SUMMARY

The purpose of this note is to review some current theories of
ignition in stagnant and flowing mixtures, and to present an alternative
theory to describe the process that occurs in a turboject combustion
chamber when the engine ie being relighted after a flame-out at high

altitudes. Thie theory leads to an expression of the iorm
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in which relighting performance is related to the energy in the spark,

the operating variables of pressure, temperature and velocity, and the

! pressure loss factor' of the flame tube. It is suggested that the above
expresesion serves to indicate the relative importance of the various factors
influencing the ignition procese in practical combustion chambers, and
could prove useful as a correlating parameter for ignition data obtained

from such systems.
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IGNITION THEORIES

Introduction

- e e

The precise mechanism whereby an inflammable mixture is caused to
ignite has for a long time been the subject of speculation and experiment
and has undergone several reinterpretations in the light of various new
theories. Most of these theories are based on the idea that the
transient ignition source, usually an electrical spark, must supply to
the combustible mixture sufficient encrgy to create a critically small
volume of hot gas which just satiefies the necessary and sufficient
condition for propagation, namely, that the rate of heat generation
equale the rate of heat loss. The various theories tend to fall into
two groups; those in which diffusion is considered to be the most important
process in flame initiat on, and those in which thermal mechaniems are
congidered more important. At the present time the most highly developed
theories are those of Lewis and von Elbel, Fenn®, Swett® and Yang®.

Useful reviews have been provided by Bradford and FinchS, Wigg® and

Hazard?.

These workers proceed from the assumption that practically the entire
encrgy of a spark discharge becames thermal in nature within a very short
time. The size of the inflamed volume produced by the spark determines
whe ther or not the flame will propagate. If the size is too small, the
temperature gradient between the gas in the core and the outer unburnt gas
will be steeper than in a steady-state combustion wave, and the rate of heat

liberation in the zone of reaction will be insufficient to compensate for



the heat loss to the outer zone of unburned gas. The temperature falls,

reaction ceases, and the incipent combustion wave is extinguished.

In order to meske a quantitative estimation of the energy required
for ignition, a model for the combustion wave is proposed which postulates
the existence, just shead of the flame, of a belt of gas whose enthalpy is
greater than the surrounding burned and unburned gases. An element of gas
being overrun by the wave acts first as a heat sink, absorbing energy until
the temperature is high enough for chemical reaction to start. The
element then becomes a source, losing heat to the unburned side of the
wave . Thus heat is continuously borrowed from, and repaid to, a

fund which is described as the 'excess enthalpy' of the wave.

In the case of a spherically growing flame, the wave area, and
hence the total amount of excess enthalpy, continuously increases.
Clearly, the ignition source can furnish only an initial amount of this
energy, and after the flame has reached a certain size the excess enthalpy
is supplied from the heat content of the burned gas. On this basis,
it ie seen that the source must supply a minimum energy Ei’ which enables
the flame to grow to a critical diameter beyond which the wave can
propagate 'under its own power'. These arguments lead to the fllowing

expression for minimum ignition cnergy
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where k = thermal conductivity of unburned mixture
SL = flame speed
Tb = temperature of burncd gas

= initial gas temperature

d = critical diameter for propagation, assumed equal to

quenching distance.



Lewie and von Elbe checked this equation against their own test data

and those of Calcote et al ®and found fairly good agreement. They
accepted this as evidence that the theory, though very simplified, was
basically correct. Since then, however, serious doubts have been cast
on the whole concept of 'excess enthalpy', notably by Friedman and Burke®
and also by Spaldingl©. From an examination of all the available
evidence, Linnettllconcluded that the experimental data do not support
the view that an excess enthalpy hurp is necessary for flame propagation.
However, although its derivation is suspect, the above equation does
permit fairly accurate quantitative prediction of minimum ign. cion
energies in stagnant mixtures where data on burning velocity and quenching

distance are available.

Fenn

e -

Fenn®cons iders a homogeheous volume element heated to flame temperature
by the source of ignition, and of such size that the rate of heat generation
by a second order chemical reaction exactly equals the rate of heat lo=s
by conduction. From this model Fenn derives the following expression for

minimum ignition energy

E. N
log (-T-l——?; =L+2logT -2 log D 0‘65?: gb (1ean)
b " b

where Nb = mole fraction of oxygen
P, = gas pressure
= gas constant
& = constant

L = undetermined constant
Fenn found that this equation gave a reasonable correlation of experimental

data with @ = 16.



Yang

The most thorough treatment of ignition in etagnant mixtures is
probably that duvue to Yﬁng*, who has proposed a non-adiabatic theory of
ignition which takes into account the time-space distribution of erergy
of the ignition source. Three types of source are considered: plane,

line and point, and separate expressions for minimum ignition energy are

derived for each type. For a line source it is found that
3 n-l
) q.Mcr.(l-xf) D/ o\ B
E; = 16/v.p.c vy e
16 X(x.p)
where 4 = length of line source

p = gas density
¢, = mean specific heat at constant volume

q = energy of reaction

Mcr = critical mass flow rate
X, = fuel concentration at source
X = average fuel concentration

=
]

constant in expression for temperature profile
V¥ = reaction order

n = constant

This theory has yet to be fully compared with experiment, but preliminary

indications are that it may meet with more success than previous theories.

Swett

Swett' s”theory is of practical importance because it is intended to
account for the ignition effects observed in flowing mixtures. Essentially

the theory is very similar to that of Fenn, except that it is based on the



idea that only a portion of the discharge length is important in the
ignition process and that heat loss by thermal conduction is negligible
compared with heat loss by eddy diffusion. It leads to the following
expression for minimum ignition energy.

>
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where U = local gas velocity
t_ = duration of discharge
J = mechanical equivalent of heat
c_ = specific heat of pgas at constant pressure

H = heat of cambustion of fuel
X, = molar concentration of fuel
x = molar concentration of oxygen
p = gas density
E = activation energy
f u® = function of turbulence intensity
d = quenching distance

cons tant

The above relationship is substantiated by a limited amount of test
data, all of which were obtained from minimum ignition energy measurements
at the optimum fuel-air ratio. Unfortunately, like other formulae, it
relies on a knowledge of various properties of the mixture that are unknown
or difficult to determine. In fact the major difficulty in applying all the
above theories to any practical ignition problem lies in assighning reasonable
values to properties such as flame temperature and quenching distance.

Usually the uncertainties in these values are so great that the usefulness
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of the theories in predicting ignition energies or in providing worthwhile
relationships between the important variables is very limited. From the
combustion engineer's viewpoint what is required is a relationship between
minimum ignition energy, or some other criterion of combustion performance,
and the size and pressure loss of the combustion system and its operating
conditions of pressure, tempcraturec, and air mass flow. The following

analysis attempts to provide a relationship of this kind.

ALTERNATIVE THEORY

The process of initiating combusiion in a flowing fuel-air mixture
ie visualized as follows: Passage of the spark creates a small, roughly
spherical, volume of gas in which the temperature is initially very high
but falls rapidly as the hot kernel grows in size and as heat is diffused
outwards into the surrounding unburned gas. The eifect of this outward
flow of heat is to initiate chemical reactions in the layer of fresh mixture
adjacent to the hot kernel, and these reactions may be so vigorous that
within a very short time the rate of heat generation by chemical reaction
may exceed the rate of heat loss by turbulent diffusion. If this happens
the spark kernel will continue to expand and steady burning conditions will
soon be established. However, if for any reason the rate of heat release
by chemical reaction at the surface of the kernel is less than the rate of
heat loss by diffusion, the temperature within the kernel will continue to

fall until the reactions cease altogether.

As in previous theories, of critical importance to the ignition process
is the size to which the spark kernel has grown by the time its temperature

has fallen to the normal flame temperature of the mixture. The criterion



for successful ignition is that at this point the rate of heat release in
the thin reaction zone surrcunding the heated zone should =xceed the rate
of heat loss from the volume. Now the rate of heat release per unit
surface area of the flame front is dependent on the diameter of the volume,
whereas the rate of heat loss per unit surface area is not. Thue equating
these rates gives a value for the minimum diameter of spark kernel, below
which the flame front will fail to propagate. This model for the ignition
process is similar to that amployed by Swe+t3, the essential difference
being that whereas Swett's theory contemplates heat generation throughout
the entire spark volume, the present theory is based on the assumption
that the heat release occurs entirely in the relatively thin shell
surrounding this volume, i.e. in the flame front itself. This approach

is believed to be more realistic because it ieg dif ficult to conceive how
heat generated at the centre of the kernel can campensate for heat loss

at the boundary, especially since any flow of heat from the centre to the
surface is opposed by the radial inward flow of burned products from the

flame front.

Congidering first the genecral case of spark ignition in a flowing
combustible mixture, at the point in time when the spark kernel has reached
its critical diamcter the rate of heat release at the surface may be
expressed as follows:

rate of heat releasec = p.nd2.s_.f.H. (1)

T

vhere p = density of unburned gas

]

d = critical diameter of spark kernel, assumed spherical.

wn
]

turbulent burning velocity of mixture

f = fuel-air rat o by weight m
> )

H = lower calorific value of fuel. f? N REY
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The rate of mixing between the spark kernel and the gas stream is given
by the product of the eddy diffusivity, the mixing area and the density
gradient., If it is assumed that the eddy diffusivity is proportional to
the product of a mixing length,'%, and the turbulent velocity in the gas
stream, then

mizing rate = (eddy diffusivity)(mixing area)(density gradient)

« (L /3 (a2)(o/0)

mixing rate

Assuming that Yu® « U, then mixing rate «.p.d2.U and rate of heat loss

- Cl.p.ﬂ.ﬁa.U.cp.AT (2)

where U = flow velocity

/32 = mean fluctuation velocity
cp = gas specific heat at constant pressure
AT = temperature rise due to combustion

For the ignition condition (1) equals (2)

i.e. p.ﬂda.ST.f.H. = Cy.p .ﬂde.U.cp.A’I’
or ST =C; U (3)
gince fH =

cpaﬁT, by definition.
According to Damkohlerl®, turbulent burning velocity may be related

to laminar flow speed by an equation of the Torm

0.5
S e SL Re

T
ude \°'s
- ST e« SI (:q )
0.5
or ST o« SL %%5%) (h)

since p « P/T and n « T°°7



where P

Il

Zag presesure

T = initial gas temperature

=
]

gas viscosity
Re = Reynolds number, based on kernel diameter

Substituting (4) into (3) gives
uap \ °-s
"5 ET7%> ik

which, on rearranging, gives

Tl'7U
d e = SLE (5)

The variation of laminar flame speed with pressure and temperature

may be expressed as

S =8 _ - ph-2/2 (n/00g)% (6)

where SLO

laminar flame speed for mixture at standard

atmospheric pressure and temperature (288°K)

n = reaction order

]
)

temperature exponent

Substituting (6) into (5) gives

U

q o« (1)

Pn-l T2X - 1.7 S 2
Lo

Equations (%) and (7) relate the minimum critical size of spark kernel to
the velocity, pressure and temperature of the unburned mixture, and to the
laminar flame speed. The effect of fuel-air ratio on minimum critical size

is embodied in the term for laminar flame speed. Thus the minimum critical
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gize is smallest for mixture strengths close to stoichiometric and

increases for weaker and richer mixtures.
For propane-air mixtures n is 2 and x is approximately 1.35 ovar the
range 290° to 420°K. Thus for propanc (7) becomes

U
1< FTs, 2 X

The heat required to raise the temperature of the critical sphere
of diameter d to the flame temperature must be furnished from an external
gource. It is reasonable, therefore, to assume that the minimum energy
requirement for ignition should be proportional to the heat required to
raise this critical volume tou the burned gas temperature, or

g X 45
E, =C2¢ d .cp.p.am (9)
Substitution of d from (7) into (9) gives
cpaﬁT.U3
E, «
i pﬁn-hT6x—h.l 6

®Lo

The above equation predicts a marked dependence of minimum ignition

(10)

energy on fuel-air ratio though the term (laminar flame speed)® which is
borne out by experience. However, for any given fucl-air ratio,AT, the

temperature rise due to combustion, is constant, as also is SLo and cp’

and (10) becames

U3
i P5 n=-4 T6x-lt .1

R

E

1.35, we have

]

For n=2, x

U3
8 ® orem (11)
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As far as pressure is concerned, the relationship E, « P2
including

confimed by the results of many workers/Blanc et al*®, Swett'* and Fenn®

is amply

and is illustrated in figure 7. Unfortunately very few data are

available on the effects of wvelocity and temperature. Swett found that
minimum ignition energy increased only linearly with velocity, whereas

a very much stronger dependence on velocity is evident from the data of
Straight, Fletcher and Foster!S, which are reproduced in figure 1.

The influence of temperature on minimum ignition energy has been examined
by Fem®. From his tabulated results a relationship can be calculated

of the form Ei o« T'b, with values of b for n-heptane, iso octa e, n-pentane
and propane of 3.8, 4.4, 3.7, and 3.0 respectivelv. These values,
although very approximate, fall within the order of temperature dependence

predicted by equations (10) and (11).

Application of theory to gas turbine ignition

It is clear from equation (3) that successful ignition depends upon
the attainment of a certain minimum value of the ratio ST/U by the time
the spark kernel has expanded to its critical diameter. Thus the ratio
ST/U reprecents a realistic parameter for the analysis of the influence of
flow variables and various design factors on the ignition performance of

gas turbine combustion chambers. Denoting ignition performance by I, we

I=f (TSJg) (12)

Now turbulent burning velocity may be related to laminar flame speed by a

have

general expression of the form

a
ST = SL Re
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or ( ) (13)

It can readily be shown that

005
£t
U=U_. Cf ) (1%)
re

where
sar ™ chamber reference velocity
APft = flame=-tube pressure arop
Qo ™ dynamic head based on chamber inlet pressure

and temperature, and vref'

Substitution of (13) and (14) into (12) leads to

SLo on=2/2 x(Pd )
U’.L-a 0.5(1-a) :l (15)
<qrei‘:>

It has been demonstrated elsewhere'®that combustion efficiency data

obtained during low pressure tests on several types of combustion chamber
could be satisfactorily correlated by a parameter based on a burning velocity
model and assuming a = 0.43. This compares very favourably with the value
of 0.4 obtained in separate experiments by Damkohler!Zand Delbourg®”
Inserting into (15) a = 0.43, n = 2 and x = 1.4 (i.e. assuming that kerosine

flame speed has the same temperature dependence as propane) leads to

A " T 0.75
‘@‘ =C (Tl. ) ] (16)
I'e

E Ha "
but 4 =« E—E;—EE from eguation (9):



=A%

and, for any given fuel-air ratio, cp AT = constant,

henee 4 « @_)1/3 _ (27)

Substituting d from (17) into (16) we have, for any given fuel-air

ratio

o [EO.QB A Pl.E Tl.5]
<%$f€> Q5
M
qref

or, using normsal combustion chamber namenclature,

(18)

Q.2 Lo T
I=r¢f [E ? ApesPe 7m0

(19)
£\ 0+5 ]
=

ref.

where E = effective thermal component of total ignition energy,
joules ( "
A p = maximum cross sectional area of combustor, ins=,

APft
> = [lame-tube pressure loss factor

M = chamber air mass flow, 1b/sec
P> = inlct air pressure, p.s.i.a.

T, = inlet air temperature, °K

Fquation (19) may be written in an alternative form, by substituting
M= pAU, as
0.85_ 0.5 _ 2.5 |
E B T
Ter | BT e (20)

U

e qref)
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Discussion

- —

Equations (19) and (20) provide quantitative relationships between
the main variables influencing the ignition process. It should be
appreciated, however, that they have no significance under conditions
where ignition performance is limited by stability considerations, or

through inadequate flame-tube intercoimnection.

Although tl.e general form of equations (19) and (20) shows broad
agreement with practical experience in regard to the effects of pressure,
temperature and velocity, there are very few experimental data against
which to check the numerical accuracy of the exponents derived for each
variable. However, confirmetion for the relationship between pressure
and velocity is provided in the extensive data reported by Foster and
co-workers'S, 18 from numerous tests carried out on a single turbojet
combustor. In all these tests, which covered a wide range of fuels, it
was found that the data could be satisfactorily correlated by a parameter
U/Po's, in exact agreement with (20). A typical correlation is reproduced
in figure 1 which also provides support for equation (20) in demonstrating
how a relatively small increase in velocity necessitates a large increase

in ignition energy.

It is of interest to compare equation (19) with the following parameter
for the correlation of combustion efficiency data,®6which was derived from

a burning velocity model bazed on equation (13), alsg with a = 0.43.
AP .
Tz £t
1.75 0.75 —_—
o = F rPQ Are‘f‘ Dref exp 500 .qre :}
i M

(21)
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Of especial significance is the lower pressure exponent in the ignition
parameter. This is fully consistent with all experimental observations
on turbojet combustors, but hitherto this difference has ncver been
gatisfactorily explained and has sametimes been attributed to the

effects of mixing. 1In the prescnt analysis the lower pressure exponent

ererges as a direct result of the model assumed for the ignition process.

Tt is also of interest to compare in equations (19) and (21) the
role of flame-tube pressurc loss factor, which has a contrlling effect
on the level of turbulence in the primary-zone air flow. Although in
both cascs turbulence has a beneficial effect on flame speed, ‘n the
ignition parameter this effect is outweighed by the adverse effect of
turbulence in increasing the rate of heat loss from the spark kernel.
From an ignition viewpoint, therefore, a reduction in flame-tube pressure

loss sheould have a beneficial effect on performance.

The most significant factor influencing ignition performance, however,
is velocity. Some idea of its importance can be gained from equation (20)
which demonstrates that a 10 percent reduction in velocity is roughly
equivalent to a 50 percent increcase in spark energy. Equation (20) also
stresses the beneficial effect of air temperature, but under altitude
relighting conditions this is a function of altitude only and lies outside
the province of chamber design. In any case, with liquid fuels the effecct
of an increase in air temperature is dif ficult to assesg, since it also
increases the rate of fuel evaporation and thereby changes the mixture
strength in the vicinity of the igniter in a way that is virtually impossible

to predict.



In so far as it is possible to check equations (19) and (20)

against actual experimental data the level of agreement is remarkably

good.

It is suggested, therefore, that these equations could prove

useful in asscssing the relative importance of the various factors

influencing ignition performance in practical combustion chambers and

in the correlation of ignition cata obtained from such systems.
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Fige.l. Minimum spark energy requirement as a function
of inlet air pressure and velocity. (ref.l15)



