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Abstract The relevance of data on laminar burning velocities, both from their value to industry and related 
research areas, and for the validation of theoretical chemical kinetic models, is discussed, as are certain 
fundamental problems associated with the measurement of this intrinsic property. Various methods which 
have been used over the years to experimentally determine this property are reviewed and it is concluded that 
the spherical constant-volume vessel method is both the most versatile and accurate. As a consequence, a 
summary of the equations required for its correct use are presented. For the purpose of comparing the results 
of the more reliable techniques, as well as comparing these with recent computer predictions, data on the 
effects of equivalence ratio, pressure and unburnt gas temperature for methane-air mixtures are reported, as 
are a number of empirical equations correlating these variables with burning velocity. 

NOTATION 

A area; 
B defined as (1/flXg - ~XI - F 2) ; 
C defined as - (1/ f lXrf l3Xl  - F3), specific heat capacity; 
D defined as - C, diffusion coefficient ; 
E defined as BF2/(1 - F2); 
F defined as(1 - ~ ;  
G defined as ~F 3 + g(1 - F3); 
h enthalpy ; 
k constant ; 
K correction factor; 
m mass ; 
M molecular weight ; 
n mass fraction ; 
p absolute pressure; 
r radius; 
R bomb inner-wall radius, tube radius ; 
R universal gas constant; 
S velocity ; 
t time ; 
T absolute temperature; 
v velocity; 
W reaction rate; 
x distance; 
y distance; 

defined as (PdPo), angle ; 
defined as (PJPo) ; 

7 ratio of heat capacities; 
defined a s  (P f/Po) ; 

p density; 
r flame-front thickness ; 
~b equivalence ratio ; 

Subscripts 
b burnt gas ; 
c centre, correction ; 
e at end of combustion ; 
f flame front; 
i ignition ; 
2 thermal conductivity; 
o initial ; 
p constant pressure ; 
pr preheat zone; 
s spatial; 
t transformation (or burning), throat ; 
u unburnt gas ; 
ug unburnt gas; 
w at the bomb wall; 

A bar over any symbol indicates an instantaneously spatially- 
averaged value. The symbol ~ denotes nondimensionai 
quantities. 

1. INTRODUCTION 

The main  a im of combus t ion  research is the ac- 
quisi t ion of a t ho rough  unders t and ing  of the mechan-  
isms of ignition, species dis t r ibut ion,  flame propaga-  
t ion and  energy release of combust ib le  mixtures. The  
pract ical  results of such knowledge are evidently the 
cont ro l  of the combus t ion  process, b o t h  f rom the poin t  
of view of safety and  its ut i l izat ion as a source of 
energy. 

Ult imately,  such unders t and ing  can only be 
achieved t h rough  chemical  k ine t i c s - - the  mass, species 
and  energy equat ions  being used to predict  the con-  
dit ions necessary for ignition, as well as the overall  
rates of react ion (HC53, HC54, Sp56). Unfor tunate ly ,  
due to the complexity of the problem,  this me thod  has  
only recently s tar ted yielding results, and  then only for 
the simpler combust ib le  mixtures  (SH76, Ts78). In any  
event, the val idat ion of any theoretical  model  requires 
the availabil i ty of reliable exper imental  da ta  against  
which its predict ion can be compared  (SH76, HK77,  
Ts78). 

The proximate  goal of gradually accumula t ing  
knowledge via ad hoc exper imenta t ion  is thus  still 
neces sa ry - -bo th  in the shor t  and  long terms. 
Fur the rmore ,  corre la t ion of such da ta  can provide 
valuable clues for e lucidat ion by more  comprehens ive  
theoret ical  t reatments .  To quote  Lewis (Le59), " . . .  it 
is possible to develop new concept ional  unders tand-  
ings f rom exper imental  observat ions  and  simple corre- 
lat ions whenever  it is found tha t  flame processes have 
some physical basis in common" .  

Two complementa ry  empirical  approaches  to the 
s tudy of combus t ion  processes are ava i l ab le - -  
microscopic  and  macroscopic.  The  a im of the former, 
which use measur ing  ins t ruments  of high spatial  
resolut ion and  shor t  response time, is to provide 
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detailed descriptions of flame structure through infor- 
mation of the fluid flow, temperature and composition 
profiles, reaction rates and transport coefficients of the 
various species present in the flame (Go76). The latter 
provide data on the effects of thermodynamic variables 
such as composition, temperature, and pressure, on the 
gross behavior of combustible mixtures: viz.  inflam- 
mability limits; ignition energies, temperatures, and 
delays; quenching distances; instability phenomena; 
burning velocities of both laminar and turbulent 
flames ; abnormal combustion such as detonation and 
knock ; and the like. 

This review will be primarily concerned with the 
experimental determination of one of the basic pro- 
perties of any combustible mixture--its laminar burn- 
ing velocity. 

A number of excellent reviews have been published 
over the years on this topic. Notable amongst these are 
those of Lewis and von Elbe (LV56, LV61), Linnett 
(Li53, Li54), Fiock (Fi43, Fi55), Simon and Wong 
(SW53), Dugger et  al. (DS57), Gaydon and Wolfhard 
(GW60), Laffite and Combourieu (La62, Co62 and 
LC64), Fristrom and Westenberg (FW65), Lidlow 
(Li67) and, more recently, of Andrews and Bradley 
(ABV2). 

What is perhaps surprising is that although the 
subject of the burning velocity of combustible mixtures 
has been studied for close on a century, there is still a 
lack of consensus both as to the most effective methods 
of measurement and on the reliability of the published 
data for various mixtures. 

2.  F L A M E - F R O N T  S T R U C T U R E  

As a prerequisite to the reliable determination of 
burning velocity it is necessary to have some under- 
standing of flame-front structure. 

A flame is the result of a self-sustaining chemical 
reaction usually made visible by the luminosity of the 
burning gases. Associated with a flame is a flame front, 
in which the unburnt gas is heated and converted into 
products. Whether the flame is stationary or moving in 
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space, the flame front, which is of finite thickness, is 
taken as an indication of the progress of the flame. 

The flame front is generally considered to consist of 
two regions, referred to as the preheat and reaction 
zones (Fig. 1). 

The preheat zone occurs between the cold boun- 
dary, at temperature, T,, and the location of the 
ignition temperature, T v In this region, the tempera- 
ture of the unburnt gas is raised mainly by heat 
conduction and some convection from the reaction 
zone--radiat ion heat transfer being negligible. Since 
each element in this region acts as a heat sink, the 
temperature profile is concave upwards ( 0 2 T / S x  2 > 0). 

Also, because of the temperature increase, the unburnt 
gas expands and is accelerated (Fig. 2). No significant 
chemical reaction occurs in this zone (DS57). 

On reaching its ignition temperature, T~, each 
element of gas starts undergoing chemical reaction 
with a consequent evolution of heat, resulting in a 
temperature profile which is concave downwards 
(~2T/Ox 2 < 0). The temperature continues to rise until 
its equilibrium value of T I is reached. The region 
between the location of the ignition temperature, T~, 
and the hot boundary at the equilibrium temperature, 
Tr, is referred to as the reaction zone (Fig. 1). 

The reaction zone is further divisible into two parts : 
the primary and secondary reaction zones. The 
primary zone is approximately coincident with the 
luminous zone (WF61), while the secondary zone is 
associated with an area of weak secondary luminosity 
due to CO oxidation (FW65). 

The whole region comprising the preheat and 
reaction zones--characterized by the term flame 
front generally has a significant thickness. Ideally, 
this thickness is the distance between the cold and hot 
boundaries of the front. However, since the tempera- 
ture profile approaches both T, and T I asymptotically, 
its extremities are usually specified by the arbitrary 
conditions : 

(T~ - -  T ' ) / (T~ - -  T,) = 0.99 

f r o n t  thickness, T 

( T )  - T 3 / ( T y  - T~) = 0.99 (1) 

"i 

Ix; xf 
Preheat  zone  I [  React ion z o n e  

D is tance  - x ~  

FIG. 1. Typical temperature profile through a flame front. 
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FIG. 2. Temperature, velocity, and stream-tube area profiles (Fr61). 

where T" and T} are the temperatures at these arbitrary 
extremes. 

Application of eq. (1) to the temperature distribution 
through the preheat zone via the conservation equa- 
tions presented in Section 3 yields an estimate of the 
thickness of this zone, given by 

rpr = 4.6X/Cpp,S, .  (2) 

Evidently (FW65), this relationship is representative 
of a total flame thickness, z', defined in terms of the 
average temperature gradient through the front, as 
indicated in Fig. 3. 

T ~_.(__d T/dxlaverag e 
Tf ~ , , ~  / . _  

--J'~-- 7 L . . . .  Tu x 
o 
T e 

FIG. 3. Flame-front thickness based on preheat zone analysis. 

The foregoing description is relevant in this review 
for two reasons. As will be discussed in Section 4, the 
determination of burning velocity in experiments in 
which the flame front is not plane, is critically de- 
pendent on the decision taken regarding the location 
of this front (Li53). Also, since at low densities (p,) and 
burning velocities (St) the thickness of the flame front 
can become significant, this effect must be incorpo- 
rated into the equations used to calculate burning 
velocity (Section 7.2). 

As with temperature and velocity, species concen- 
tration profiles also exist within the flame front (Fig. 4). 
The latter are much more complex than either the 
temperature or velocity profiles, and are largely de- 
pendent upon the combustible mixture concerned. 
These profiles are not of direct relevance in this review 
provided that, at any stage through the flame, the 
system may be considered as a mixture of perfect gases 
for the purposes of density calculation. 

The interested reader is referred to the literature for 
more detailed treatments of flame structure (Fr61, 
FW65). 

3. CONSERVATION EQUATIONS FOR A 
PROPAGATING FLAME-FRONT 

Two main methods for calculating laminar burning 
velocity and flame structure have been evolved during 
the past three decades. The ordinary differential equa- 
tions for heat conduction, diffusion and species con- 
tinuity derived by Hirschfelder et al. (HC53) and 
solved by them by the simple shooting method re- 
presents one approach. Here, the flame speed is the 
eigenvalue of the two-point boundary value problem 
specified by the unburnt and burnt gas conditions. 
Often, however, an assumed burning velocity is not 
sufficient to initiate the solution, and multi-eigenvalue 
solutions are necessary (CH63). No acceptable conver- 
gence criteria exist for such solutions and, although 
other methods have been devised (Ke68), no standardi- 
zation has been achieved. 

The other main approach, used by Spalding (Sp56), 
involves setting up the equations for continuity and the 
time-dependent energy conservation equations. These 
are solved by finite-difference methods, with arbitrary 
initial profile assumptions. They are more easily 
applied to the unsteady propagation of laminar flames 
than are those of Hirschfelder et al. As used by Adams 
and Cook (AC60), Zeldovich and Barenblatt (ZB59), 
Dixon-Lewis (DL67) and Spalding et al. (SS71), these 
equations have been applied to the solution of the one- 
dimensional flame problem. Recently, the method has 
been extended to handle flames in cylindrical and 
spherical co-ordinates by Bledjian (B173) and Dixon- 
Lewis and Shepherd (DS74). 

Pertinent recent references covering the procedures 
and problems encountered include DS74, DG75, 
SH76 and Ts78. 

In this form the equations are only applicable to the 
adiabatic flame case. These equations are: 

(1) The mass continuity equation--  

(c3p/c3t) + (1/rk)(c3/c~r)(rkpv)= 0. (3) 
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F1G. 4. Composition profiles of lean ethylene-oxygen flame (gr61). 

(2) The species continuity equation-- 

(~yi/t~t ) + v(t~yi/t~r ) 

= (1/prk)(O/Or)[rkDip(OyJdr)] + W~p. (4) 

(3) The energy conservation equation, in terms of static 
temperature-- 

C.(OT/~30 + vCp(c3T/Or) = (1/prk)(~/?~r)[rk)j~T/Or)] 

-- ~ (W~h]p) (5) 
i = 1  

+ .~ Di(~3yi/Or)(~h,/Or) 
i - 1  

where by setting k = 0, 1 or 2, the equations may be 
written for cartesian, polar or spherical co-ordinates, 
respectively. 

Provided the detailed kinetics of the reaction pro- 
cesses are known, or some simple relationship between 
both the overall reaction rate and the diffusion coef- 
ficients and the gas properties of pressure and tempera- 
ture may be assumed, a solution is possible (Sp57). The 
method allows, e.g., the time-history of the develop- 
ment of a steady-state flame to be computed (B173). 

Vance and Krier (VK74) have presented a model for 
spherical and cylindrical flames using a modified form 
of the above relationships which attempts to predict 
the behavior of flames in the presence of conductive 
and convective heat loss. They report a fair degree of 
success with their method. 

As is evident from the foregoing discussion, a 

comprehensive solution to the problem of burning 
velocity and flame structure calculations requires a 
detailed knowledge of the reaction mechanism for 
laminar flames. Even then, the success of the analytical 
approach may only be assessed by comparison with 
reliable experimental data. In most instances, such 
data is only available over a limited range of pressures 
and temperatures, albeit usually for the full range of 
mixtures between the flammability limits. At the 
present time, confusion still exists with the burning 
velocity data of most fuels as "conflicting results 
continue to be published" (AB72). Most authors who 
currently approach the problem from the experimental 
point of view attempt a correlation with the analytical 
results based on some simplified reaction scheme 
(BH71) with limited success. 

These two methods of studying flame propa- 
gation-analytical  and experimental--are clearly 
complimentary and interdependent. The analytical 
approach requires reliable experimental data both for 
its execution and for comparison to assess its success. 
On the other hand, the achievement of good experi- 
mental values relies on some of the results of the 
theoretical studies for its accuracy. In this context, the 
corrections to burning velocity for flame thickness, 
reported in Section 7.2, depend materially on the 
temperature profiles through flames at pressures 
where it is most difficult to measure them, due to the 
small thickness of the flame front. Analytical models 
can provide valuable information in the determination 
of such correction factors. 
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4. LAMINAR BURNING VELOCITY 

One of the most important intrinsic properties of 
any combustible mixture is its laminar burning ve- 
locity and the dependence of this property on such 
variables as mixture composition, temperature and 
pressure. Hopefully, as has been suggested in the 
previous section, this observable macroscopic effect 
will ultimately yield to analytical studies--as may such 
altogether more" complex phenomena as turbulent 
flame velocity and knock in spark-ignition engines. In 
the meantime, however, there is a wealth of experi- 
mental evidence to suggest that laminar burning 
velocity is an important variable in correlation equa- 
tions for such phenomena as flashback and flame-tilt 
in burners, minimum ignition energies of electric 
sparks, and turbulent flame velocity--to mention but 
a few (LV61). Evidently, therefore, an accurate know- 
ledge of this property, together with the influence of 
other variables on it, is important in any combustion 
study. 

The ignition of a combustible homogeneous mixture 
from some point within it results in the propagation of 
a flame. The velocity of spread of such a flame relative 
to the point of ignition is readily measurable. However, 
this spatial velocity (S~) is not a unique property of such 
a mixture. It can be shown to be the sum of two 
velocities, namely the burning or transformation 
velocity (St) and the unburnt gas velocity immediately 
adjacent to the flame front (S~g): i.e. 

S~ = St + S,o. (6) 

The second and generally larger component (Sug) is 
apparently a function of the relative densities of the 
burnt and unburnt gas at any instant, as well as of the 
presence or absence of any constraining boundary. 

The burning velocity (St) is defined as the relative 
velocity, normal to the flame front, with which the 
unburnt gas moves into this front and is transformed. 
It is considered to be an intrinsic property of the 
specific combustible mixture. Symbolically, it can be 
expressed as (RP62) 

St = --(1/ A spu)(dmddt) 

-- (1/Arp~)(dmJdt) (7) 

where A s is the flame front area, p~ is the unburnt gas 
density immediately adjacent to this area, and (dmddt) 
is the mass rate of flow of unburnt gas into the flame 
front, which is equal to the mass rate of formation of 
burnt products (drab~dr). 

The methods used for determining laminar velocity 
fall into two categories : those in which the flame front 
remains stationary in space, i.e. Ss = 0 or S, = --S,g, 
and those in which it moves with respect to some fixed 
point--usually the point of ignition. 

The first category can be subdivided into two 
classes : namely, diffusion flames and premixed flames. 
Examples of the former are the burning of candles, oil 
wicks, wood or coal. The best example of a premixed 
flame is that obtained in a Bunsen burner. When the 
combustible gases are premixed and the flow is 

laminar this yields the characteristic inner cone and 
mantle of all burner flames. 

Propagating flames may also conveniently be sub- 
divided into two classes: namely constant volume and 
constant pressure. Examples here are the spherical 
constant volume vessel, soap bubble and cylindrical 
tube methods. Their study requires a means of measur- 
ing the velocity of propagation of the flame-front 
relative to the fixed point of ignition (Ss), as well as a 
means of determining the unburnt gas velocity (Sug). 

The former may be achieved either photographi- 
cally using direct, Schlieren, shadow or interferometric 
methods ; or by the use of ionization gaps, fusing wires, 
temperature probes or similar devices capable of 
detecting the flame front. The latter (S~o) may either be 
determined analytically or by using some velocity 
measuring device, such as a hot-wire anemometer. If 
suitable particle tracking techniques for observing the 
gas motion in both the unburnt and burnt regions can 
be developed, then St follows directly from eq. (6). In 
the constant volume method an additional desirable 
observation--if  full advantage is to be taken of this 
method-- is  the change in pressure in the vessel during 
the course of the flame. 

Each of the foregoing methods has certain ad- 
vantages and disadvantages. These will be discussed in 
greater detail in Section 6. 

5. FUNDAMENTAL PROBLEM IN BURNING 
VELOCITY MEASUREMENT 

Many of the difficulties associated with the determi- 
nation of laminar burning velocity centre around the 
precise meanings given to the variables in eq. (7)--and 
in particular to the flame-front area Af. 

The case of an infinite plane flame, in which the 
flame front is normal to the direction of flow of the 
unburnt gas, is the only one in which these difficulties 
do not arise. In all other systems " . . .  no definition free 
from all possible objections can be formulated" (Li53). 
Unfortunately, the closest approximation to an infinite 
plane flame, the flat-flame burner of Powling and 
Edgerton (Po49, Po61, ET52), is limited in this as well 
as other respects. 

The basic question to which an answer is required is 
therefore: Which part of the flame should be selected 
for measurement purposes? Evidently, from eq. (7), 
any surface within the flame front at which the 
corresponding values of density (p) and mass flow rate 
(dm/dt) can be accurately and reproducibly deter- 
mined would be acceptable. Undoubtedly, the best 
surface is that at which the temperature just starts to 
deviate from the unburnt gas value (T~, Fig. I). 
Unfortunately, due to the asymptotic nature of the 
temperature profile this position is unmeasurable. 
Temperature or density measuring devices of high 
spatial resolution and sensitivity, such as Schlieren 
photography or laser interferometry (Ga76), would 
seem to be indicated--provided corresponding values 
of area and temperature are used in eq. (7). 

Fristrom has shown that the inner region of the 
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luminous zone represents the best location at which to 
measure gas velocities and areas for curved thick 
flames (Fr65). Using eq. (7) he defines a burning 
velocity, S*, immediately adjacent to the reaction 
surface of area A*, and density, p*, as 

S* = (a'p'/A*p*)Sc 

where A', p' and S't are the values measured at some 
other surface. 

5.1. Methods of  Observin9 the Flame Front 

Various methods of locating the position of the 
flame front have been proposed and used (DS57). 
These include: 

(1) Direct photography of the luminous flame (LP51, 
GW53, SE59). 

(2) Shadow photography using a point source of light 
(SL48, GL49, AF49, AF50). 

(3) Schlieren photography using either a coarse grat- 
ing illuminated from behind (GW53, Gi57) or an 
optical system using lenses or mirrors (CL51, 
PL51, BW53, Di53, BW54, Se61). 

(4) Interferometry (OI49, GW53). 
(5) Particle track measurements (photographic or 

laser Doppler) (Sm37, VL43, AF50, FA54, Fr56, 
Go76, EP76). 

(6) Ionization gaps (ES57, SA57, EA58, Gr59, AG61). 
(7) Temperature measurements (KW48, Fr53, GL53, 

GW53, FB54). 

Since the intensity of the luminous zone is generally 
sufficiently high, particularly for hydrocarbon mix- 
tures, direct photography is possible and has 
frequently been used. However, as was discussed in 
Section 2, this zone is located some distance behind the 
initial temperature rise and hence does not represent 
the start of the interaction between the unburnt gas 
and the combustion wave. (Figs 1 and 2). In burner 
flames, the thickness of the preheat region ahead of the 
luminous front is found to vary from about 1 mm at 
atmospheric pressure (AF50) to about 10 mm at 1/20 
atmosphere (KW48). This surface would therefore 
appear to be unsuitable for determining burning 
velocity (for low-pressure burner flames at any rate) 
unless the corresponding unburnt gas density can also 
be measured. 

Shadow photography has been studied fairly exten- 
sively (SL48, Wo49, AF59), and it has been established 
that the sharp inner shadowgraph edge is dependent 
on the distance between the flame and the screen or 
photographic plate. Further, this edge is located ahead 
of the preheat region and approaches the start of this 
region as the distance between flame and screen is 
decreased. This well-defined edge may therefore only 
be used if suitable corrections can be made. On the 
other hand, the outer shadowgraph edge, which is 
coincident with the Schlieren edge, and is not de- 
pendent on distance, is not well-defined and is hence 
difficult to measure. For these and other reasons, 
shadow photography is considered unreliable, and 

Gaydon and Wolfhard recommend that it be aban- 
doned (GW53). 

Of the optical methods, the best measurements of 
the start of the preheat zone are afforded by the 
Schlieren, interferometric and particle track methods. 
Interferometry, although possessing many attractive 
features, can be expensive and complicated to use. In 
any case, it is doubtful whether for this purpose it can 
provide much additional information as compared 
with Schlieren or particle track techniques. 

Schlieren methods yield a focussed image of the 
flame, enabling the position of maximum intensity, 
given approximately by ( -  1/TZ)(dT/dx), to be easily 
located. In burner flames, this apparently occurs at 
about 200°C (KW48). It has, however, been pointed 
out that " . . .  because of the optical arrangement for 
photography the Schlieren in a conical flame may be at 
much lower temperature, and this displacement will 
depend on the thickness of the pre-heating zone, and 
therefore on the burning velocity. The Schlieren may 
thus serve to locate the position of the first temperature 
increase which is required for measurement of burning 
velocity" (GW53, p. 67). Smoke (Br49) and particle 
track (AF50, GL52, Ge53) measurements in burner 
flames confirm that the flow lines remain parallel to the 
burner axis until the Schlieren image is reached. There 
seems little doubt, therefore, that wherever possible the 
Schlieren edge should be used for burning-velocity 
studies (GH50) (Fig. 5). 

FLOW 
LINES /VISIBLE EDGE 

,SCHLIEREN \ ~ EDGE 

~,tlNNER 
SHADOW 
EDGE 

FIG. 5. Relation of flow lines to flame images (GH50). 

The particle track method is an extremely versatile 
technique for the study of flames. By its use, von Elbe 
and Lewis (VL43) were able to show that burning 
velocity is a "genuine physical constant" (GW53). 
However, it is apt to be rather tedious as a means of 
determining burning velocities per se. Care has to be 
exercised that the particles used do not have any 
catalytic effects on the flame and also that they are 
small enough to accurately indicate any changes in 
direction of the stream tubes. Nevertheless, it is one of 
the most powerful techniques available (CW63, SG56, 
AF49, Li76, Li68, RM71, FW65, BS69, EH69). 

It has long been known that the electrical conduc- 
tivity of flame gases is high as compared with the 
unburnt gas. A method of detecting the position of the 
flame front as a result of such changes in conductivity 
(by means of ionization gaps) has been used by Agnew 
and his coworkers in their studies of flame propagation 
in spherical constant-volume vessels (Es57, Sa57, 
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Ea58, Gr59, AG61). Evidently such ionization gaps 
will trigger at some point within the luminous zone 
(CK55, KN59). If the flame-front thickness is variable, 
as it might well be in constant-volume experiments, 
this technique may introduce significant error. 
Further, unless care is exercised regarding the probe 
dimensions, there is a possibility of deforming the 
flame front due to cooling and/or quenching effects 
(PB59). Since it appears that the best surface at which 
to locate the flame front is that at which the tempera- 
ture just starts to deviate from the unburnt gas value, 
evidently the most direct determination is via some 
form of density or temperature measuring device of 
high spatial resolution and sensitivity. 

To summarize, therefore, it would appear that:  (1) if 
an optical method of observing the flame front is to be 
used then either Schlieren or particle tracking tech- 
niques are indicated, and (2) if nonoptical methods are 
necessary, a density or temperature sensing device of 
srhall size, high sensitivity and short response-time 
would seem to be preferable. 

It must be stressed, however, that the bulk of the 
experimental evidence relating to flame-front structure 
has been obtained on low-velocity, low-pressure, 
stationary flames. For  such flames, the thickness of the 
preheat region is given approximately by eq. (2). If this 
equation is equally applicable to high-velocity, high- 
pressure propagating flames, the thickness of the 
preheat zone may not be significant. Any of the above 
methods would then be equally effective. However, 
there is a possibility that the controlling mechanisms 
and reaction schemes deduced from stationary flames 
may not be applicable to propagating flames (GW53, 
p. 81). Wherever possible therefore, alternative 
methods of observing the flame front would appear 
to be desirable as a check on each other. 

6. METHODS OF MEASURING LAMINAR 
BURNING VELOCITY 

Since laminar burning velocity is known to be 
dependent on the temperature, pressure and com- 
position of the unburnt mixture, any experiment for its 
determination should ensure accurate control or 
measurement of these parameters. Further, the flame 
front should ideally be plane and well removed from 
any surface which could cause heating, quenching or 
catalytic effects. If a plane surface is unattainable, then 
the flame should at least have a large radius of 
curvature compared with the anticipated flame-front 
thickness. In such cases, the surface should preferably 
be one-dimensional, so that it is amenable to rigorous 
mathematical description, thus permitting reliable 
corrections for flame-front thickness and curvature to 
be applied. 

On the experimental side, the method should be as 
economical as possible on fuel, permit wide variations 
in unburnt gas temperature, pressure and compo- 
sition, yield reproducible restilts and, if possible, be 
simple to use. 

The methods which have been used to determine 

laminar burning velocity have been categorized either 
in terms of the complexity of their flame-front shapes 
(Li53, Li54), or in the two classes of stationary and 
propagating flames (AB72). A combination of these 
two approaches would seem to be convenient. We will 
thus treat each of these two classes--stationary and 
propagating flames--in order of decreasing com- 
plexity of their flame-front shapes. 

6.1. S ta t ionary  Flames  

Laminar burning velocities can be measured by 
causing a premixed combustible mixture in which the 
flow is laminar to enter a stationary flame front (S~ 
= 0) with a velocity equal to the burning velocity (S~o 
= - S t ) .  Ideally, the flame front should be plane. 
However, since a stationary flat flame is unstable, some 
means must be provided for anchoring the flow above 
the burner mouth. By definition, all such methods 
distort the flame front to a greater or lesser extent. 

6.1.1. Burner  methods  

Burner flames of one kind or another have been 
studied extensively and have provided valuable insight 
into a host of combustion problems (Jo46, LV61). As a 
consequence, most of the earlier burning velocity data 
available in the literature have been obtained by 
burner methods (Jo56, GW53, Li53, LV61, AB72). 
Doubtless, the main reasons for this are that in its 
rudimentary form the apparatus required is inexpen- 
sive, versatile, and superficially easy to use. However, 
most of the results obtained with such simple ap- 
paratus must be considered of doubtful reliability. 

Various kinds of burner have been tried--circular 
tube, shaped nozzle, orifice, and rectangular slot types. 
In the circular-tube and rectangular-slot types, at 
appropriately low Reynolds numbers, the unburnt gas 
velocity profile is parabolic, whilst suitably designed 
nozzle and orifice burners yield essentially uniform 
velocity profiles (except in the boundary layer) and 
straight-sided flame cones (Fig. 6). 

In essence, these methods entail establishing la- 
minar flow in a vertical conduit, the flame being held 
stationary at the top end by the flow of combustible 
gases. Since the spatial velocity, Ss, is then zero, the 
burning velocity, St, at any particular point on the 
flame-front cone is numerically equal to the normal 
component of the gas velocity at that point. That is 
(Fig. 7) 

St = Sug sinct. (9) 

Alternatively, the average burning velocity over the 
whole flame-front cone can be obtained from mass 
continuity, thus 

S, = Kn/ fi, A f . (10) 

A preferable, but more tedious, approach to the 
foregoing is the use of particle tracking, so successfully 
demonstrated by Lewis and von Elbe (LV61) and Levy 
and Weinberg (LW59) (see Fig. 8). In this technique, 
stroboscopically illuminated particles provide direct 
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FIG. 6. Nozzle burner with straight-sided flame cone (Fr57). 

measurement of both the velocity and direction of the 
containing streamtube. Use of this method enabled 
Lewis and von Elbe (LV61) to show that the flame 
velocity was constant over most of the flame front (Fig. 
9). Results using this approach, or modification 
thereof, are reported in Refs AF49, SG56, CW63, 
Li67a, Li68, RM71, FW65 and BS69. 

One other method which has been used to determine 
burning velocities in burners is the so-called flame 
thrust method. From the momentum equation for one- 
dimensional flow it can be shown that the pressure 

~ a  Af 
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FIG. 7. Flame cone geometry. 

difference across a flame front is given by (Lv61, 
GW70) 

P,, - -  Pb  = p u S 2 ( p , J P b  - -  1). (11) 
Measurement of this pressure difference, using a 
micropitot-tube probe, together with calculation of p, 
and Pb, can yield the burning velocity, S,. Because of the 
very low pressure differences available the attainable 
accuracy is poor. Nevertheless, the approach has been 
used with some success, particularly for high burning- 
velocity mixtures (EH69, FW65, BS57, GW60, EH70). 
Although small, it is this effect which causes divergence 
of the unburnt gas flow-lines in tube burners and 
contributes to the rounding of the flame-cone tip 
(FW65). This divergence is quite prominent in inverted 
flame cone burners (Fig. 10) which, incidentally, 
appear to have a number of attractive features when 
used with particle tracking for laminar burning ve- 
locity measurements. 

Although essentially simple, burner methods suffer 
from the following inherent disadvantages : 

(1) Lack of uniformity of the burning velocity over the 
flame surface, particularly at the flame tip and near 
the burner rim (LV61, GW70). 

(2) Difficulty of establishing the relevant unburnt gas 
temperature profile through any section of the 
flame cone. Since burning velocities are strongly 
dependent on unburnt gas temperature, this is an 
essential piece of information (GR78). 

(3) Nonadiabatic nature of the flame particularly near 
the base of the cone (GW70). 

(4) Air entrainment into the flame-cone base, espe- 
cially with rich mixtures (KU62). 

(5) Distortion of the flame cone due to flame thrust 
(Fr57). 

(6) Effects of variable flame-front thickness (GW70). 
(7) Catalytic and inertial effects of solid particles when 

the particle tracking method is used (AF49). 

If the use of a burner method is inevitable, then a 
nozzle or inverted cone burner with particle tracking 
and Schlieren photography is recommended-- 
particularly if the Schlieren cone can be associated 
with a particular unburnt gas temperature (KW48, 
AB72). 

Comprehensive reviews of burner methods are to be 
found in Refs Jo46, LV61, GW70 and AB72. 

6.1.2. Flat-flame method 

This method, due to Powling and Edgerton (Po61), 
provides a close approximation to the ideal one- 
dimensional flat flame, but is unfortunately limited to 
low burning velocities (0.15--0.20 m/sec). The ap- 
paratus used is shown in Fig. 11. Here, the pre-mixed 
combustible gases enter a cylindrical burner tube A, of 
approximately 60 mm diaro~ter, from below. After 
being evenly distributed across the whole diameter of 
the tube by a matrix E, glass bead packing B, and fine 
diffusion screens C, the mixture enters the vertical 
channels of the matrix D. This matrix is built up of 
alternate layers of plain and corrugated metal tape, as 
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1 
FIG. 8. Particle track photograph of a flat flame with sketch of direction of observed flow (LW59). 

shown, resulting in a unit of high density and low 
pressure drop. In passing through the channels of D, 
any turbulence in the gas is eliminated and laminar 
flow is set up in each channel. The distance of the top of 
D below the burner port is adjusted to a value (usually 
5-10 mm) such that these irregularities in velocity are 
eliminated, but parabolic flow has not begun to be 
established in the main burner tube. A wire gauze or 
perforated asbestos board placed above the flame 
serves to stabilize it by setting up a system of vortices 
on the flame rim (Fig. 8) (LW59). The resulting flame 
has the appearance of a fiat disk with a slightly curled- 
up edge. The area of this disk divided into the 
volumetric flow-rate of the mixture yields the burning 
velocity. 

Since flow rates can generally be accurately de- 
termined the accuracy of this manner of using the 
method would appear to depend on the measurement 
of the disk diameter. However, the particle track 
photographs of Levy and Weinberg (Fig. 8) (LW59) 
suggest that some unburnt gas may escape at the flame 
edges, thus lowering the calculated value of St. Also, 
because of mixing and cooling by the surrounding 

nitrogen, the exact position of the flame edge is 
uncertain. It is claimed that provided the burner 
diameter is large, the error from this cause is small. But 
for flame stability reasons, large diameters may only be 
used for slow burning mixtures. Faster flames require 
narrower burners. Alternatively, concentric nozzle 
burners may be used. Powling (Po61) claims that with 
such an arrangement, essentially flat flames can be 
obtained up to burning velocities of about 1.0 m/see. 

Another disadvantage of this method is the heat loss 
from the flame and associated heating of the matrix. 
The former renders the flame nonadiabatic, the latter 
peheats the unburnt mixture--lowering and raising St, 
respectively. Botha and Spalding (BS54) used a porous 
sintered bronze plate for stabilizing the flow, and 
measured the heat transferred to this plate at various 
flow rates. By extrapolating the ratio of the volumetric 
flow rate to flame disk area ("apparent burning 
velocity") to zero heat transfer, it is claimed that true 
adiabatic burning velocities were obtained. This seems 
a reasonable claim, particularly since the unburnt gas 
temperature, T,, would be controlled by the water 
cooling provided. 
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FIG. 9. Combustion-zone flame pattern and burning velocity determined through vertical centre plane of a 
natural gas-air flame on a rectangular burner tube (LV61). 
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FIG. 10. Inverted flame-cone with particle tracks (LV61 

Because of the foregoing difficulties, Levy and 
Weinberg (LW59) prefer the use of particle tracking 
techniques with flat-flame burners. Dixon-Lewis and 
Williams (DW67) using this approach have reported 
higher values for methane-air  than those obtained by 
the area method (ET52). Both Botha and Spalding's 
results for propane-air  (BS54) and Edmondson and 
Heap's for methane-air (EH70) are lower than those 
obtained by the particle-track-cone-angle methods 
using nozzle burners. Some doubt must, however, be 
expressed about the relevant value of T, in these latter 
experiments. 

6.2. Propagatin 9 Flames 

The ignition of a quiescent, homogeneous com- 
bustible mixture from some point within it results in 
the propagation of a flame. The subsequent spread of 
such a flame is determined, inter alia, by the nature of 
the bounding surface between the mixture and its 
surroundings. Three types of bounding surface have 
been used : rigid cylindrical tubes, either closed at both 
ends or open at one or both ends; soap bubble 
solutions or thin elastic membranes; and, rigid 
spherical vessels. 
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FIG. 11. Flat-flame burner (Po61). 
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6.2.1. C y l i n d r i c a l  tube  m e t h o d s  

The early literature contains many values of flame 
speeds measured in tubes (BT27, Jo46, LV61). 
However, it is doubtful whether these results are of any 
significance in determining burning velocity, since this 
method is subject to serious wall interaction effects, 
one result of which is to deform the flame front. Thus, 
the spatial velocity of any given mixture may increase 
many t imes--as  a result of less wall interaction--as the 
tube diameter is increased (Fi43). However, vibrations 
usually then set in, and the flame-front shape tends to 
become irregular and difficult to measure. Also, dif- 
ferent values are obtained depending on whether the 
flame propagates in an upward, downward or horizon- 
tal direction. Certainly, other than for tube diameters 
close to the quenching distance, flame-front vibrations 
appear difficult to avoid, particularly for mixtures 
ignited by means of a spark rather than an open flame. 
The excellent set of photographs given by Flock (Fi43) 
illustrate some of these points (Fig. 12). 

* D I R E C T I O N  O F  F I L M  M O T I O N  

method (Co61, GL51, CL59, HH56, EP69). The rele- 
vant equation now becomes (GM48) 

S, = (Ss - S u g ) n R 2 / A s .  (13) 

Here the unburnt gas velocity, S~g, is determined from 
the displacement of a soap bubble formed over the 
orifice at the unburnt-gas end. 

In a further adaptation of this method, Fuller et  al. 

(FP69) ignited the mixture at both ends, thus produc- 
ing a double-flame kernel with relatively flat flame- 
fronts--thus reducing the error in determining A z. 
This is similar to the technique used by Raezer and 
Olsen in a spherical vessel (RO62) (see also Fig. 12D). 
Provided vibrations can be avoided and the unburnt 
gas between the flame kernels is stationary, then St 
= S~. However, Tu and pu also need to be measured if 
they do not remain constant. 

Even with all the above refinements, it is doubtful 
whether the wall interaction effects can ever be ad- 
equately corrected for. On the whole, therefore, the 
method appears to be inherently unsatisfactory. 

F1G. 12. Typical records of explosions in closed and open-ended tubes (Fi43). A, B, C--tube closed at both 
ends, initial pressure 1, 2/3, and 1/3 atmosphere respectively. D--tube closed at both ends, initial pressure 1 
atmosphere, fired simultaneously at both ends. E--top end of tube open, pressure 1 atmosphere, fired at 

closed end. F--top end of tube open, pressure 1 atmosphere, fired at open end. 

In essence, the method as used by Coward and 
Hartwell (CH32, CP37) consists of a long cylindrical 
tube closed at one end and filled with the gas mixture 
under test. Ignition at the open end results in an 
initially uniform flame travelling towards the closed 
end (F in Fig. 12). Measurement of this uniform 
velocity, Ss, together with the area, A f ,  of the pseudo- 
hemispherical flame-front yields an average burning 
velocity via the following equation, directly derivable 
from the defining eq. (7) : 

S t = SsTZR2/A f  (12) 

where R is the tube radius. 
The provision of a small hole at the end of the tube 

towards which the flame travels, and a larger one at the 
other end, apparently renders the flame movement 
uniform, stable and reproducible (GM48, GL51). Most 
subsequent workers have used this revised tube 

6.2.2. F l a m e  ke rne l  m e t h o d  

Following on theoretical and experimental work by 
Dery (De49) on the ignition, growth and transport of a 
flame kernel in a laminar combustible gas-stream, Bolz 
and Burlage (BB55, BB60) attempted to use this 
technique to measure burning velocity. Measurements 
of the flame area and hence the radius of an equivalent 
sphere as the flame kernel was carried downstream, 
yielded Ss, from which S t was determined from the 
equation 

S t = (pb/po)Ss = orS s (16) 

the density ratio, a, being determined from thermo- 
chemical calculation. The method has the advantage of 
removing the flame from the influence of the spark 
electrodes, but suffers from the disadvantage of a 
complex flame-front shape since the kernel is not 
spherical. 
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In an adaptation of this approach, Raezer and Olsen 
(RO62) produced two flame kernels by simultaneously 
igniting a combustible mixture at two separate points 
in a combustion vessel. Since the unburnt gas velocity 
on the axis joining the two ignition points must be zero 
as the kernels propagate towards each other, then, 
from eq. (6), S, = S~. In theory, provided that ignition is 
simultaneous, the pressure rise is small, and the gas 
between the kernels is quiescent, this method should 
yield reliable results. 

A recent modification by Andrews and Bradley 
(AB73) of this method appears to have yielded good 
results. Two flame kernels propagate towards one 
another such that their flame speeds as they meet tend 
towards the burning velocity. The kernels are con- 
tained in a cylindrical vessel with double ignition, and 
measurements are taken during the constant pressure 
period of combustion. Spark synchronization prob- 
lems generally resulted in kernels of different sizes. 
Satisfactory results are claimed when the size dis- 
crepancy is not too large. The method is apparently 
beset with considerable experimental difficulty, result- 
ing in a low success rate with firings. An advantage of 
this technique is that flame curvature and thickness 
corrections are not required. 

A possible adaptation of this approach might be to 
use two partially intersecting soap bubbles or latex 
balloons, which are simultaneously ignited. 

6.2.3. S o a p - b u b b l e  m e t h o d  

Of the techniques which are essentially independent 
of solid surfaces, possibly the simplest is the soap- 
bubble or constant-pressure method devised by 
Stevens (St23), and developed by Fiock and Roeder 
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FIG. 13. Typical record of an explosion in a soap bubble 
{Fi43). 

(FR35) and Linnett et  al. (LP51). Here the combustible 
mixture to be tested is used to blow a spherical bubble 
around a central spark gap. Provided such a bubble 
offers no significant resistance to gas expansion, ig- 
nition of the mixture results in the propagation of a 
spherical combustion wave at essentially constant 
pressure. (For relatively low velocity flames, the pres- 
sure field across the flame front may generally be 
ignored. Significant error may be introduced in high 
velocity flames if the pressure is assumed constant.) 
For  purposes of analysis, the bubble is photographed 
through a narrow horizontal slit using a drum camera. 
A typical record is shown in Fig. 13, from which it is 
seen that the spatial velocity, S~, is essentially constant 
throughout the process. 

Now, for a spherical flame front of negligible 
thickness 

A I = 4nr~  

whilst the mass of burnt gas, of constant density p~, is 

mb = 4xr~  p f f3 .  

Hence, 

Also, 

d m f f d t  = 47zr2 pb (dr  f fd t ) .  

p, = constant = Po. 

Hence, from our definition of burning velocity (eq. (7)), 

St = (p f f po ) (d r f f d t )  = ctSs. (15) 

Thus, provided the density ratio, ~, can be measured or 
calculated, and Ss determined from the photographic 
trace, then S t follows. Generally, c( is obtained from 
measurements of the initial diameter of the spherical 
bubble, 2to, and the final diameter of the burnt gas, 2re, 
since for conservation of mass 

ot = (ro/re) 3. (16) 

The accuracy of the method is thus evidently very 
sensitive to errors in r o and r e. Although it is generally 
possible to measure both Ss and ro accurately, the 
determination of r e can present difficulties. As a result 
of afterburning it may not be possible to establish a 
precise value for the final diameter (Li53, SS53). 
Inertial effects should also become significant at higher 
velocities (Si59, SW53). Surface irregularities certainly 
then become apparent. Also, for low-velocity flames, 
buoyancy introduces distortion of the burning sphere. 

An alternative method of determining c( is via 
thermodynamic calculations (Ga73). Close agreement 
with observed values has been reported (SW53, SE59). 
It is suggested that wherever possible both methods be 
used. 

A decision as to the use of Schlieren or direct 
photography for observing the flame front does not 
arise here, since, because of the constancy of S~, both 
techniques should yield the same results (LP51, PL51). 
Also, since burning velocity equations for thick flame- 
fronts are now available (GR75), it is possible to 
correct for the effects of curvature. 

A disadvantage of this method is that if water-based 
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soap solutions are used, dry mixtures cannot be tested 
(SW54). However, nonaqueous soap solutions based 
on glyserol have proved quite successful (SS53, SE59). 
Also, it has been suggested that diffusion of the mixture 
through the bubble wall may be sufficiently great to 
alter its composition (LV51). No evidence of this has 
been found with either acetylene-air mixtures (LP51) 
or with ethylene-oxygen-helium mixtures (ML53). In 
any event, the use of transparent latex rubber balloons 
should obviate this difficulty (PP53, SE59). 

Two important advantages of this method are its use 
of only small quantities of combustible mixtures and 
the ability provided to vary both initial temperature 
(within narrow limits) and pressure (within wide 
limits). In terms of the burning velocity range, low 
velocities lead to buoyancy and heat-loss effects, whilst 
high velocities (25 m/sec) produce surface irregularities 
(Si59). At intermediate velocities, this method yields 
good results (LP51). 

6.2.4. Spherical constant-volume vessel method 

The so-called spherical bomb method has not been 
used as extensively as many of the others, although it 
has been described by Linnett as " . . .  potentially a 
powerful method for determining burning velocities" 
(Li53). If its full potentialities are used it can yield 
considerably more information from a single experi- 
ment than can any other method. Also, to quote Lewis, 
" . . .  the method is self-corroborating, and since the 
experimental precision is very high, it must be re- 
garded as a precision method and, at the same time, a 
standard method against which the validity of other 
methods can be tested" (Le54). Its limited use to date 
has perhaps been due to a lack of understanding of the 
underlying theory, coupled with some doubts about 
the possible errors introduced during the early stages 
of combustion by the influence of the spark, of flame 
curvature, and of flame-front thickness, as well as its 
relative analytical and experimental complexity. 
Hopefully, most of this uncertainty has been elim- 
inated over the years as these problems have been 
progressively overcome or shown to be unimportant 
(OR59, RP62, RT63, Ra63, RG65, RG65a, RG65b, 
Ga73, Ga74, GR75, GR75a, GR76, GR78). 

In this method, a premixed combustible mixture 
contained in a thick-walled spherical vessel is ignited 
at the centre. Provided the differences in concentration 
and diffusivity between the various constituents are 
not too large and the spatial velocity is not too low, the 
resulting combustion wave is generally isotropic. The 
propagation of the flame towards the wall of the vessel 
is attended by a pressure rise which results in a 
temperature increase of the unburnt gas. When these 
changes in pressure and temperature, as well as the 
position of the flame front, are accurately measured, 
the method becomes extremely versatile. The effects of 
both pressure and temperature on burning velocity 
can then be obtained, over a fairly wide range, from a 
single experiment. A limited set of experiments can 
thus provide three-dimensional St p - T  surfaces for 

mixtures of given equivalence ratio (~b) (RG65, GR78). 
Alternatively, any three of these four parameters can 
be represented on such a map. 

Although Hopkinson (Ho06) used combustion in a 
constant-volume vessel for determining the mean heat 
capacities of gases at high temperatures, Nagel (Na07), 
and Flamm and Mache (FM17) appear to have been 
the first to derive equations relating the pressure at any 
instant to the volume of gas burnt (LV51, Jo46). Later, 
Ellis and Wheeler (EW27, E128), with their classical 
photographs of combustion in a glass sphere, showed 
that, provided the spatial velocity was not too low, the 
flame propagates isotropically. However, the initial 
development of the spherical constant-volume vessel 
technique for determining laminar burning velocities 
appears to have been due to Lewis and von Elbe, and 
Fiock and his associates (LV34, LV61, FK35, FM37, 
FM40). Using a simplified form of the Flamm and 
Mache equation, Lewis and von Elbe derived an 
approximate expression for the mass-fraction burnt, in 
terms of pressures, which is valid during the early 
stages of combustion when the pressure rise is small. 
This enabled them to determine burning velocities 
during this period. As a check on their assumptions, 
they compared calculated and observed values of 
flame-front radius and found very good agreement 
(MV53). At about the same time, Fiock et al., in some 
excellent papers, reported on their analytical and 
experimental work using this method (FK35, FM37, 
FM40). Unfortunately, both these groups used either 
restricted or unsatisfactory forms of burning velocity 
equations. 

In 1953, Manton et al. (MV53) used an equation 
attributed to Dery, in which only the time derivative of 
the flame radius was required. Results on stoichiomet- 
ric propane-air  showed good agreement (for mass- 
fractions burnt of less than 0.01) with equations 
involving both pressure and radius. Agnew and co- 
workers (SA57, Es57, EA58) proposed and used 
several equations, which included an allowance for 
the finite velocity of propagation of pressure 
waves--necessary for very high velocity flames. 
Unfortunately, these are only applicable to the early 
stages of combustion. Grumer et al. (GC59) produced 
a modified form of equation for mass-fraction burnt, 
for which they claim greater accuracy than that 
proposed by Lewis and von Elbe. O'Donovan and 
Rallis derived an equation for mass-fraction burnt 
which is valid throughout the combustion process. 
Subsequent to this, Rallis and coworkers derived a 
complete set of equations, as well as a variety of 
corroborative relations, and showed that all previous 
equations were particular cases of this general set 
(RT63, Ra63, Ra64). They used a particularly stable 
form of equation--referred to as the combined 
equat ion-- to  determine the effects of equivalence 
ratio, pressure, and temperature on the burning ve- 
locity of acetylen~air  mixtures, and showed that the 
nature of the pressure and temperature dependence 
appeared to be more complex than had hitherto been 
supposed (RG65). 
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At this period in time, concern still existed regarding 
the use of certain assumptions in the theory of this 
method, as well as with the computational complexity 
associated with its correct use. Specifically, these were 
that (GR78) : 

(1) the flame front remains smooth, spherical and 
centered on the point of ignition ; 

(2) the pressure at any instant is uniform throughout 
the vessel--i.e, there are no pressure gradients or 
time lag effects in the measurement of pressure ; 

(3) both the burnt- and unburnt-gas regions are 
adiabatic systems--i.e, there is no heat loss or gain 
from these regions; 

(4) the effects of flame-front thickness and curvature 
are negligible ; 

(5) the burnt-gas density immediately behind the 
flame front, p f, is an accurate approximation to 
the instantaneous spatially-averaged density of the 
burnt gas,/~b ; 

(6) chemical equilibrium is achieved immediately 
behind the flame front--i.e, the temperature at this 
point corresponds to the theoretical equilibrium 
adiabatic value; 

(7) no dissociation or preflame reactions occur in the 
unburnt gas region; 

(8) the required methods of calculating gas properties 
are complex and tedious. 

We will now deal with each of these in turn. 

6.2.4.1. Flame-front irregularities. For low burning 
velocity mixtures, the effects of buoyancy, especially in 
large vessels, can introduce errors. A check on this is 
provided by photographing the flame through a 
vertical slit and measuring the flame radii both above 
and below the spark. Care has to be taken to correct for 
any slit-width effects (Ra63). Where any discrepancies 
are found, approximate corrections for the flame 
propagating as an oblate or prolate spheroid can be 
applied (Ra63). In any event, checks can be made 
between the observed and calculated radii (MV53, 
Ra63). Flame-front irregularities at high velocities and 
pressures, as observed in constant-pressure experi- 
ments by Strauss and Edse (SE59) and Simon and 
Wong (SW54), are a possibility. These may be caused 
by acoustic waves set up by the flame and reflected by 
the walls. No evidence of such oscillation has been 
observed to date, even with acetylene-air mixtures 
(Ra63, RG65, Ga75). This is no guarantee that they 
may not occur at higher velocities and pressures. 

6.2.4.2. Pressure uniformity. Various writers have 
examined the pressure distribution through a flame 
front (LV61, Es57, EA58, Gr59, Ra63, Ra64). The 
pressure profile in a spherical constant-volume vessel 
is variously dependent on Pu, P~, S~ and St (Ra63, Ra64). 
At low velocities and densities its effects are insignifi- 
cant. Agnew and coworkers have developed 
approximate burning-velocity equations which sug- 
gest that corrections become necessary when Ss is 
greater than one-tenth the velocity of sound in the 

unburnt gas (Es57, EA58). Rallis has shown that 
correcting for the time-lag for information to be 
transmitted from the flame front to a pressure trans- 
ducer on the wall significantly reduces any discrepancy 
between the observed and calculated pressures, except 
close to the bomb wall (Ra63). 

Babkin and coworkers have derived an approxi- 
mate equation for correcting the final pressure, p~, for 
heat-loss and quenching effects when the flame is in 
close proximity to the wall (BK65, BV66). Thus, both 
from theoretical and experimental points of view (of 
accurately observing the flame-front radius close to the 
wall due to internal reflections (GR78)), it would 
appear undesirable to place undue reliability on results 
obtained for flame-front radii, r b, greater than about 
909/oo of the bomb radius, R. 

6.2.4.3. Heat loss. Transfer of heat may occur 
during the combustion process by radiation from the 
burnt gas to the unburnt gas and to the containing 
wall; by radiation and conduction from the unburnt 
gas to the wall; and by conduction along the spark 
electrodes. Rallis estimated that for acetylene-air 
mixtures the heat lost by radiation from the flame to 
the wall and by conduction along the electrodes was 
negligible (Ra63). Calculations indicate that this is still 
likely to be the case, even for much lower velocity 
mixtures. Garforth developed an infinite--fringe laser 
interferometer, with which he measured the density 
close to the wall of the unburnt gas during combustion 
of methane-air mixtures (Ga74, Ga75). He showed 
that for a stoichiometric mixture, the calculated adia- 
batic temperature and that determined from measure- 
ments of density and pressure never deviated by more 
than 1 "o at the early stages of combustion and 2~10~o at 
the end. For slower-burning mixtures this difference 
may be larger. There is a remote possibility that this 
small difference may be the result of an equilibrium 
situation prevailing between heat loss and gain by the 
end gas. The corroborative relations used in this 
method (Ra63, GR78) suggest that this is unlikely, but 
an unambiguous answer will have to await continuous 
measurements of the flame front temperature, T f (see 
sub-Section 6.2.4.6). 

6.2.4.4. Flame-front thickness and curvature would 
appear to go hand in hand, since the effect of the latter 
is negligible when the flame front is considered "thin". 
As mentioned in the introduction to Section 5, any 
surface within the flame front, at which corresponding 
values of area and density are measured, can in 
principle be used as a reference to specify buring 
velocities. However, with "thick" flames in a spherical 
bomb, the mass of gas contained in the flame front, 
particularly at the early stages of combustion, can 
account for a significant proportion of the mass of 
burning and burnt gas. If the more stable burnt gas or 
combined forms of equation are used (RG65), the 
assumption that this mass has all burnt can introduce 
an appreciable error (AB72, GR78) (see also DS74). 

Babkin et al. (BK62) derived an approximate re- 
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lationship for the burning velocity of a spherical gas- 
pocket with inward flame propagation, in terms of the 
plane-flame value and the flame-front thickness, and 
showed that flame-curvature effects are significant for 
r j -<  3 mm. Andrews and Bradley (AB72a) did an 
approximate analysis of constant-pressure spherical- 
flame propagation with central ignition, including the 
mass of gas contained in the flame front, and showed 
that at a flame radius of 25 mm with p = 1 atmos- 
phere, T~ = 300 K and a flame-front thickness of 
1.1 mm, the thin-flame equations were probably in 
error by as much as 22~o. Garforth and Rallis derived a 
more rigorous set of "thick flame" equations (GR75), 
with the aid of which they showed that the corrections 
for methane-air mixtures are not as large as suggested 
by Andrews and Bradley (GR78). In any event, it is 
during the early stages of combustion, when the 
pressure is essentially constant, that the results are 
most uncertain. Yet this is the region most favored by 
previous investigators for determining burning velo- 
cities. Although the results reported on stoichiometric 
methane-air  mixtures (GR78) must be regarded as 
tentative (in that the corrections for flame-front thick- 
ness are based on an equation derived from results on 
low-pressure burner flames (DW51)), it is confidently 
expected that these values of burning velocity are not 
likely to be more than 5~  low in the range 
1.1 < (P/Po) < 6.0, nor more than 9 ~  in error outside 
this range (Ga75, Ga77). 

6.2.4.5. Average burnt-gas density. Lewis and von 
Elbe recognized that due to recompression and gas 
movement there would exist a temperature, and hence 
density, distribution in the burnt gas (LV61). Using an 
approximate expression for the mass-fraction burnt 
(but ignoring gas movement) they calculated this 
distribution for hydrogen oxygen and ozone-oxygen 
combustion in a spherical vessel. Rallis et al. (Ra59, 
Tr62, Ra63) provided a simple expression for calculat- 
ing the average burnt-gas density, assuming the distri- 
bution of density with radius was known, but, because 
of the lack of an accurate method of analyzing the 
latter, did not apply it. They instead assessed the error 
in burning velocity due to the use of Pz in place of/~b- 
The development by Garforth of a computer pro- 
gramme for determining adiabatic equilibrium flame 
temperatures was the first step in resolving this 
problem (Ga73). This was followed by an analysis of 
the gas movement during flame propagation, which 
thus permitted determination of the distribution of gas 
properties behind the flame front (GR75a). Fortuitous 
validation of this analysis was provided by some 
particle tracks accidentally obtained during certain 
tests (GR75a, Ga75). The net effect of the correction for 
both the temperature distribution and gas movement 
on the values for burning velocity is of the order of 12~o 
(GR78). 

6.2.4.6. Chemical equilibrium. There is some evi- 
dence to suggest that chemical equilibrium is not 
completely achieved in the flame front (RT63, Ra63). 

Firstly, there is always an afterglow or reillumination 
of the burnt gas, which starts from the centre of the 
vessel before the flame front reaches the wall, and 
rapidly spreads outwards to reach the flame front at 
about the same time that the latter reaches the wall 
(Fig. 14). This strong luminescence persists for some 
considerable time after the end of the process, gradu- 
ally collapsing towards the centre as the system cools 
down (Ra63, RG65, Ga75). The reason for this re- 
illumination has never been explained to our satisfac- 
tion, although Lewis and von Elbe consider that it may 
be due to temperature gradients that exist in the burnt 
gas with constant-volume combustion, since the same 
effect is not observed in constant-pressure or open 
vessel experiments (LV61). Secondly, in all our experi- 
ments to date, we have observed that the maximum 
pressure always occurs a short time after the flame has 
reached the wall of the vessel (Ra63, Ga75). When 
incorporated into the expression for ~e = PJPo, the 
density ratio at the end of the process, this leads to 
values which are always less than the value unity, 
which is theoretically required (RT63, Ga75). 
Furthermore, the value o f ~  appears to correlate in the 
correct manner with spatial velocity and equivalence 
ratio for acetylene-air mixtures (RT63). The current 
anticipated error of some 5~  in our methane-air 
results is probably mainly due to this effect (GR78). 
The question of chemical equilibrium will have to 
remain unresolved until an adequate means of measur- 
ing transient burnt-gas temperature is devised. 
Possibly the use of a fast-response infrared-radiation 
pyrometer such as that reported by Penzias et al. 
(PD66) and Shimuzu (Sh73), or a fast-response sodium 
D-line reversal method might prove successful. 

6.2.4.7. Dissociation or preflame reactions in the 
unburnt gas regions do not appear to be significant at 
the unburnt gas temperatures, and for the range of 
spatial velocities for which the bomb method has been 
used to date. The use of an external heater to raise the 
initial unburnt gas temperature of the mixture, thereby 
increasing the range of burning velocity values--as 
suggested by Rallis (Ra63) and used by Babkin and 
Kazachenko (BK66)--could introduce problems in 
this regard. 

6.2.4.8. Computational complexity. That the com- 
putational tedium associated with the correct use of 
the constant-volume bomb is large cannot be gainsaid. 
However, the use of certain simplifications arising out 
of the corroborative nature of the method can materi- 
ally reduce this computational effort without signifi- 
cantly affecting its accuracy (Ra63, Ga75, GR78). As 
will be shown in the next section, because of the nature 
of the system, a number of corroborative equations can 
be derived--usually in terms of the properties of the 
unburnt and burnt (or burnt and burning) gas, respec- 
tively. Strictly, such alternative forms should yield the 
same results when applied to any given set of experi- 
mental data. However, because of the differing sen- 
sitivities of the equations to systematic and other 
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(a)  F lame Trace 

(b) Pressure ond in ter ferometer  troces 
FIG. 14. Typical test records in a spherical constant volume vessel. (a) Flame trace. (b) Pressure and 

interferometer traces. 

errors inherent in the observations, they can lead to 
slightly different results over the range of the combus- 
tion process. This is used to advantage, both for 
providing indications of the probable source and 
extent of such errors, and for simplifying the analysis 
(Ra63, Ga75, GR78). 

Consider the burnt-gas density ratio 

= #b/Po.  (17) 

Since the average density of the entire system remains 
constant throughout  the process, and in particular at 
the end of the process ~e = Po, this can also be 
expressed as 

= f d f e  (18) 

which must evidently yield the correct end value c~ e 
= 1. Comparison of the values of ~ from these two 
equations thus gives an indication of the magnitude of 
any errors made in calculating fib- 

Figure 15 shows the variations of ~ with pressure 
ratio (P/Po), a s  determined from eqs (17) and (18), 

calculated for a stoichiometric methane-a i r  test with 
Po =0.1013 MPa,  (1 atmosphere), including both 
density-distribution and gas-movement effects. These 
two curves can be considered as the upper and lower 
error-bounds in the determination of this important  
variable. For  this test, this error is essentially constant 
at 4.0~o throughout  the pressure range. A straight-line 
fit between s o from eq. (17) and ~t e = 1 at p = Pe results 
in the same value for the maximum apparent error 
based on ~ from eq. (17). The importance of this lies in 
the fact that, provided ct o is known or can be calculated, 
subsequent values of ~ can be obtained from the 
equation 

= s o -k (1 -- cto)[(p/po ) - 1 ] / [ ( p e / p o  ) - -  13. 
(19) 

It therefore becomes unnecessary for prospective users 
of this method to enter into the complexity of calculat- 
ing the flame-front adiabatic temperatures, burnt-gas 
density distribution, or burnt-gas movement  during 
the process. Equat ion (19) will yield ~ values well 
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FIG. 15. Variations for a versus pressure ratio p/po for 
stoichiometric methane-air. 

within the experimental accuracy of the method. 
However, accurate values of ~o and p are required. 

As currently used (GR76, GR78), the constant- 
volume method haq the following important  
advantages : 

(1) Only small quantities of combustible mixture are 
required. 

(2) The mixture composition and initial temperature 
and pressure can be accurately controlled. 

(3) Only a few experiments at different initial pres- 
sures, or temperatures, are required in order to 
establish the separate effects of these parameters 
on the laminar burning velocity of a particular 
mixture. 

(4) True free-space adiabatic burning velocities can be 
determined. That  is, there are no surface interac- 
tion effects and the heat loss is negligible. 

(5) Since it has been experimentally confirmed that 
the variation in mean density ratio ~ throughout  
the process--al lowing both for temperature and 
density distribution in the burnt  gas, and gas 
movement - - i s  essentially a linear function of 
instantaneous pressure ratio, the tedium in carry- 
ing out the complex calculations required is drasti- 
cally reduced. 

(6) The method is self-corroborative, in that at least 
two equations or methods of calculating the 
required variables are available. This permits 
checks on accuracy--not  possible with most other 
methods. Also, by providing a "carpet" of data, 
represented by the test curves at different initial 
pressures with superimposed isobars and iso- 
therms, trends become apparent which assist con- 
siderably in proper evaluation of the results 
(GR78). 

Its disadvantages are : 

(1) The apparatus required is relatively complex and 
expensive and the time required to do a test is quite 
long- -o f  the order of l hr for tests in which the 
initial pressure is not  atmospheric. 

(2) Transcript ion of the observations can be tedious 
unless relatively sophisticated apparatus is 
available. 

7. BURNING VELOCITY EQUATIONS--SPHERICAL 
CONSTANT-VOLUME VESSEL METHOD 

Unfortunately, the majority of users of this method 
have employed restricted forms of equations which are 
only applicable to the early stages of the process, when 
the pressure rise is small. This has seriously restricted 
its value, virtually relegating it to the status of a 
constant-pressure technique, albeit with several ad- 
vantages over the soap-bubble method. 

Since we believe this method to be the most precise 
available to date, a summary of the pertinent equations 
would seem to be appropriate. These will be presented 
under two headings: (1) thin-flame equations in which 
the flame front is considered as a surface of dis- 
continuity and hence infinitely thin, and (2) thick-flame 
equations for flame fronts having a finite thickness z. 

7.1. T h i n - F l a m e  Equat ions  (Ra63, Ra64) 

7.1.1. Basic  relat ions 

For mass conservation 

mo = mu + mb. (20) 

Hence, for mass continuity across the flame front, 

S, = - - ( 1 / A i p u ) ( d m J d t )  = (1/Aipu)(dmb/dt).  (7) 

Defining the mass-fraction burnt  as n = (mb/mo) yields 

(dn/dt)  = (1/mo)(dmb/dt) = - ( 1 / m o ) ( d m J d t ) .  

Hence 

St = (mo/ A f p u)( dn /  d t  ). (21) 

For  isotropic flame propagation in a constant  
volume spherical vessel: 

m o =  (4/3)TzRa po (22) 

m, = (4/3)n(R 3 - r3)fiu (23) 

m b = (4/3)nr~fib (24) 

A f  = 4grg (25) 

where 

ft, = [3/(R 3 -- r~)3 p'ur 2 dr  (26) 
b 

p' being some function of r and r b < r < R, and 

f: ~ = (3/r~) p'br 2 dr (27) 

p; being some function of r and 0 _< r _< r b. 
Evidently, at r b = R, Pb = Pe = Po. 

JPECS 6:4 B 
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7.1.2. M a s s - f r a c t i o n  burnt  

Various forms of equation are available for the 
mass-fraction burnt. Thus, in terms of the properties of 
the unburnt  gas, 

nu = 1 - -  (mu/mo) = 1 --  f l  + ~ ( r J R )  3 (28) 

whilst in terms of the properties of the burnt  gas 

no = (rob~too) = ~(rb/R) 3. (29) 

Also, since strictly n b = nu, they can be equated to yield 
a combined form 

nt = o ~ ( f l -  1) / ( f l -  a). (30) 

7.1.3. L a m i n a r  burning ve loc i ty  equat ions  

Differentiating each of the expressions for mass- 
fraction burnt  and substituting into eq. (21) in turn 
yields three forms of burning velocity equation : i.e. the 
unburn t  gas  e q u a t i o n - -  

S~ = ( f l / f l )[(drb/dt)  - {(g 3 - r3)/(3rZfl)}(dfl /dt)]  (31) 

the burnt  gas  e q u a t i o n - -  

S b = (~/ f l )[ (drb/dt  + (G/3~)(d~/d t )]  (32) 

and a combined  equat ion,  a part icular  form of which 
i s - -  

St = ~(f l / f l )[(drb/dt)  

+ {rbfl(1 - -  0~)/307(fl- ~)}(d/dt)(8/ f l )]  (33) 

which contains the spatial velocity S~ = drb/d t  ex- 
plicitly and is found not to magnify experimental 
errors. 

It should be noted that  except for very high burning- 
velocity flames, the pressure gradient in the unburnt  
gas is negligible. Thus, for all practical cases, ~ = fl 

= (P./Po). 

7.1.4. Corrobora t i ve  relat ions 

One of the impor tant  characteristics of the constant-  
volume method is its self-corroborative nature. Thus, 
it was shown in the foregoing that  two basic equations 
are available for the mass-fraction burnt  (eqs 28 and 
29) and for the burning velocity (eqs 31 and 32). Other  
corroborat ive  type equations follows. 

Since 

Pe = Po = ()Ql~p~)/(RT"e) = (MoPo)/(gTo) 

the dens i t y  ratio,  07, can be expressed as 

= (Pb/Po) = (¢3b/C3e) (34) 

and the m a x i m u m  pressure  as 

p¢ = (Mo/Me)(T~/To)Po (35) 

which provides a useful check between the measured 
maximum pressure and that  determined from the 
calculations of (Tb/Mb). 

Setting eq. (29) equal to eq. (28) and solving for rb 
provides an equation for calculating values of  f l a m e -  

f r o n t  radius,  which can be compared with the observed 
values to check on the density ratios 07 and ft. Thus 

r b = g [ ( f l -  1)/(fl -- ~)]1/3. (36) 

Finally, if it is assumed that the unburnt  gas is 
compressed adiabat ical ly and that  pressure uniformity 
exists through the vessel, then it can be shown that 
(Ra63, Ra64) 

(p /pe)(rb/R)  3 + (p/po)l/%[1 -- (rb/R) 3] ,~ 1 

(37) 

from which p can be calculated and compared with the 
measured values. 

The various forms of burning-velocity equations 
proposed from time to time in the literature can all be 
shown to be special cases of the foregoing. 

7.2. T h i c k - F l a m e  Equa t ions  (GR75, GR75a)  

7.2.1. Bas ic  relat ions 

For  mass conservation of a flame with a finite flame- 
front thickness z, 

mo = mu + mb 4- m f  (38) 

where the subscripts u, b and f denote unburnt  gas, 
burnt  gas, and flame-front, respectively. 

Hence, for mass continuity across the flame front, 

S, = --  (1/  A~p u)( d m J  d t ) 

= ( 1 / A , p , ) [ ( d m b / d t )  + (dms /d t ) ] .  (39) 

Defining the mass-fraction "burnt  and burning" as 

n = (m b + my)/mo = 1 - (mu/mo) (40) 

yields 

S, = (mo/ AuPu)(dn/dt) .  (41) 

It is convenient for later analysis to express the 
variables in equations in nondimensional  form using 
the following reference quantities : 

(1) instantaneous flame-front radius, - r s ;  
(2) vessel internal radius, -- R ; 
(3) time from ignition to the flame reaching the wall, 

- t e. 

Hence 

= (z /r  f ) ;  ~ = (r f / R ) ;  ~ =  (t/te) (42) 

where the sign ~ indicates a nondimensional  quantity. 
Thus, for isotropic flame propagat ion in a constant-  

volume spherical vessel : 

mo = (4/3)~zR3po (43) 

mu = (4/3)n(R 3 -- r})fi. 

= (4/3)TzR3pofl(1 _ f3) (44) 

m b = (4/3)TrRapoF3~(1 --  z-33 

= (4/3)~tR3poF3~F 3 (45) 

m f  = (4/3)nR3poF3g[1 --  (1 -- ~3] 
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= (4/3)nR3po73g(1 - F 3) (46) 

Au = 4nR2r "2 (47) 

where 
F = (1 - z) and g = Py/Po. (48) 

Substituting the appropriate terms in eq. (41) yields 

S, = (R/3F2 f l teXdn/d~.  (49) 

7.2.2. Mass - f rac t ion  burnt  and burning 

In terms of the properties of the unburn t  gas 

n, = 1 - (mdmo) = 1 - / ~  + p~3 (50) 

whilst in terms of the properties of the burnt  and 
burning gases 

n b = (mJmo) + (my/mo) 

= ra[~F 3 + g(1 -- F3)] (51) 

or equating these to yield a combined form yields 

n, = (~ - 1)G/(fl - G) (52) 

where 

G = aF  3 q- g(1 -- F3). (53) 

7.2.3. Laminar  burning veloci ty  equat ions  

Differentiating each of the expressions for mass- 
fraction burnt  and substituting into eq. (49) in turn 
yields three forms of thick-flame burning velocity 
equation : i.e. the unburnt  gas e q u a t i o n - -  

S~ = (R/ teXf l / f l )[(df /d/ )  

- {(1 - F3)/3ka~(dfl /d?)] (54) 

the burnt  gas e q u a t i o n - -  

S~ = (R/te)(1/fl)[ G(d f /d i )  

+ ( fF3/3)(d~/d/)  

+ {~(1 - F3)/3}(dg/df)  

- f(~ - 0f2(df /d / ) ]  (55) 

and one form of combined equat ion 

S t = [{?(g/ te ) ( f l / f l ) } /3( f l  - G)] 

x [F3(dS/d f )  + {G(1 -- G)/fl(fl - 1)}(dj~/d~ 

+ (1 - F3Xdg/d/) - 3(c~ - e-)F2(d?/d/')]. (56) 

Here again, except for very high-velocity flames it is 
permissible to set [1 = fl .--- P,,/Po. 

All the foregoing equations reduce to their cor- 
responding thin-flame counterparts when 

f = 0 = (dr/dr) = (de/d/) 

and hence, 

F =  1 and G = 5 .  

7.2.4. Correct ions  f o r  f larne-front  th ickness  (GR75) 

It is generally convenient to calculate burning 
velocities using the thin-flame equations and then 

apply a correction for the effects of flame thickness. 
If this correction is written in the form 

K c = S, - S', (57) 

where S' r is the thin-flame burning velocity, the forego- 
ing analysis yields 

K c = B ( d r f / d t )  + C(d£(dt)  

+ D(dg/dt)  + E(dz /d t )  (58) 

where 

B = ( 1 / f l ) ( g -  ~)(1 - F 2) = E(1 - F2)/F 2 

C = - (1/fl)(ry/3)(1 --  F3) = _ D. (59) 

A similar, but unfortunately inaccurate, equation 
has been derived by Andrews and Bradley (AB72). 

The particular form of the thin-flame combined 
equation, given by eq. (33), has advantages from a data 
handling point of view, and is generally used to provide 
values of S', which are then corrected by the use of eq. 
(58). 

The values of flame-front thickness, z, and average 
flame-front density, g, used to correct the results of the 
stoichiometric methane-air  tests (discussed in Section 
8) were determined as follows : 

(1) Assuming that z oc 1/p.S~ was an accurate enough 
representation of the variation of flame thickness 
for methane-air ,  an approximate relationship for 
St in terms of p and T~ was determined from the 
thin-flame results, which on substitution into the 
above yielded 

z = 1.848 x 10 7(To/P°o'ZtS){p-1.04) (57) 

the constant  being chosen to yield z = 1.1 mm at 
To = 300 K and p = Po = 1 atmosphere to cor- 
resond to Janisch's results (Ja71). 

(2) The mean gas density ratios, g =  Py/Po in the 
spherical shells of burning gas, were then obtained 
using the temperature distribution profiles of 
Dixon-Lewis and Wilson (DW51) by assuming 
that these do not  vary significantly for spherical 
flames under the same unburnt-gas conditions, 
and remain similar for all flames of the same 
combustible mixture (GR75). 

Strictly, this process of St correction for flame- 
front thickness effects should be an iterative one. 
However, with the present uncertainty in z values, 
this does not  provide reliable improvement over 
the currently reported data. 

7.2.5. Corroborat ive  relat ions 

As with the thin-flame equations, corroborative 
relations are provided by the various forms of mass- 
fraction burnt  eqs (50), (51), (52), and the burning-  
velocity equations (54), (55), (56). The density ratio, ~, 
and maximum pressure, Pc, can be checked using eqs 
(34) and (35) respectively. Similar equations to those 
given by eqs (36) and (37) can also be derived. 
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8, C O M P A R I S O N  O F  E X P E R I M E N T A L  R E S U L T S  F O R  

S T O I C H I O M E T R I C  M E T H A N E  A I R  M I X T U R E S  

For the purpose of comparing the experimental 
results of various methods used to determine burning 
velocity, as well as comparing these results with 
theoretical prediction which have recently become 
available (Ts78), we will confine ourselves to methane- 
air mixtures, and in particular to the pressure and 
temperature dependence of stoichiometric mixtures 
since these have been well reported (AB72, GR78, 
Ts78). 

Figure 16 shows plots of burning velocity versus 
equivalence ratio for methane-air at p = 1 atmosphere 
(0.101 MPa) and various values of T~ as reported by 
different workers. Figures 17, 18 and 19 present results 

for stoichiometric methane-air for the ranges 
0.06 < p < 2.04 MPa and 290 < T, < 525 K, as ob- 
tained in a spherical constant-volume vessel (Ga75, 
GR78). In Fig. 17 the dependence of St on pressure can 
be seen to be initially very large at low unburnt-gas 
temperatures, becoming practically independent of 
pressure at higher pressures and temperatures. Figure 
18 shows the variation of S~ with T~ for a range of 
pressures. Evidently, the isobars (particularly after 
being corrected for flame-front thickness), are essen- 
tially straight at lower pressures, and can in con- 
sequence be described by relatively simple equations, 
as will be discussed later. The three-dimensional 
representation of Fig. 19 illustrates the combined 
effects of both unburnt-gas temperature and pressure. 
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FIG. 16. Comparison of burning velocity versus equivalence ratio data for methane-air. 

Pressure Temp. 
Curve No. Ref. Method (MPa) (K) 

1 A B 7 3  cylindrical bomb, double kernel 0.101 293 
2 A B 7 2  cylindrical bomb, hot-wire 

anemometer 0.101 293 
3 G J73 nozzle burner, button flame, 0.101 293 

particle tracks 
4 RM71 nozzle burner, Schlieren cone, 0.101 293 

particle tracks 
5 289 
6 spherical bomb with heater, 313 
7 B K 6 4  Schlieren flame photography, 0.101 343 
8 constant pressure region only 413 
9 493 

10 323 
BK66 As for BK64 0.101 11 423 

12 T s 7 8  computer prediction 0.101 298 
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18. Burning-velocity temperature dependence for 
stoichiometric methane-air. 

Andrews and Bradley have, fairly recently, pre- 
sented comprehensive and useful tabulations on 
methane-air  mixtures (AB72, AB72a). It is thus un- 
necessary to repeat all these data here. Suffice it to say 
that the values of maximum burning velocities rep- 
orted over the years range from as low as 0.32 m/sec to 
as high as 0.50 m/sec with a value, recommended by 
Andrews and Bradley (AB72), of 0.45 _ 0.02 m/sec at 1 

atmosphere and 298 K. We believe this to be too high 
by about 0.08 m/see, for reasons to be discussed in 
what follows. 

8.1. Equivalence Ratio 

Figure 16 gives some idea of the discrepancies which 
still exist between the more reliable data reported. 
Although there is good correspondence between the 
values of Andrews and Bradley (AB72, AB73), Reed et 
al. (RM71) and Gunther and Janish (G J72), there are 
quite large differences between these results and those 
of Babkin and coworkers obtained at different times 
(BK64, BK66). However, recognizing that Babkin's 
results were determined from observations taken 
during the early stages of combustion in a spherical 
vessel, that no corrections for flame-front thickness 
were applied, and that simplified equations were used, 
we concede that their results are likely to be low but 
not to the extent suggested by Andrews and Bradley. 

Of considerable interest are the computer predic- 
tions published by Smoot et al. (SH76) and more 
recently by Tsatsaronis (Ts78). The latter are based on 
a methane-oxygen reaction mechanism consisting of 
29 elementary reactions. Even though Tsatsaronis 
admits selecting or adjusting the chemical kinetic data 
to improve the agreement between calculated and 
measured values, his prediction, shown on Fig. 16, is 
about 8~ below those of Andrews and Bradley (AB72, 
AB73) and about 3~  higher than that recommended 
by Garforth and Rallis (GR78), all at an equivalence 
ratio of 1.0. This point will be taken up again elsewhere 
in this section. The gradual convergence of measured 
and predicted data is certainly a most encouraging 
development. 

8.2. Pressure Dependency 

Figure 17 shows a family of isotherms illustrating 
the pressure dependency of stoichiometric methane- 
air mixtures corrected for the effects of flame-front 

~.~ I 

/ S 

FIG. 19. Three-dimensional representatlon of burning velocity dependence on pressure and temperature for 
stoichiometric methane-air. 
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FIG. 20. Comparison of pressure dependence results for stoichiometric methane-air. 

thickness (Ga75, GR78). For purposes of comparison 
with the results of other workers, some of these 
isotherms have been reproduced on a log-log plot in 
Fig. 20. Also included on this plot are some of the more 
recently published data. Of particular interest again is 
the plot of Tsatsaronis' predicted curve read off Fig. 12 
of his paper (Ts78). 

For the purpose of comparing the results obtained 
by various workers, consider the burning velocity at a 
pressure of 1 atmosphere (0.101 MPa) and an 
unburnt-gas temperature of 298 K. Our corrected 
results yield a value under these conditions of 
0.353 m/sec, which we concede may be up to 5~ low 
due to the assumption of adiabatic equilibrium flame- 
front temperatures. Thus, the probable value may be as 
high as 0.37 m/sec--essentially the value obtained by 
Tsatsaronis' prediction. However, the data of Bradley 
and Hundy, using hot-wire anemometry in closed 
vessel explosions (BH71) ; that of Andrews and Bradley 
from the double-kernel closed-vessel experiments 
(AB73); the measurements of Gunther and Janisch on 
button flames above a Mache-Hebra burner (G J72); 
and the laser-doppler anemometer data from the 
nozzle-burner studies of France and Pritchard (FP76), 
all point to a value of St at 1 atmosphere and 293 K of 
between 0.4 and 0.5 m/sec. 

For reasons discussed elsewhere (GR78) we believe 
that even the more reliable of these values, of just over 
0.4 m/sec (G J72, FP76), are somewhat on the high side. 
Certainly, however, the target range appears to be 
being bracketed to a value of St of between 0.37 and 
0.4 m/sec at a pressure of 1 atmosphere and at an 
unburnt-gas temperature of between 293 and 298 K. 

Consider next the form of the pressure dependency 
curves for stoichiometric methane-air mixtures. 
Tsatsaronis predicts a 298 K isotherm of progressively 
increasing negative slope with increasing pressure on a 
log-log plot (Fig. 20). This shows remarkable simi- 

larity with Babkin's 298 K isotherm, the absolute 
values of which we believe to be low. Our 300 K curve 
is in closer agreement numerically with Tsatsaronis', 
but does not "bend" to the same extent over the range 
0.6 < p < 3 atmospheres. Tsatsaronis suggests re- 
lationships of the form : 

St = 46 p o.sl (cm/sec) for p > 4 atmospheres 

and 

S t = 39.6 p-O.~2 (cm/sec) for p < 0.6 atmospheres. 

Somewhat better approximations for the range 0.1- 
10 atmospheres would appear to result from : 

S, = 38 p-0.145 (cm/sec) for p < 0.6 atmospheres 

St = 36 p o.26s (cm/sec) for 0.6 < p < 3 atmospheres 

and 

St = 46 p 0.51 (cm/sec) for 3 < p < 10 atmospheres. 

In the light of the foregoing, the values reported by 
Bradley et al. at pressures below 1 atmosphere must be 
considered too high, since they do not follow what are 
considered to be more reliable trends. 

Still on the subject of trends, it will be noted from 
Figs 17 and 20 that according to our results, pressure 
dependency appears to diminish at higher pressures 
and temperatures, as shown by a flattening off of the 
higher temperature isotherms at higher pressures. This 
is in conflict both with Babkin's results and 
Tsatsaronis' prediction. No obvious reasons for these 
anomalies come to mind at present and their elucid- 
ation will have to ~wait further work. 

8.3. Temperature Dependency 

Figure 18 shows isobars (uncorrected for flame- 
front thickness) of St versus T~ (Ga75, GR78). Again, 
for purposes of comparison with the results of other 
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workers, some of these corrected isobars have been 
replotted on a log- log  basis in Fig. 21. 

With the exception of the isobars lying in the region 
T, higher than about  430 K, the nature of the tempera- 
ture dependence curves appears to be less complex 
than their pressure counterparts. Thus, at tempera- 
tures below about  430 K they reduce to straight but 
slightly divergent lines, which are approximately de- 
scribed by an equation of the form St = cTf ,  the 
constants c and d having the values given on Fig. 21. 

Evidently, empirical curve fitting to data such as 
that depicted on Fig. 21 is a relatively arbitrary process 
when applied to the limited range of data  available. 
Thus, e.g., our measured 0.1 M P a  (0.99 atmospheres) 
isobar can be made to coincide with Tsatsaronis '  curve 
by plotting values of (S t - 7) rather than (S t - 10) 
cm/sec. Until  reliable theoretical reasons for using a 
particular exponent for Tu are proposed (such as the 
detailed reaction schemes of Smoot  et al. and 
Tsatsaronis), it is perhaps advisable to confine oneself 
in any application context to the use of reliable 
experimental data. 

100 
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FIG. 21. Comparison of temperature dependence results for 
stoichiometric methane-air. 

stoichiometric methane-a i r  at p = 1 atmosphere and 
T, = 298 K. The position regarding the pressure and 
temperature dependency of burning velocity for this 
mixture is evidently relatively complex and requires 
further investigation both from the theoretical and 
experimental viewpoints. However, because of the 
compatibility of the computer  predicted trends and 
those obtained by bomb methods, it is possible to 
propose limited empirical correlation equations over 
limited ranges of T, and p. 

The conclusion is reached that of the experimental 
methods involving stationary flames, nozzle-burner 
methods with either optical or laser-doppler particle- 
tracking techniques appear most effective--provided 
unburnt-gas temperatures can be accurately moni- 
tored. Alternatively, inverted-cone burners with the 
same measuring techniques might be worth 
investigating. 

Of  the propagating flame methods, there seems little 
doubt  that the constant-volume vessel technique is the 
most versatile and accurate. Also, by using its self- 
corroborat ive characteristics, its computat ional  com- 
plexity can be considerably reduced. 
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(AB72) 
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(AF49) 

(AF50) 

(AG61) 

9. SUMMARY AND CONCLUSIONS (BB55) 

The various methods which have been used for the (BB60) 
experimental determination of laminar burning ve- 
locity have been reviewed. Available results from some (BH71) 
of the more recent experiments on methane-a i r  mix- 
tures have been compared both against each other and 
against computer  predictions which have recently 
become available (Ts78). These indicate a progressive (BK62) 
narrowing of the bounds of uncertainty and suggest a 
benchmark value of St = 0.37 + 0.02 m/sec for 
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