situation 

when antisymmetric vortices were observed. A complete 

explanation of the mechanism which causes the vortices to 

alternate between a symmetric and an antisymmetric configu

ration is not available at this time. It should be pointed 

out here that the vortices could not be detected on 

schlieren photographs since the sensitivity of the schlieren 

system was low. 

Quantitative Interpretation of Wake Data 

A quantity which could possibly be used to 'fcharac-

terize" a vortex in a two dimensional flow would be the 

average kinetic energy per unit depth in the flow field. 

This would be given by 't 

dxdy 
KoE . =-• (3.1) 

JJA dXd^ 

where the area A over which the integration is performed 

would presumably include the vortex center, and would be 

limited to the "region of influence" of the particular 
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vortex in question, which is rather well-defined in the 

particle track photographs. Determination of this quantity 

would involve knowledge of the velocity and density fields. 

Another quantity which could "characterize" a vortex is the 

average vorticity, which is defined here as 

7 JJA J <*.y> d*dy , ' . 

J = —Tf (3,2) 

JIA dxdy 

The vorticity J in a two dimensional flow is related to the 

—^ A A 
fluid velocity V = U I + V J by the expression 

1 - (3 •?) 
3 " 0x " ay 

From Stoke's theorem we have that 

dxdy = Udx + Vdy = ̂  V • ds = T (3.4) 

where ds is an element of path vector which is tangent to 

the curve C, and T is the circulation. The average vor

ticity then becomes 

J = £  ( 3 . 5 )  

Thus measurement of average vorticity involves only a 

determination of velocity and area, and this quantity was 

chosen to "characterize" a vortex rather than average 

kinetic energy. 
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The average speed of the flow at any point was 

determined by measuring the distance between four images 

of a particle, and dividing by the time interval. In all 

experiments performed, the light source was chopped 2000 

times per second so that the time interval used in com

puting average speed was 3/2000 of a second. The circula

tion was then computed by making the approximation 

where n is finite, is an increment of length along the 

curve C, and V\ is the component in the direction of^S^ 

of the average speed taken at the mid-point of&S^. For a 

portion of the curve C which is a streamline, is the 

total speed at the mid-point of^yS^. It was assumed that 

k 
the particles very nearly follow the gas particles, arid 

the circulation was obtained by nvunerically integrating the 

product of speed and distance along a curve defined by a 

particle track on the photograph. The flow in the recircu

lation zone is not completely steady as was noted in the 

discussion of the particle track photographs in Figures l{i 

through 21, the flow apparently being more nearly steady at 

the richer mixtures. A discussion', of the accuracy of 

4. The smaller the particle the'more nearly this , 
assumption is true. 

(3.6) 



obtaining values of circulation as described above is given * 

in Appendix C. 

Before proceeding further some remarks should be 

made about obtaining useful particle track pictures of the 

wake. The desired condition would be to inject the very 

minimum number of extremely small particles into the flow 

so that any disturbance to the flame caused by the particles 

would be held to a minimum. This procedure would work 

fairly well if it was desired to obtain particle tracks 

upstream of the flane or between the two wings of the flame 

at a large distance from the flame holder (Figure 13c). 

However, in order to obtain a sufficient number of particles 

in the immediate wake of the flame holder it was necessary 

to introduce a very large number of particles into the flow. 

There were two main disadvantages to this procedure. 

First, the large number of particles in the flow caused the 

flame to become noticeably more turbulent. This effect was 

apparent to the eye, and schlieren pictures of the flame . 

with particles present showed that the flame had departed 

to some extent from a nearly two dimensional situation. 

The second effect is that when the particles enter the 

flame the color of the flame changes from a blue violet to 

an orange. This additional light appears to be mainly due 

to trace amounts of sodium impurities in the magnesium 

oxide powder. A dydimium filter (Corning Glass CS 1-60) 

was used in front of the lens on the camera, and the flame 



as viewed through this filter did not appear to change 

color when particles were injected. The transmission of 

0 
this filter is less than 5 P©r cent between 5^00 A and 

5900 A, which corresponds to the strong emission lines of 

sodium near 5900 A. The use of a filter did not completely 

solve the problem since in the reaction zone the flame 

still appeared to be brighter than the illuminated particles 

so that in most cases a particle track could not be followed 

completely as it moved through the flame front. Thus it is 

desirable to have the particles illuminated by as bright a 

light as possible, and a mercury arc lamp was flashed as 

previously described. 

The circulation was computed from particle track 

photographs talc en with the 3/8 and 5/8 inch flame holders 

at nominal mixture speeds of 5*.10, and 15 ft/sec with the 

air-fuel ratio ranging from 16.5 to 22.5* On most of the 

pictures the particle tracks were not extensive enough to 

permit a computation of the circulation on a path which 

completely enclosed the vortex center. Therefore the 

circulation was usually evaluated along paths such as 

0CDE0, 0AE0, or 0FB0 as shown in Figure 22. The lines OF, 

0C, and OED were drawn so that the intersection of these 

lines with particle tracks would be at right angles. Thus 

for example, the circulation around the path OCDEO would be 

given by evaluating the line integral of the velocity along 

the curve CD. The velocity is normal to the path along the 
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PARTICLE 
TRACK 

RIGHT HAND 
VORTEX CENTER 

4 F 

Figure 22 Typical Paths Along Which the 
Circulation was Computed 

other portions so that there is no contribution to the 

circulation# The area enclosed by any particular path was 

measured with a planimeter. The value of circulation 
• 

obtained on a path was then plotted versus the area 

enclosed by that path. 

Data obtained in this manner are shown in Figures 

23 through 26 for the 5/8 inch flame holder at a mixture 

speed of 10 ft/sec with various air-fuel ratios •> All data 

points taken from a single picture are enclosed by the same 

character, and if the character is flagged, it indicates a 

data point taken from the right hand vortex whereas an 

unflagged character indicates a data point taken from the 
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left hand vortex. An antisymmetric vortex configuration is 

indicated by solid characters, a symmetric vortex configura

tion is indicated by open characters, and if the symmetry 

or asymmetry was not clear from the photographs, the upper 

\ 

half of the character was darkened. The uncertainties in 

circulation and area are about 12 per cent and k per cent, 

respectively. A further explanation of this is given in 

Appendix C. 

The scatter of the data may be accounted for in 

two ways. First, the number of particles introduced into 

the flow could not be controlled very precisely so that 

different results would be obtained depending upon the 

number of particles in the flow (a large number of particles 

would extract more heat from the flame and roughen it more 

than a small number of particles). The second reason for 

the scatter of the data is that as the air-fuel ratio 

becomes leaner, the flow field becomes more and more un

steady. Evidence of this is given by the pictures them

selves, i.e., in a series of pictures taken at the same 

flow conditions there are differences from picture to 

picture. Evidence is also given by the moving pictures 

(this phenomena could also be detected with the eye) in 

that the flame alternated between a "pumping" and a "non-

pumping" action at the leaner mixtures. 

With the large amount of scatter present in the 

data it was not felt that accurate quantitative results 
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could be obtained, but hopefully that trends could be 

observed. Therefore two curves were drawn which would 

enclose all or nearly all of the data points• Those data 

points which were not enclosed by these curves were taken 

from pictures that departed considerably from the "norm" of 

other pictures at the same flow situation. These curves 

are shown in Figures 23 through 26. At any given area 

the value of the circulation chosen for purposes of 

computing average vorticity was the average of the values 

of circulation on the two limiting curves. This average 

value of circulation divided by the area then gave the 

average vortici#ty within that area. The values of average 

vorticity obtained in this manner are shown in Figures 27 

through 32. 

It should be pointed out that vorticity is a point 

function, and that it might be more desirable to plot the 

average vorticity as a function of distance from the 

vortex center rather than as a function of area. However, 

since the streamlines are not circular this would involve the 

artibrary definition of a distance from the vortex center. 

It was felt that valid compeirisons of average vorticity as 

a function of area could be made if the area in question 

were taken in some consistent manner. The area was there

fore chosen in all cases so that one corner of the area was 

at the vortex center with this corner having a 90 degree 

angle. 
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A comparison of the average vorticity obtained in 

these experiments with that of the average vorticity 

obtained if the fluid were rotating as a solid body or as 

an ideal (irrotational) vortex is shown in Figure 27* The 

average vorticity is constant for a solid body, and it is 

inversely proportional to area for an irrotational vortex. 

The solid body rotation represented by the curve shown in 

Figure 27 corresponds to a solid body having the same 

average vorticity as a fluid element at the center of the 

vortex (zero area)* The point at zero area was obtained 

by extrapolating the curve for A/F = 20.5 to the average 

vorticity axis. The irrotational vortex curve was obtained 

by arbitrarily selecting an irrotational vortex of strength 

such that the average vorticity of the irrotational vortex 

was the same as that on the curve for A/F = 20.5 at an area 

2 
of 0.02 in . The remainder of the irrotational vortex 

curve can then be computed. These comparisons show that 

the vortices in the recirculation zone rotate more nearly 

like solid bodies than like irrotational vortices. 

The curves shown in Figures 27 through 32 indicate 

that in all cases the average vorticity decreases as the 

area increases. This is to be expected since the speed of 

the flow increases less rapidly near the outer limits of 

the vortex than it does near the center of the vortex. The 

other trend to be noted from these curves is that the aver

age vorticity decreases as the air-fuel ratio becomes 



leaner. The one exception to this is shown in Figure 30 

(V = 5 ft/sec and D = 5/8 inch) where there appears to be 

no definite trend. It is possible that the air-fuel ratio 

effect is small for this flame holder at a low mixture 

speed, and the uncertainty in the data may obscure any 

trend. The fact that some curves cross at values of the 

area which are less than 0»0k (Figures 28, 30, and 32) is 

not of major concern because of the manner in which these 

curves were obtained. A slight change in the average value 

of circulation for small areas would greatly affect the 

value of average vorticity obtained at that area. 

The values of average vorticity (in terms of the 

dimensionless quantity JD/V) as presented in Figures 27 

through 32 were plotted versus the Reynolds number (based 

on free stream conditions and flame holder diameter), and 

are shown in Figure 33• The area at which values of 

2 vorticity were obtained was 0*12 in for the 5/8 inch rod, 

O 
and 0.0^87 in for the 3/8 inch rod. The first area 

corresponds approximately to the upper limit of the data 

for the 5/8--inch rod, and the second area is large enough 

so that any uncertainties in the value of average vorticity 

obtained near zero area (as previously discussed) will 

hopefully be small. Thus the ratio of the area at which 

the average vorticity was computed to the flame holder area 

was 0.39 for both the 5/8 and 3/8 inch diameter flame 
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holderso No definite trend of the quantity J D/V as a 

function of the Reynolds number can be observed in Figure 

33. 

Rotating Flame Holder Experiments 

It is known (Lord Rayleigh, ref. 13) that a surface 

of discontinuity between two fluid streams may be unstable 

to small perturbations for certain types of velocity pro

files which may exist across this surface. If the surface 

is unstable, the amplitude of any small disturbance will 

increase with time, and eddies can be generated. A type 

of velocity profile which could cause this is one in which 

the velocity is relatively constant on one side of the 

surface of discontinuity, and then either increases or 

decreases on the other side. The creation of eddies will 

depend upon the magnitude of the velocity change across the 

surface of discontinuity, and the length (sometimes called 

the "fetch") over which this velocity change or gradient 

acts. Scurlock (25) points out two regions where this type 

of velocity pattern may exist in the flow field of a laminar 

"Vee" flame, the surface of discontinuity being the flame-

front. The first region is immediately behind the flame 

holder where the products of combustion in the recircula

tion zone are moving slowly whereas the unburned gases 

outside the wake are moving faster. The second region is 

farther downstream where the products of combustion are 
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moving at a greater rate (because of decreased density) 

than the unburned gases. Either one or both of these 

regions could create eddies which would cause distortion of 

the flame-front. The flame-front can be photographed using 

the schlieren technique, and these distortions appear as 

ripples or waves. The fact that these waves appear on a 

photograph is evidence of flame-front instability for the 

particular wavelengths which appear. 

The stability analyses which were presented in 

Chapter II predict the initial growth rate of unstable 

disturbances to be exponential. However, since the theories 

are of the linearized type, they cannot predict the be

havior of waves of finite amplitude. The node-like 

appearance of the waves on a typical schlieren photograph 
•« 

of a distorted flame-front may be qualitatively explained 

on the basis of Huygen's principle which states that each 

point in a wave front can be considered as a source of 

waves (Semat, re'f. 26). Distortions of the flame-front 

were introduced by horizontally vibrating the flame holder 

(Petersen, ref. 19)» and both the exponential initial 

growth rate and the change of wave shape and amplitude as 

predicted by Huygen's principle were experimentally verified. 

It was proposed here to alter the flow in the 

vicinity of the flame holder by rotating the flame holder 

about its longitudinal axis. This would change the velocity 

profile in the boundary layer of the cylinder, with the 
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flow on one side being "helped along" by the rotation, and 

vice versa. In addition to changing the flow next to the 

flame holder, the velocity gradients between the hot gases 

in the recirculation zone and the unburned mixture outside 

of this zone would presumably be altered by flame holder 

rotation. The effect of flame holder rotation on the 

character of the flame-front was then studied by taking 

schlieren and particle track photographs. 

Experiments were conducted in which a 3/8 inch 

diameter flame holder was rotated from 0 to 250 revolutions 

per second with the nominal mixture speed ranging from 10 

to 25 ft/sec and the air-fuel ratio ranging from 16.5 to 

22.5* Less extensive tests were conducted using a 5/8 inch 

diameter flame holder. Schlieren photographs of the flame-

front under various conditions are shown in Figures Jk 

through 39• 

In each of the Figures 3k through 371 the air-fuel 

ratio in the first through fourth columns is respectively 

16.5•> l8.5» 20.5) and 22.5* The rotational speed (n) of 

the flame holder for each row (reading from top to bottom) 

is n = 0, 25, 50, 70, 125, 150, 175, 225, and 250 revolu

tions per second (rps). Pictures were not obtained near 

100 rps since this speed corresponded very closely to the 

fundamental natural frequency of the flame holder which was 

18 inches in length. In Figures 38 and 39» the rotational 

speeds are indicated directly on each photograph, and the 
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Figure 3^ Schlieren Pictures of Flame-Front with Rotating 
Flame Holder D = 3/8", V = 10 ft/sec 



Figure 35 Schlieren Pictures of Flame-Front with Rotating 
Flame Holder D = 3/8"» ^ = 15 ft/sec. 
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Figure 36 Schlieren Pictures of Flame-Front with Rotating 
Flame Holder D = 3/8", V = 20 ft/sec 



Figure 37 Schlieren Pictures of Flame-Front with Rotating 
Flame Holder D = 3/8", V = 25 ft/sec 
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a) A/F = 18.5 b) A/F = 22.5 

Figure 38 Schlieren Pictures of Flame-Front with Rotating 
Flame Holder D = 5/8", V = 10 ft/sec 
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[l50 rps 

Rv'A 

Figure 39 Schlieren Pictures of Flame-Front with Rotating 
Flame Holder D = 5/8"i V = 15 ft/sec 
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mixture speeds and air-fuel ratios are indicated with 

captions. For these pictures a shorter flame holder (8 

inches in length) was used so that data could be taken at 

any rotational speed between 0 and 250 rps. 

A reference length of 1.7 inches is shown on each 

of the schlieren pictures (Figures through 39 inclusive) 

by the distance between the. two upper corners of the 

plexiglass plate on which the date and picture number were 

written. The top of the flame holder is just out of view 

at the bottom of the picture, and the rotation of the flame 

holder is clockwise in all pictures. In Figure jk at 

A/F = 22.5» the flame would not maintain itself at rota

tional speeds greater than 200 rps, and the same is true in 

Figure for rotational speeds greater than 175 rps at 

A/F = 22.5• In Figure 38 at A/F = 18.5, and in Figure 39 

at both air-fuel ratios, pictures were not taken at higher 

rotational speeds than those shown. 

Distortions of a very regular wave length usually 

appeared on the flame-front as the flame holder was rotated, 

and this indicates that the flame-front was unstable to a 

disturbance of this wave length. It has been experimentally 

shown by Petersen (19) using a resistance thermometer 

technique along with particle track photographs that these 

waves move along the flame-front at a speed given by the 

tangential component of the velocity of the gas particles 

as they enter the flame-front, which is approximately equal 



to the mixture speed. Thus by measuring the wave length of 

the disturbance and assuming that it moves at a speed equal 

to the mixture speed, the frequency can be calculated. 

Typical data for frequencies calculated in this manner are 

shown in Figure kO. These data show that the well defined 

waves which appear at higher rotational speeds have fre

quencies which correspond fairly closely to the rotational 

speed of the flame holder. It seems very likely that the 

rotational speed of the flame holder triggers disturbances 

of the same frequency which are amplified and appear as 

waves on the flame-front. The fact that most of the points 

in the "scatter band" shown in Figure kO fall below the ^5° 

line may be attributed to the fact that the frequencies 

were calculated assuming that the waves moved at a rate 

equal to the mixture speed, which is not precisely true. 

Particle track data obtained in the experiments performed 

here indicate that with no rotation, the tangential compo

nent of the speed of the gas particles entering the flame 

is 10 to 15 per cent greater than the mixture speed. The 

presence of points outside the "scatter band" merely 

indicates that these frequencies were not triggered by 

flame holder rotation. 

It is interesting to note t^he change in the flame-

front with flame holder rotation as observed in most of the 

pictures of Figures Jk through 39* At low rotational 

speeds (clockwise rotation) there seems to be little change 
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in the appearance of the flame* As the rotational speed is 

increased, definite waves begin to appear on both flame 

wings1, at the higher rotational speeds, in most cases the 

amplitude of the waves on the right hand flame-front 

decreases markedly while on the left the amplitude remains 

large. Exceptions to this are noted at the higher mixture 

speeds and at the leaner mixtures. The large amplitude 

waves observed at n = 70 rps are undoubtedly triggered by a 

magnified transverse oscillation of the flame holder 

resulting from operation near a critical speed of rotation. 

However if the flame holder oscillation were the only 

effect, any distortions due to this effect should be 

equally observable in both wings of the flame. That this 

is not the case may be seen (for example) in Figure 

n = 70 rps, A/F = 20.5, where it is seen that the flame 

appears to be relatively smooth on the left wing and has a 

wave pattern of distortions on the right wing. It was felt 

that the appearance of the flame at this situation would 

remain essentially the same (relatively smooth on the left 

and wavy on the right) if the amplitude of flame holder 

oscillation were reduced, except that the amplitude of the 

observed waves on the right hand flame wing would also be 

reduced. This was indeed established in later pictures 
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5 
(not shoim) which were taken with a shorter flame holder 

(3/8 inch diameter and 8 inches in length); a complete 

series of pictures taken at A/F = 20.5 and V = 10 ft/sec 

with this flame holder agree remarkably well with those 

shown in Figure 3^* 

Velocity profiles outward from the right and left 

hand extremities of the flame holder are sketched in 

Figure 4l (the distance scale is greatly enlarged). Let 

the velocity gradient be positive if the velocity increases 

as one moves from left to right. Thus the velocity gradi

ent at the right hand extremity of the flame holder surface 

continues to increase as the flame holder rotational speed 

is increased. The velocity gradient at the left hand 

extremity is negative at zero rotation (equal in magnitude 

to that on the right hand extremity with no rotation), 

decreases to zero at some value of rotational speed, and 

then increases positively as the flame holder rotational 

speed is increased. Particle track data could not be 

obtained very close to the flame holder so that a quantita

tive determination of these velocity gradients could not be 

made. 

5. As previously implied, the shorter flame holder 
had a much higher natural frequency than the longer one, 
and therefore its amplitude of transverse oscillation was 
much smaller over the operating range of rotational speeds. 
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Figure kl Velocity Profiles Outward from the Flame Holder 
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It was originally expected that the amplitude of 

disturbances on the right hand flame wing would become 

greater as the flame holder rotational speed was increased, 

and that the left hand wing of the flame-front would be the 

smoothest when the velocity gradient at the left hand 

extremity was zero. The rotational speeds at which the 

speed (V ) of a point on the survace of the flame holder is 
s 

equal to the mixture speed (V) is given in Table I. 

TABLE I 

FLAME HOLDER ROTATIONAL SPEED AT WHICH V = V 
s 

D, in V = V , ft/sec 
s' 

n, rps D, in V = V , ft/sec 
s' 

n, rps 

3/8 10 102 5/8 10 61 

15 153 15 92 

20 204 20 122 

25 255 25 153 

In Figure 35 (V = 15 ft/sec) at all four air-fuel 

ratios the left hand wing of the flame has a wavy appearance 

at a rotational speed of 150 rps, and in Figure 36 (V = 20 

ft/sec) and Figure 37 (V = 25 ft/sec) waves appear on the 

left hand flame-front at rotational speeds below,'200 rps 

and 250 rps,. respectively. Figure Jk does not show n = 

100 rps, but a later picture taken with the shorter flame 
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holder had definite waves on the left hand flame-front at 

this rotational speed. Thus the conclusion (neglecting any 

other effects produced by the flame holder rotation) is 

that disturbances are amplified on the left hand flame wing 

while the velocity gradient on this side is negative 

(V <V), and increasing this velocity gradient to zero 
3 

and beyond to positive values does not make the left hand 

flame wing smoother. 

In Figures 3^, 35, 38, and 39, the amplitude of 

disturbances on the right hand flame wing appears to 

increase to a maximum, and then to decrease as the flame 

holder rotational speed is increased; however, the velocity 

gradient on the right hand side of the flame holder con

tinues to increase. In Figures 36 and 37 the same observa

tion may be made although it is not as definite. It there

fore seems that the velocity gradient itself on the surface 

of the flame holder is not the controlling factor in 

determining the amplitude of disturbances on the flame-

front . 

The flow in the wake of the flame holder also 

changes as the flame holder is rotated. Typical particle 

track pictures are shown in Figures k2 and 43* The flame 

holder was rotating in a counterclockwise sense when these 

pictures were taken. This was done so that the upstream 



a) n = 25 rps b) n = 50 rps 

c) n = 75 rps d) n = 100 rps 

Figure 42 Particle Track Pictures with Flame 
Holder Rotation D = 5/8", V = 10 ft/sec, A/F = 18 



a) n = 25 rps b) n = 50 rps 

€. V 

) n = 75 rps d) n = 100 rps 

Figure kj Particle Track Pictures with Flame 
Holder Rotation D = 5/8", V = 10 ft/sec, A/F = 20 
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stagnation point^ would not be in the shadow cast by the 

flame holder. The pictures were printed in reverse so that 

the flame would appear the same as in the schlieren photo

graphs. Thus in Figures k2 and kj the sense of flame 

holder rotation is clockwise. 

In these pictures it appears that as the rotation 

is increased, the length of the recirculation zone has 

decreased, and that the vortex centers are shifted toward 

the right. In addition there is appreciable transfer of 

mass from the left hand vortex to the right hand vortex. 

This is in contrast to that observed in Figure 13a with no 

flame holder rotation. Comparing these pictures with 

those of Figures 15b, c, and d, and Figure l6 where the 

flame holder is not rotating, it appears that as the rota

tional speed increases the speed of the reverse flow between 

the vortices decreases. 

The speed of the flow" along a horizontal line 

located a distance H above the flame holder center (where H 

is the vertical distance from the center-of the flame holder 

to the center of the vortex) as a function of distance out

ward from a vertical line drawn through the center of the 

flame holder is shown in Figure kk. These profiles were 

obtained by superimposing several particle track pictures 

6. The "stagnation point" is taken to be the posi
tion on the surface of the cylinder at which the approach 
flow splits, part going in one direction over the surface 
of the cylinder and the rest going in the opposite direction. 
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upon each other. In Figure kka (no rotation) the profile 

is fairly symmetric with the speed ranging from about 11.5 

ft/sec in the cold flow, to zero at the vortex center, to a 

reverse flow of about 7*5 ft/sec midway between the two 

vortex centers. The scatter of thfe data is expected since 

the vortices are not completely steady as Was pointed out 

in the discussion of Figure l6. In Figure 44b, c, and d, 

the speed profile is shown with flame holder rotation. The 

difference in the speed of the cold flow on the right and 

on the left does not become apparent until n = 75 rps. In 

all cases with rotation the speed of the reverse flow 

between the vortices is reduced from that with no flame 

holder rotation. 

It appears from the profiles shown in Figure kk 

that the difference in speed between the hot gases in the 

wake and the unburned gases outside the wake is decreased 

as the flame holder rotational speed is increased. This 

would tend to be a stabilizing influence; however the 

appearance (in schlieren photographs) of large amplitude 

waves on the left hand flame wing immediately behind the 

flame holder indicates that some other effect is pre

dominant in this region. 

In addition, shortening of the recirculation zone 

or the "fetch" would be a stabilizing influence. This is 

observed in Figure kj on the right hand side where the end 

of the recirculation zone is indicated by the streamlines 
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bending inward. This could not be determined precisely 

since the particle track pictures at higher rotational 

speeds (the same was true using the 3/8 inch rod) were not 

of good quality so that an extensive series of particle 

track pictures with flame holder rotation was not taken* 

The factor which must be improved (even more than was done 

in this work) before good quality pictures can be obtained 

in the wake of a rotating flame holder is the light which 

illuminates the particles. 

Since particle track pictures of sufficient quality 

to enable an accurate quantitative study of the flow next 

to the flame holder and in its wake could not be obtained, 

a qualitative explanation of the observed effects will be 

given. The original idea was to rotate the flame holder, 

causing a change in the velocity gradients near the flame 

holder, itself, and in its wake. However, this was not the 

only effect which was produced. Two other effects were 

noted, and these effects and their relationship to each 

other may be just as important as velocity gradients in the 

study of flame stability. The first, is concerned with the 

location of the upstream stagnation point. Measurements 

were made (using the 5/8 inch diameter flame holder with 

V = 10 ft/sec) of the angular position of this point for 

various flame holder rotational speeds. These measurements 

indicate that the angular position of the upstream stagna

tion point changes at a decreasing rate as the flame holder 
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rotational speed was increased. The maximum angle observed 

at the highest rotational speed was between 25 and 30 

degrees. The second effect is that as the flame holder 

rotational speed is increased, the two wings of the flame 

continue to shift in the same direction as the rotation of 

the flame holder. Thus the approach flow is changed only 

to a limited extent by the flame holder rotation whereas 

the general flame configuration itself continues to change 

with flame holder rotation. 

In light of these facts an attempt will be made to 

explain qualitatively the appearance of the two wings of 

the flame as observed in the schlieren photographs of 

Figures 3^ through 39* The waves observed in these pictures 

are triggered at the flame holder, and it is felt that the 

amplitude of the waves on the left and right flame fronts 

is different because of the manner in which the flame 

propagates from the flame holder, and not because of dif

ferent stability characteristics of the two wings of the 

flame. This is explained in more detail in the following 

paragraphs• 

With no flame holder rotation, the amplitude of the 

waves on both flame-fronts should be the same, and this 

seems to be true in each of the four upper pictures in 

Figures 3^ through 37• With no rotation it is expected 

that the boundary layer is laminar at separation, and that 

the separation point is between 80 and 90 degrees from the 
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forward stagnation point since the cold flow Reynolds 

number for all the experiments was below. 5000 (the critical 

Reynolds number for flow over a cylinder is of the order of 

3 x 10"*), and the turbulence level of the primary flow is 

very low. The separated boundary layer (pre-mixed fuel and 

air) then comes into contact w'ith the hot recirculating 

gases in the wake of the flame holder along the surface A 

shown in Figure k^a. As heat is transferred by molecular 

conduction and by turbulent diffusion the temperature of 

the cold gases is raised enough so that the reaction 

commences, and the flame-front is established. Any small 

flow disturbance in this region which is manifested in a 

wave length to which the flame is unstable would then 

create waves which would appear on the flame-front. Thus 

the. smoothness of flow at which the cold gases come into 

contact with the hot recirculating gases should affect the 

initial amplitude of a wave which forms on the flame-front, 

and the amplitude of the initial disturbance will determine 

at what location downstream on the flame-front a wave can 

be seen on a schlieren photograph. 

In most cases as the flame holder rotational speed 

is increased, the left hand flame wing remains relatively 

unchanged at low rotational speeds (in Figure 3^ for 

example, distortions begin to appear on the left at n = 

70 rps), whereas very definite waves appear on the left 

hand flame wing at higher rotational speeds. It is felt 
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that the appearance of large amplitude waves on the left 

side in the immediate vicinity of the flame holder is 

produced by the fact that the flow in and around the 

ignition region (shown in Figure ^5b) is not smooth, and 

that the luminous zone of the flame (this zone essentially 

defines the region in which the chemical reaction occurs) 

extends downstream from the rear surface of the flame 

holder. Thus any disturbance of the flow on the left hand 

side caused by vibration of the flame holder will influence 

the flow before it enters the flame. 

On the right hand flame wing at the higher rota

tional speeds (Figure Jk for example) it is felt that the 

flame front is smooth in most cases because some of the hot 

gases in the recirculation zone are pulled around the flame 

holder thereby preheating the cold gases as they move over 

the flame holder. The flow in the ignition zone on the 

right hand side is shown in Figure k$b ̂ and is relatively 

smooth. Thus the reaction zone may extend downward near 

the right hand extremity of the flame holder, and the cold 

gases are moving in a streamlined manner as they enter the 

flame-front. Hence any disturbance caused by flame holder 

* 
vibration has much less effect on the flame-front, and the 

initial amplitude of disturbances as observed by schlieren 

photographs is much less. 

A comparison of the two flame wings where the cold 

gases enter the one flame wing smoothly, and enter the 

* 
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other one after separating on a bluff body is shown in 

Figure k7. The flame holder used for- these experiments is 

shown in Figure ^6, and consisted of a l/^t inch diameter 

rod attached approximately 1/8 inch from the edge of a 1/8 

by 1 inch bar. The outer surface of the bar was tapered 

so that the downstream or trailing edge of the bar was only 

about 1/16 inch thick. The two pictures shown in Figure k7 

show clearly that the amplitude of disturbances is less on 

the flame wing in which the cold gases enter the flame in a 

streamlined manner. 

30 

\ "  
4 DIA. 

PIN 

Figure *t6 Flame Holder Used for Pictures 
Shown in Figure k7 

\ 

Of all the effects discussed above (velocity gradi

ents in the recirculation zone and at the flame holder 

extremities, shortening of the fetch, and the smoothness of 

the flow next to the flame holder as it enters the flame), 

it is felt that the most important one in determining the 

initial amplitude of a disturbance which appears on the 



a) A/F = 20.5 

b) A/F = 22.5 

Figure k7 Effect on Flame-Front of Streamlining 
the Flame Holder 
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flame-front is the manner (i.e., streamlined or not) in 

which the flow moves around the flame holder and enters the 

flame. 

A possible explanation can thus be given for the 

"anomalous effect" (discussed on page k of the Introduction). 

The rod upstream of one wing of the flame creates turbu

lence on this flame wing. This could cause the steady 

state position of the other flame wing to move With respect 

to the flame holder so that the cold gases enter this flame 

wing at the flame holder in a more streamlined manner. 

This would tend to decrease the initial amplitude of waves 

appearing on the flame wing. 

Discussion of Flame-Front Stability 

In the preceding sections of this chapter, two main 

topics have been discussed. First, both a qualitative and 

a quantitative description of the flow field in the wake of 

the flame holder was presented, and second, a discussion 

was given concerning the appearance of the flame-front when 

the flame holder was rotated. The results of the first 

topic as presented previously can not be explicitely con

nected with flame-front stability; however, information 

about the flow field obtained from particle track pictures 

can be of use in attempting to explain observed phenomena 

relating to flame-front stability. The result of the second 

topic of discussion was that the= initial amplitude of 



112 

disturbances which appear on the flame-front can be reduced 

by causing the cold gases to enter the £|lame-front next to 
(> 

the flame holder in a streamlined manner. In the remaining 

portion of this chapter the observed phenomena (from wake 

and flame holder rotation studies) will be related as much 

as possible to the stability of the flame-front * 

As previously indicated, the initial amplitude of 

disturbances to the flame-frorit is due to interaction next 

to the flame holder between the flame and the flow field. 

The growth, however, of these disturbances can be affected 

by the flow field downstream of the flame holder; specif

ically, the region of interest in the present study was the 

recirculation zone0 As discussed on page 82, eddies can be 

generated for certain types of velocity profiles across a 

surface of discontinuity. The growth rate of these eddies 

depends upon the magnitude of the velocity change across 

the surface of discontinuity and upon the distance along 

the surface of discontinuity that the velocity change or 

velocity gradient is present (the "fetch"). Some idea of 

the relative importance of these two effects can be obtained 

from the particle track photographs, and these results are 

discussed in the following paragraphs. Following this a 

discussion of the cut-off wave lengths as observed with 

flame holder* rotation is given; the cut-off wave length 

having been predicted by the Markstein theory. 
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Figure kS shows the speed profile through the 

recirculation zone with no flaine holder rotation, but with 

an air-fuel variation (Figure k8c is the same plot as shown 

in Figure kka.) . These profiles show that the speed of the 

reverse flow in the recirculation zone is changed very 

little with air-fuel ratio. This would indicate that the 

velocity gradients in this region remain fairly constant, 

and that the "fetch" is the controlling factor as far as 

flame-front stability in the recirculation zone is con

cerned . 

Measurements from particle track photographs were 

made of the vertical distance II from the center of the 

flame holder to the center of the vortex, and these data 

are shown in Figures 49 and 50. Data are only shown for 

the case where the two vortices are in a symmetric configu

ration. It appears that as the air-fuel ratio is increased 

II/D increases (where D is flame holder diameter) , and that 

II/D also increases as the mixture speed increases. Both of 

these effects were noted in the discussion of Figures lk 

and 15• Thus it appears (assuming that the "fetch" is 

proportional to the distance II) that leaning the mixture or 

increasing the mixture speed has an tmstabilizing influence 

This is seen in Figures 37 (V = 25 ft/sec and D = 3/8 

inch), Figures 38 and 39 (D = 5/8 inch and V = 10 and 15 

ft/sec, respectively), where the amplitude of disturbances 
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7 are greater for the lean flames than for the rich flames. 

This effect is not so definite with the 3/& inch diameter 

flame holder at lower mixture speeds. 

Zukoski (27) measured the length H' of the re

circulation zone (this would be approximately twice the 

distance H as determined in this work) by injecting a 

sodium solution into the flame* The end of the recircula-
\ 

tion zone was determined by the fact that if the point of 

injection of the sodium solution was downstream of the end 

of the recirculation zone, no increase in luminosity was 

observed upstream of the injection point. The fuel was 

gasoline vapor and air, and the quantity H*/J~D was corre
lated versus mixture speed for cylindrical flame holders 

with the diameter ranging from 0.19 to 1.0 inches. The 

range of mixture speed was between 100. ft/sec and 600 

ft/sec, and in all cases the Reynolds number (based on 

free stream conditions and flame holder diameter) was 

k 
greater than 10 . The data show that as the mixture speed 

was increased II' //d~ increased until a maximum value was 

obtained at a mixture speed of 350 ft/sec, and at speeds 

higher than this II' //D~ remained a constant. Zukoski did 

not find any significant change in H' with air-fuel ratio. 

Thus the change in II/D with mixture speed as shown in 

Figures ^9 and 50 is in agreement with the results of 

7. Other investigators have also observed this 
(References 19 and 25) • 
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Zukoski, whereas the change in H/D with air-fuel ratio as 

observed here is contrary to the results of Zukoski. It is 

possible that the air-fuel ratio effect is only apparent at 

the lower mixture speeds. With only two flame holders 

which were not greatly different in diameter the correla

tion of 11/fD could not be checked. 

The wave lengths as measured from the photographs 

shown in Figures 3^ through 39 with n = 0 agree with those 

reported by Petersen (19) and Blackshear (3)» The trend is 

decreasing wave length as the air-fuel ratio approaches 

stoichiometric from the lean side. Petersen observed that 

the wave length of these natural distortions is independent 

of flame holder diameter and mixture speed (the diameters 

ranged from 0.035 to 1.0 inches, and the mixture speed 

ranged from 10 ft/sec to 21 ft/sec). He also observed 

(using a 0.050 inch diameter flame holder) that richening the 

mixture towards stoichiometric decreased the amplitude of 

the natural waves until at an air-fuel ratio between 19 and 

20 (the range of mixture speed was the same as noted above) 

the flame appeared to be smooth. This latter effect does 

not appear to be so definite in the pictures shown in the 

present work. Only in Figures 37 > 38, and 39 is it apparent 

that the amplitude of the waves decreases as the air-fuel 

ratio is decreased, and the flame does not become smooth 

at air-fuel ratios richer than 19• It therefore seems 

likely that a decrease in air-fuel ratio does not have the 
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stabilizing effect with large diameter flame holders as it 

does for small diameter flame holders. The Reynolds number 

(based upon free stream conditions and flame holder diam

eter) of Petersen's experiments ranged from about 250 to 

550» whereas the Reynolds number for the experiments 

presented here ranged from about 1800 to ̂ t600. 

The appearance of these natural waves indicates 

that the flame is unstable to the particular wave length 

which is present. Petersen (19) found that the most 

frequently occurring natural waves were about 30 'p^r cent 

shorter than the wave length which corresponds to the 

maximvun rate of growth as predicted by the Markstein 

theory. The Markstein theory (l4) predicts a cut-off wave 

length (the flame is stable to disturbances of shorter wave 

lengths), and from equation 2.25 this wave length is 

* - 271 - jtK£^iL 7) 
c•o• " h " 6 -1 c. o. 

where the flame speed is given by = S^(l + p~~) • 

Petersen (19) determined as a function of air-fuel ratio 

from particle track measurements of the flame speed, and he 

also measured the cut-off wave length experimentally by 

oscillating the flame holder and noting that the flame 

front became stable to disturbances of short enough wave 

length (or high enough frequency). Since the density ratio 

is a function of air-fuel ratio, |iL could then be 
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determined from equation 3»7« The values of |iL obtained by 

Petersen in the cut-off wave length tests were consistently 

from 5 to 10 per cent lower than those obtained from 

particle track data, but it was felt that the agreement was 

close enough to substantiate Markstein's result. Using the 

product as obtained by Petersen, the cut-off wave 

lengths as predicted by equation 3*7 are s^iown in Table II. 

TABLE II 

CUT-OFF WAVE LENGTHS 
(After Markstein 8c Petersen) 

A/F HL(ft) £ A (in) 
c • 0 • = Q(in) 

22.5 1 .65 x 10~3 6.10 0.298 0.43 + 0.023 

20.5 1 .20 x 10"3 6.35 0.215 0.34 + 0.023 

18.5 1 .07 x 10"3 6.75 0.190 0.32 + 0.023 

16.5 1 .05 x 10~3 7.25 0.184 0.27 + 0.023 

Also shown in this table are the wave lengths observed in 

the pictures taken without flame holder rotation (Figures 

34 through 39)• The density ratio £ was obtained as a 

function of air-fuel ratio from computation of the adiabatic 

flame temperature together with the perfect gas equation of 

state. The numbers in Table II were taken from reference 

19* The uncertainty in the values of JtL shown in Table II 

is about 5 per cent so that the values of the cut-off wave 
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length would have the same uncertainty. Thus the natural 

waves which appear with no flame holder rotation are 

consistent with the Markstein theory in that these wave 

1 
lengths are greater than the cut-off wave length. The 

natural wave lengths are much smaller than the character

istic dimension of the vortices which appear in the wake of 

the flame holder. 

A cut-off frequency was also observed in the 

present work as the flame holder was rotated. In Figure 3^ 

at A/F = 20.5i well defined waves appear at n = 225 rps, 

but upon exciting the flame at the higher frequency (or 

shorter wave length since the speed of propagation of the 

waves remains essentially constant) n = 250 rps, well 

defined waves no longer appear on the flame-front. Thus 

the flame is stable with respect to this particular 

frequency and the corresponding wave length. 

If this is truly a cut-off, reducing the speed at 

which the waves propagate should also reduce the frequency 

at cut-off since the theory predicts the cut-off wave 

length to be constant at constant air-fuel ratio. Indeed 

this was shown to be the case in an experiment performed 

with the 3/8 inch diameter flame holder at A/F = 20.5 where 

upon reducing the mixture speed, the cut-off frequency was 

reduced proportionately. This is also shown in Figures 38 

and 39 (A/F = 22.5)* where in Figure 38 the cut-off appears 

to be between 100 and 125 rps at V = 10 ft/sec, and in 
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Figure 39 the cut-off appears to be between 175 and 200 rps 

for V = ' 15 ft/sec. 

The variation in cut-off frequency with air-fuel 

ratio as observed here is the same as predicted by 

Markstein (as the mixture is richened, "X should de-
c • o. 

crease). In Figure 38 at A/F = 22.5 the cut-off frequency 

is between 100 and 125 rps. For A/F = 20.5 (pictures not 

shown) the cut-off was observed to be between 125 and 150 

rps. In Figure 38 at A/F = 18.5 it is expected that a cut

off would have been observed above a frequency of 150 rps 

if the flame had remained burning only on the upper portion 

of the flame holder. This prediction is obscured, however, 

as is shown by the two pictures in Figure 38 at n = 150 rps 

where the flame alternated between two configurations; one 

where the flame burned completely around the flame holder 

(upper picture), and the other where the flame propagated 

from the upper surface of the flame holder (lower picture). 

At the higher rotational speeds with V = 10 ft/sec, D = 5/8 

inch, and A/F = 18.5 the flame continued to burn completely 

around the flame holder. 

A summary of the cut-off wave lengths as observed 

here is shown in Table III along with the theoretical 

predictions of equation 3*7* The range of cut-off wave 

lengths given for each condition was obtained as follows. 

At a constant mixture speed the cut-off was noted to occur 

within a frequency range of 25 cycles per second, which 
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TABLE III 

CUT-OFF WAVE LENGTHS AS OBSERVED WITH 
FLAME HOLDER ROTATION 

A/F 
D 

(inches) 
V 

(ft/sec) 

n 
c. 0. 

(rps ) 
^c .0. 
(inches) 

^ c . 0. 
(Markstein) 

22.5 5/8 10 100-125 1.16-1.^5 0.298 

5/8 15 150-200 1.01-1.34 

20.5 3/8 5 125-150 0.50-0.57 0.215 

3/8 10 225-250 0.53-0.59 

5/8 10 125-150 0.90-1.08 

18.5 5/8 15 200-225 1.012-1.15 0.190 

corresponds to a certain range of wave lengths. The wave 

length at the frequency below cut-off could be measured 

directly from a sclilieren photograph, and the wave length 

corresponding to the higher frequency (above cut-off) was 

then calculated assuming the wave length to be inversely 

proportional to the frequency. Thus for example at A/F = 

22.5? D =s 5/8 inch, and V = 10 ft/sec, the cut-off was 

observed to be between 100 and 125 cycles per second. The 

wave length at 100 cycles per second was measured and found 

to be 1.^5 inches. The wave length corresponding to a 

frequency of 125 cycles per second would then be l.l6 

inches. The cut-off wave length was therefore between l.l6 
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inches and 1.^5 inches. Note that the cut-off wave 

lengths as observed by rotating the flame holder (keeping 

air-fuel ratio and mixture speed constant) seem to vary 

with flame holder diameter. 

The cut-off wave lengths as shown in Table III do 

not agree in magnitude with those obtained experimentally 

by Petersen (19) » and with those which were predicted on 

the basis of the Markstein theory. However there are 

certain trends of increasing cut-off wave length with air-

fuel ratio which are in agreement with that predicted by 

the Markstein theory. This is indicated in Table III 

where the cut-off wave length increases with increasing 

air-fuel ratio if the flame holder diameter and mixture 

speed are held constant. A flame holder diameter effect 

can be noted at A/F = 20.5 and V = 10 ft/sec. As the 

flame holder diameter decreases from 5/3 inch to 3/8 inch, 

it is seen that the cut-off wave length also decreases. 

If the flame holder were reduced further in size, it is 

possible that the observed cut-off wave length would 
t 

approach that value predicted by the Markstein theory. 

Petersen (19) used a 0.050 inch diameter wire to experi

mentally verify this theory. 

It might be thought, since the amount of heat 

transferred to the flame holder is different with flame 

holder rotation than without rotation, that this effect is 

the cause of the different magnitudes of cut-off wave 
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lengths as observed with flame holder rotation. However, 

the heat transfer characteristics are certainly different 

for large and small diameter flame holders, and as was 

pointed out previously (see page 118) the wave length of 

the natural distortions was not a function of flame holder 

diameter. More experimentation is needed to explore this 

point. 



CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

The preceding discussions indicate that there is 

still much to be done before an understanding of laminar 

"Vee" flame structure is gained which is sufficient to 

aid in the analysis of the more difficult problem of 

turbulent flames. The conclusions which were reached in 

this work along with recommendations for future studies 

are presented below. 

The range of variables used in the present investi

gation is as follows: nominal mixture speed, 5 to 25 

ft/sec; air-fuel ratio, 16.5 to 22.5; flame holder diameter, 

3/8 and 5/8 inch; and flame holder rotational speed, 0 to 

250 revolutions per second. 

Particle track photographs of the flow in the 

recirculation zone were obtained, and these photographs 

illustrate very clearly the qualitative and to some degree 

the quantitative nature of the flow field in the vicinity 

of the flame holder. As far as is known, previous experi

mental studies have not obtained particle track photographs 

of the flow in the recirculation zone. The photographs 

were obtained in this work by pulsing a BH-6 mercury vapor 

lamp which resulted in a significant increase of light 

126 
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output compared to that obtained from the steady operation 

as recommended by the manufacturer. However, it was still 

difficult to obtain good quality photographs at the mix

tures approaching stoichiometric from the lean side. For 

further experimentation near the stoichiometric mixture and 

on the rich side of the stoichiometric mixture, it is felt 

that a brighter source of light must be obtained. 

Definite alternate shedding of vortices was 

observed in particle track pictures of the flow in the 

recirculation zone without flame holder rotation, and this 

alternate shedding occurred as the air-fuel ratio approached 
\ 

that of the lean limit. It should be remarked that the 

vortices did not appear to shed at a periodic rate. The 

observation of shedding is contrary to the statement by 

Scurlock (25) that alternate shedding of the vortices in 

the recirculation zone does not occur. 

The character of the vortices in the recirculation 

zone was studied by determining from particle track photo

graphs the average vorticity and the location of the vortex 

with respect to the flame holder. The observed trend was 

that the average vorticity decreased as the mixttire became 

leaner. An accurate determination of average vorticity 

could not be obtained due to the large amount of scatter in 

the experimental data. The scatter of the data was caused 

in part by the unsteadiness, of the flow field at the leaner 

mixtures. The distance to the vortex center from the flame 
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holder center increased with increasing mixture speed and 

it also increased as the mixture was leaned. The maximum 

distance to the vortex center (symmetric vortex configura

tion) observed at the lean mixture was flame holder 

diameters. 

Schlieren photographs of the flame-front structure 

indicate that the amplitude and wave length of distortions 

on the flame-front are definitely influenced by the flame 

holder.' It appears that the initial amplitude of disturb

ances which originate next to the flame holder can be 

reduced (giving a smoother flame-front) by causing the 

cold gases to come into contact in an aerodynamically 

smooth manner with the hot gases in the recirculation zone. 

This statement is true even if large velocity gradients 

(which would tend to create eddies) exist at the flame 
l 

holder surface. 

Accurate quantitative measurements of velocity 

gradients between the recirculation zone and the flow 

outside of this zone could not be obtained. However, the 

particle track studies in the absence of alternate shedding 

indicate that the change in speed between the cold gases 

outside the recirculation zone and the hot gases moving in 

the opposite direction is not appreciably affected by air-

fuel ratio. This would indicate that the length over which 

the velocity gradient acts (the fetch) is the controlling 

factor as far as flame-front stability is concerned in the 
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recirculation zone. As was pointed out above, richening 

a lean mixture causes the vortex center to move closer to 

the flame holder. This would reduce the fetch which is a 

very likely cause for the stabilizing tendency observed by 

Petersen (19) as the mixture was richened. 

The magnitude of the cut-off wave length of flame-

front distortions as observed with flame holder rotation 

is greater by a factor ranging from 2 to 5 than that pre

dicted by the Markstein theory. This theory predicts the 

flame to be unstable to wave lengths which are longer than 

the cut-off wave length which is given by 

^ = 
47l.£ f (4.1) 

c . o. 6. -1 

The quantity |lL has been experimentally obtained as a 

function of air-fuel ratio by Petersen (19) » and the density 

ratio £ may be determined upon application of an equation of 

state to adiabatic flame temperature computations. Values 

of both of these quantities were taken from reference 19» 

and are shown in Table II (page 120). 

The results may be rephrased in terms of the 

distinct flame-front patterns observed within the ranges of 

variables investigated. These patterns can be summarized 

as follows: (l) forced wave lengths due to flame holder 

rotation did not appear on the flame-front when 

V ~ 
— < 2 
n 

4k 6 itL 
£ -1 

(4.2) 
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and they did appear when 

s > 5 
kn £ 
e-i 

Ct.3) 

(2) natural waves were observed without flame holder rota

tion, and in some cases these natural waves were superim

posed upon the waves which were forced by the flame holder 

rotation. For example, at V = 25 ft/sec with D = 3/8 

inch, natural wave lengths were observable for all values 

of flame holder rotational speed n, whereas at V = 10 ft/sec 

with D = 3/8 inch, natural waves were only observed for 

n < 100 rps. 

Petersen (19) experimentally verified the Markstein 

theory by horizontally oscillating the flame holder, and 

it is felt that the greater magnitude of cut-off wave 

lengths as observed in the present work with a rotating 

flame holder is due to an effect of flame holder diameter. 

The flame holders used in the present experiments were 

0.375 and 0.625 inches in diameter whereas Petersen used a 

0.050 inch diameter wire. The trend observed in the 

present work is that the cut-off wave length decreases 

towards the value obtained by Petersen as the flame holder 

diameter is decreased. Future experiments should be con

ducted using a larger range of flame holder diameters, and 

in addition, experiments should be performed using air-fuel 

ratios on the rich side of stoichiometric. 
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A review of flame-front stability analyses was 

given. The conclusion by Einbinder (5) that viscosity is 

an unstabilizing influence was refuted. The Markstein (l4) 

stability analysis was examined in detail, and its limita

tions were discussed. A slight extension of this theory was 

performed. The difference between this extension and the 

original theory is that the extension allows for the 

presence of vorticity in the unburned flow field whereas 

the Markstein theory does not. The experimental results 

obtained in the present work agree more closely with the 

original unmodified Markstein theory. It is felt that this 

is due to the fact that the conditions of the experiments 

performed matched more closely with the mathematical model 

of the Markstein theory. That is, the flow field in the 

unburned gases was of very low turbulence (less than 0.05 

per cent at the primary flow nozzle exit) so that the 

vorticity present in this region probably was small. 

An experiment which could be performed to study the 

effect of upstream vorticity would be the following. A 

small wire could be placed normal to the flow so that a 

well defined Karman vortex street would be present in the 

unburned flow field and would impinge on one wing of a 

"Vee" flame. Although it would be difficult to determine 

the vorticity field in detail, uniformly spaced and well 

defined regions of high vorticity would be present in the 

wake of the wire, and the frequency at which these regions 
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of high vorticity impinge on the f^ame-front could be 

determined rather precisely. It should be pointed out here 

that the "anomalous effect" discussed in the Introduction 

(page k) occurred at a Reynolds number such that a well 

defined Karinan vortex street was not present. 

The cut-off predictions of Markstein (l4), 

Einbinder (5)» and Parlange & Chu (l8) were compared for 

representative values of the variables involved, and it was 

shown that the predictions of the latter two analyses were 

not in good agreement with that of the former; the former 

analysis having been experimentally verified by Petersen 

(19). 
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APPENDIX A 

B1I-6 LAMP LIFE 

The number of flashes obtained with each of the 

BH-6 lamps used in the experiments performed here is shown 

in Table IV. These numbers do not include the times when 

the lamp was flashed in order to focus the camera, or the 

initial flashes (usually two or three times) which were 

required to "break-in" a new bulb. For both of these 

latter cases the lamps were fired at a voltage between 

2000 and 3000 v. d.c. 

TADLE IV 

BH-6 LAMP LIFE 

No. of Capacitor No. of Capacitor 
Lamp flashes Voltage Lamp flashes Voltage 

k 28 5000 
La 21 5000 R 12 ^500 

V, 4 5300 
M 6 5000 S 8 5000 

6 4500 
N 5 5000 T 47 4500 

5 5000 
oa 3 4500 ub 3 5000 

Pb 59 4500 Vb 37 4500 

b 4l 5000 21 4500 
Q 5 5300 Wb 3 5000 

a. Lamp exploded under operating conditions 

b. Lamp was removed because of dirty mercury, 
cracked quartz, of fogged quartz. , 
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APPENDIX B 

UNCERTAINTIES IN THE DETERMINATION OF MIXTURE 
SPEED AND AIR-FUEL RATIO 

A discussion is given in this section on the 

uncertainties involved in the determination of the air-

fuel ratio and the mixture speed. As was mentioned in the 

text, the fuel and the air were metered through rotameters 

which gave an indication (when corrected for pressure and 

temperature at the rotameter) of the volume flow rate of 

gas through the rotameter. The gas pressure at the 

rotameters never exceeded 20 psia. These meters were all 

accurate to within + 2 per cent of the full scale reading, 

and unfortunately the range of mixture speed used in the 

experiments performed here frequently corresponded to 

settings on these rotameters which were on the lower part 

of the scale. This leads to considerable uncertainty in 

the indicated flow. 

This uncertainty was avoided somewhat in the case > 

the large air rotameter (169 SCFM maximum capacity) by a 

direct calibration with a pitot tube which was placed over 

the center of the primary flow nozzle. The speed of the 

flow using the pitot tube and a micromanometer could be 

determined to within _+ 2 per cent. A calibration was then 

135 
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made (adjusting the secondary air flow so that its speed as 

measured with the pitot tube was the same as that of the 

primary air at the nozzle center) from about 10 ft/sec to 

about 30 ft/sec. Thus the rotameter settings for the 

primary air flow were determined by direct calibration to 

deliver a specified mixture speed at the center of the 

primary flow nozzle. 

The addition of propane to the flow changes the 

mixture speed slightly (the slightly increased density of 

the propane-air mixture tends to offset the added mass flow 

due to the propane); this increase of speed is about k per 

cent at an air-fuel ratio of l6.5» and is about 3 P©** cent 

at an air-fuel ratio of 22.5* Since this change was only 

slightly larger than the order of magnitude of the un

certainty in the pitot tube measurement, the calibration 

was done with air only. The nominal mixture speeds as 

stated in the text of this report were not corrected to 

account for the addition of the propane. The maximum un

certainty in the mixture speeds would therefore be about 

6 per cent. If all the mixture speeds were increased by 

3 per cent, then these corrected mixture speeds would have 

a maximum uncertainty of 3 per cent. 

A nozzle volumetric flow coefficient C was 
n 

determined by taking pitot tube traverses over the primary 

flow nozzle at a mixture speed of 15 ft/sec (which cor

responded to the mid range of operation) , and this. 
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coefficient was found to be 0.95 with an uncertainty of 3*5 

per cent. Thus the average speed of the flow leaving the 

primary flow nozzle would be 95 per cent of the speed of 

the flow at the center of the nozzle. The mass flow rate 

of air can then be computed by multiplying the average 

speed of the flow by the density of the air at the nozzle, 

and the cross sectional area of the nozzle. This is given 

in 
f 

A C V 
an n n an 

(D.l) 

where the subscript n refers to conditions at the center of 

the exit of the primary flow nozzle, and where is 

determined from the calibration procedure described previ

ously. 

According to Kline (8) the uncertainty in a vari

able A which is equal to the product of two variables B and 

C is given by 

AA. 
A 

(|B}2 + (|Cj2 
1/2 

(B.2) 

where the A acting on a given variable represents the 

uncertainty interval for that particular variable. The 

uncertainty in the mass flow rate of air would then be 

given by 

1/2 
L m. 

m 

AC 2 AV 2 
<-ri> - <TT> 

n n 
(B.3) 
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where the uncertainty in computing both the air density at 

the nozzle exit and the nozzle exit area is small. The 

pressure at the nozzle exit is for all practical purposes 

atmospheric, and the temperature of the flow during cali

bration at this location never varied more than 5°F from 

the room temperature. The air density was computed assum

ing that the air was dry, and no measurements were taken to ' 

ascertain the amount of water- vapor in the flow of primary 

air. The air compressor which delivered the primary air 

was equipped with an after-cooler and a moisture separator. 

From equation B.3 (the uncertainties in the first and 

second terms being 3«5 per cent and 2 per cent, respec

tively) , the uncertainty in the mass flow rate of air is 

aboiit k per cent. 

The air-fuel ratio is given by 

in the air-fuel ratio due to uncertainties in the two mass 

flow rates is given by 

m 
A/F a ( B. ̂ ) 

m 
P 

where m is the mass flow rate of propane. The uncertainty 

A A/F 
A/F (B.5) 

m m a P 
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The mass flow rate of propane is given by the expression 

m P' 
M 

'M 
(o«) (-£_) (!™E) 

P mp 

1/2 
(IF). (D.6) 

where the subscripts a, p, m, and s respectively stand for 

air, propane, a quantity evaluated at the rotameter, and a 

quantity evaluated at standard conditions. M represents 

the molecular weight, IF denotes indicated flow, and the 

standard conditions for the rotameters are T = 530°R and 

P = 1^.7 psia. The uncertainty in m would be given by 
3 P 

A m 
i « d 
m 

i AT
a/T 2 

1 ( 3 P) 
2 V  T  / T '  s mp 

, ̂ Pmn/Pa 2 A(IF) 2 
+ 2( P /P } + ( (IF1) } 

mp s P 

1/2 

(B.7) 

The magnitude of both the first and second terms on the 

right hand side of the above expression is of the order of 

1/2 per cent, and these terms will be neglected in compari

son to the last term. The uncertainty in the indicated flow 

is due to two factors: first, the uncertainty in setting 

the rotameter float with respect to the scale (plus or 

minus one half of the smallest division on the scale); and 

second, to the stated inaccuracy of the rotameter itself 

(_+ 2 per cent of the full scale reading in this case). A 

tabulation of these uncertainties is shown in Table V for 

various air-fuel ratios and mixture speeds. Substituting 

the values listed in Table V into equation B.5 and talcing 
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TABLE V 

UNCERTAINTIES IN THE INDICATED FLOW FOR THE SMALL 
PROPANE ROTAMETER 

(5*07 SCFM maximum capacity) 

— £IIF) IHf7~" 
v, ft/sec a/f (lp)Pt % v, ft/sec a/f (if) ' % 

p p 

22.5 25 15 22.5 8.5 

20.5 22 20.5 7.6 

18.5 20 18.5 6.9 

16.5 18 16.5 6.2 

22.5 13 25 22.5 5.3 

20.5 12 20.5 4.8 

18.5 11 - 18.5 k.k 

16.5 10 16.5 4.0 

the uncertainty of the air mass flow rate to be k per cent, 

the uncertainty in the air-fuel ratio is found to range 

from about I7* per cent at A/F = 22.5 with V = 10 ft/sec to 

about 5.7 per cent at A/F = 16.5 with V = 25 ft/sec. 

The previous discussion of uncertainties in mixture 

speed and air-fuel ratio have been for the range of mixture 

speeds from 10 ft/sec to 25 ft/sec. For this range of 

speed, the large air rotameter settings were determined 

from a pitot tube calibration. At a nominal mixture speed 

of 5 ft/sec, a pitot tube calibration was not performed, 
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however the primary air settings for to^iis flow were near 

the upper end of the scale of the small air rotameter (31 

SCFM maximum capacity). The mixture speed as calculated 

from the rotameter setting is given by 

V = 
n 

P T 
1 s n 

C A P T 
n n n s 

T P 

ma a 

1/2 

(IF) (B.8) 

The controlling factors in determining the uncertainty in 

the mixture speed are the indicated flow term and the 

nozzle coefficient. The Uncertainty in the former term is 

4.4 per cent, and the uncertainty in the latter is 3*5 per 

cent. This leads to an uncertainty in the mixture speed 

of per cent. As mentioned previously the addition of 

propane increases the mixture speed from 3 to 4 per cent so 

that if the mixture speed of 5 ft/sec were increased by 3 

per cent, the uncertainty of this corrected speed would be 

less than 6.6 per cent. 

The air-fuel ratio in terms of the indicated flow 

reading of the air and propane rotameters is given by 

A/F = 
MP T 

( «) ( »•) (-EE) 
M P ' T mp ma 

1/2 (IF), 

TOT (B.9) 

The uncertainty in the air-fuel ratio would be given by 

(neglecting the uncertainties due to the temperature and 

press\ire terms) 



A A/F 
A/F 

A(IF) 2 A(IF) 2 
("TTF1—} + ( (IF) } 

a P 

142 

1/2 

(B.10) 

The uncertainty in the first terra is k.k per cent, and the 

uncertainty in the second term for V = 5 ft/sec is tabu

lated in Table V. The uncertainty in the air-fuel ratio 

thus varies from 25*8 per cent at A/F = 22.5 to 18.5 per 

cent at A/F =16 .5 .  

The uncertainties in air-fuel ratio for most of 

the experiments performed is quite large, however it should 

be pointed out that the rotameter settings were maintained 

at a constant value throughout any experimental run, and 

that these settings could be very easily reproduced on 

different days. Thus the magnitude of the air-fuel ratio 

may be somewhat in doubt, but it could certainly be 

reproduced from day to day. 



APPENDIX C 

TIIE PARTICLE TRACK METHOD FOR FLOW FIELD STUDIES 

Upon microscopic examination, the magnesium oxide 

particles used in the studies performed here were found to 

range in size from about 4 microns (l micron = 10 ̂  meter) 

to about 100 microns, with the largest number of particles 

being in the range of 30 to 35 microns. For these particles 

and the conditions at which the experiments were performed, 

the Reynolds number for the particles is less than unity. 

It will therefore be assumed that the Stokes Law of drag 

(Schlichting, reference 2k) is valid. The drag is given by 

D = 3TiT)d(V - u) (C.l) 
S 

where TJ is the dynamic viscosity, d is the particle 

diameter, u is the particle speed, and V is the speed of 

the gas in which the particle is immersed. Equation C.l 

can be integrated (setting the drag force equal to the 

product of the particle mass and its acceleration) to give 

the particle speed and displacement as a function of time. 

The weight of the particle and the bouyant force are 

neglected. If the particle is assumed to start from rest, 

the time at which the particle speed is 99 per cent of the 

gas speed, is found to be 

1^3 
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(C.2) 

and the distance that the particle travels in this time is 

where B = 3TlTlti/m, m being the mass of the particle. 

At air-fuel ratios between l6 and 23 * nitrogen and 

carbon dioxide comprise more than 85 per cent (by mass) of 

the products of combustion. The dynamic viscosity of these 

gases at temperatures near 3000°^ is very nearly the same, 

and the dynamic viscosity of the products, of combustion 

will be assumed to be that of nitrogen. This property is 

tabulated by Ililsenrath et al. (7)» and for temperatures 

between 2700°R and 3400°R, the dynamic viscosity may vary 

from about 3^0 x 10 ^ lb /ftsec to about 'i00 x 10 ̂  

lb /ftsec. 1 m ,i 

The density of a cluster of particles was assumed 

to be the same as the average density of the bulk powder 

(the density is probably greater than this), which was 

determined to be about 8.5 lb /ft . This is about 10 per m 

cent greater than that used by Rockett (21). 

Using the above numbers, and assuming the particle 

diameter to range between 20 and 50 microns, the value of 

the constant D will range between 2,700 1/sec and 19,700 

1/sec. For a gas speed of 10 ft/sec (the speed in the 

S = (4.6 + e 
V -4.6 

) 
4.61V 

& (C.3) 
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recirculation zone was never observed to exceed this 

value), the maximum time for the particle speed to attain 

99 per cent of the gas speed would be 1.7 milliseconds, and 

the distance traveled by the particle in this time would be 

0.2 inches. It therefore seems reasonable to assume for 

all practical purposes that the speed of the particle is 

equal to the speed of the flow. 

The flow in the vortices of the recirculation zone 

is not one dimensional; however, it is felt from the above 

discussion that the component of the particle velocity in 

the direction of the streamline may be assumed to be equal 

to the gas speed along the streamline. Thus the deviation 

of the particle tracks from the streamlines is due mainly 

to the radial acceleration effects. 

Korbacher (10) performed an analysis for circular 

streamlines, wherein the component of the particle velocity 

in the direction of the streamline was assumed to be equal 

to the speed of the gas. The maximum particle size was 

obtained for which the particle would not deviate more than 

3 per cent from the streamline radius in turning through an 

angle of 30 degrees. This of course depended upon the 

speed of the gas along the circular streamline. 

The radius of the particle tracks from which 

circulation data was obtained varied from about 0.0^5 

inches to 0.27 inches, and typical gas speeds for these two 
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radii are 1 ft/sec and 8 ft/sec, respectively. From the 

results of Korbacher (10),.a 50 micron particle diameter or 

less is required for the smaller radius, and a 46 micron 

particle diameter or less is required for the larger 

radius. Since most of the particles used were about 30 

microns in diameter, the deviation in radius of the particle 

track from the actual streamline is less than 3 per cent in 

30 degrees of arc. 

The values of circulation which were computed were 

based on the assumption that the particle speed was the 

same as the gas speed, and that the particle track was a 

streamline. The circulation need not be evaluated along a 

streamline; however, if some other path is chosen the 

component of the velocity along that path must be used in 

the computation. Thus an error is introduced in that the 

velocity of the gas is not in a direction tangential to the 

particle track. An idea of the size of this error is given 

by the following example. 

Consider two circular streamlines A and B shown in 

Figure 51* The particle track is assumed to follow an 

elliptical path (for the sake of computation) between the 

two streamlines, and the radial deviation of the particle 

in turning through 90 degrees of arc is taken to be 10 per 

cent (this should be a conservative estimate on the basis 

of the preceding discussion). 
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STREAMLINES 

PARTICLE TRACK 
ASi 

Figure 51 Particle Track Between Two Streamlines 

The speed of the flow is assumed to vary linearly 

between the two streamlines. The actual velocity of the 

gas is shown as V1, which is assumed to be equal in 

magnitude to the particle velocity V. The circulation was 

computed from particle track photographs by performing the 

summation 

T = H V. AS. (C . 3) 
• i 

The correct circulation along the path shown in Figure 51 

is given by 

r' = E (vi C O S 0 ± )  AS. (C.4) 
i 
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The difference between the circulation as obtained from 

equation C.3 and equation C.k was computed for the flow 

pattern shown in Figure 51 • Typical speeds and radii (as 

obtained from particle track photographs were used, and in 

all cases the difference in T and T* was less than 0.5 per 

cent. The uncertainty in T is thus due mainly to the actual 

calculation according to equation C.3» and not due to the 

fact that the angle 0^ (equation C.k) was assumed to be 

zero. 

The speed of the particle in most cases could be 

determined from the particle track photographs with an 

uncertainty of 5 per cent, and on the average, there were 

six increments of length used in computing the value of 

circulation. Using an equation similar to equation B.2 the 

uncertainty in the value of circulation would then be 12.2 

per cent. This is approximately the deviation from the 

average of the two curves shown in Figure 23 (A/F = l6.5» 

page 67). At this air-fuel ratio the flow was very steady 

whereas at leaner mixtures the flow became more unsteady 

and the scatter of the data became greater. 

The area around which the circulation was computed 

was measured with a planimeter, and could be determined to 
n 

within 4 per cent and 2.5 per cent for areas of 0.02 in 

2 and 0.06 in , respectively. The particle track pictures 

were magnified when these area measurements were made, and 
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the actual area measured was about 31 times greater than 

the areas listed above. 



LIST OF SYMBOLS 

A Area around which the circulation was computed 

A/F Air-fuel mass ratio 

C Specific heat at constant pressure p 

D Flame holder diameter 

H Vertical distance from the flame holder center to 

the vortex center 

h Wave number 

k Thermal conductivity 

L Flaine-front characteristic length 

n Flame holder rotational speed 

P Pressure 

R Flaine-front local radius of curvature 

S Flame speed 

T Temperature 

t Time 

U,V Velocity components 

V. Mixture speed 

V Speed of a point on the flame holder surface 

x,y Coordinates 

a =S/£S°h 
u 

P Circulation 

S Exponential growth parameter 
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£ 
f 

Density ratio E, = p^/p^ 

J Vorticity 

J . Average vorticity 

n Viscosity 

\ Wave length 7^ = 27i/h 

v- Flame speed curvature parameter 

Coordinates of an element of the 

P 
Mass density 

cr = fihL 

Subscripts 

u Unburned 

b Burned 

Superscripts 

0 Steady state quantity 

t Perturbed quantity 
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