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DIFFUSION FLAMES

Diffusion flames are formed when the combustible and oxidizer are not
premixed before entering the reaction zone, e.g., the combustion of pro-
ducer gas with air in steel furnaces and a non-aerated gas burner provide
such flames. The ‘burning of fuel droplets as in a gas turbidge ora
diesel engine is also essentially diffusion flame phenomenon. Unlike as
in the case of premixed flames, there are no fundamental characteristics
such as burning velocity for diffusion flames. In a diffusion flime, as
the gases mix and flow upwards, the combustible gas diffuses outwards
and the air inwards. The distinctive characteristic of a n:m.mﬂ.ou_,,mwﬂa
is that the burning rate is determined by the rate at which the fuel and
the oxidizer are brought together in proper proportions for the- reaction,
The rate of combustion in a premixed flame is dependent on the rate of
energy release and, therefore, on the rate of the oxidation reaction. _.

Although diffussion flames are used more frequently in industry, they
have received less attention in fundamental studies than premixed flames,
In a diffusion flame, the reaction is first with oxygen and occurs mainly
in the maximum temperature region of the flame, whereas in the premixed
flame, the oxidation commences well before the maximum temperature is
reached. The rate of consumption of Oxygen per unit volume of the
flame is thousands of times less in a diffusion flame than in a premixed
flame. _

13.1 GASEOUS DIFFUSION FLAMES

‘Burke and Schumann® studied the gaseous diffusion flame in a tube in

which the fuel stream was surrounded by an annular stream of air, the
two streams having the same initial velocity. The shape of the flame
depends on whether the annular stream has more oxygen (over-ventilated
flame) or less oxygen (under-ventilated flame) than necessary for the

-y
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complete combustion of the fuel or fuel-air mixture in the inner stream.
The shapes of the flame front under these conditions are showa in
Fig. 13.1,

Over - venti llated flame

Under-ventiloled _
flame ..,..ﬁ L

1
% T

Fig. 13.1 Over-ventilated and under-ventilated diffusion flame. (With
permission of the American Chemical Society from Jadustrig!
Engineering Chemistry, 1928, 20: (10) 999 )

In the over-ventilated flame, the flame boundary converges to the axis of
the cylinder, while for the under-ventilated flame it expahds towards
the outer cylinder walls. Various shapes between these two limits can be
obtained by changing the fuel to air ratio., For diffusion flames, the
flame boundary is defined as the surface at which combustion is complete.
It corresponds to the boundary where the air and fuel are in stoichio-
metric ratio. John? first studied the effect of changing air and fuel supply
and obtained various shapes of flames on a burner similar to that of
Burke and Schumann. He divided the range of air and fuel flows in ten
zones giving various flame shapes. Figure 13.2 shows the various zones
and flame shapes obtained: : .

Zones 1 and2  Laminar diffusion flames

Zone 3 Meniscus flames

Zone 4 Lambent flames

Zone 5 Rich tilted flames

Zones 6 and 7 Incipient lifting and lifted flames
Zone 8 Vortex flames

Zones 9 and 10  Weak tilted flames

Before considering laminar diffusion flames in zones I and 2, we shall
take other flames of unconventional shapes. For example, meniscus
shaped flames in zone 3 are obtained at very low fuel flow rates. This
shape is attributed to the effect of axial diffusion of fuel which is other-
wise neglected. The line between zones 1 and 3 indicates the point where
the yellow glow of the laminar diffusion flame disappears. Below zone 3
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for the hydrogen-air flame are shown in Fig 13.4. Hydrogen flame was
selected because of its simple chemistry. It was -observed that the con-
centrations of both the fuel and air approach zero at the flame front. The
concentration of the products is maximum at the flame front. The fuel
concentration is zero at the flame front and maximum at the burner axis,
while the oxygen concentration increases from zero at the flame front to
maximum at the ambient stream. It is assumed that at the flame front,
the fuel and oxygen reach in stoichiometric proportions and are instan-

tancously consumed,
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Flg. 13.4 Composition of a hydrogen diffusion . Hame, (With
permission of Combustion Institute from Third Symposiuin
{Inrernational) on Combustion, 1949, p. 258).

In this treatment, the flame front is assumed to be a thin reaction zone.
Figure 13.4 gives the concentrations of hydrogen, nitrogen, and oxygen at
different heights above the burner port. The position of the flame front
keeps shifting because of the different width of the flame. The measurable

L
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concentration of oxygen on the fuel side is attributed to the air entering the
sampling tube because of the flame movement. From these resuits, a gene-
ral picture of the structure of a laminar diffusion flame is drawn as shown
in Fig. 13.5. This figure shows the change in fucl, oxygen, and product

_ |
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Fig, 125 Simplified diagram of concentration _-SE..& jn typical laminar
diffusion flame. (With permission of Combustion Institute from
the Third Symposium ( International) on Combustion, 1949, p. 258.) °

concentrations. The dashed curves shown in Fig. 13.5 represent the re-
flected fuel and the oxygen concentrations with negative values, The
figure does not give any idea of the diffusion or formation of intermediate
active species. Spectroscopic studies enable us to obtain the concentration
of various intermediate products. It has been observed that the reaction
in diffusion flames takes place largely by the pyrolysis of the fuel die to
the diffusion of active species. ; .

13.2 THEORY OF DIFFUSION FLAMES

For the diffusion flames in zones 1 and 2 of Fig. 13.2, the flame height is
the indicator of the rate of burnihg of fuel. Therefore, the theoretical

treatment of diffusion fiames is mostly directed towards the calculation of
the height of the flame. _ .

- Hawthorne, Weddell, and Hottel*, from the consideration of the effect
of change of scale, derived a simple correlation between the flame length,
dimensions of the tube, and flow of gas, Consider the two cylindrical
diffusion flame burners as shown in Fig 13.6, the inner tube diameters
being 4, and d, and the outer tube diameters &)’ and dy, respectively. At
the outlet of the inner tube, the mixing of the fuel and oxidant begins, At
the outlet, the concentration profile of the fuel will be square in shape. At
.distances I, and L, the concentration profiles will be curved as shown,

20(45-43/1979)
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v : _

ﬂ _ - (13.6)

This equation gives the proportionality constant of Eq. (13.2). This can
be expressed in terms of the volume flow rate V as:
¥V .

L= %p | @

Burke and Schumann gave a rigorous mathematical treatment with the

following “assumptions on a cylindrical diffusion burner mode] of

Fig 13.1, :
1. The flow velocities of fue! and air are equal and constant at the
burner port 3o that the ratio of the fuel to air fiow is df (d*—g¥),

2, The 33&@ of the fuel and air at the flame region is assumed to
be the same as at the port. This assumption is not true as due to ex-
pansion, the velocities increase appreciably,

3. The coefficient of inter-diffusion of the fuel and air is assumed to
be constant. Burke and Schumann suggested that the increase in the
diffusion coefficient at a higher temperature compensates the error
duc to assumption ()) of constant flow velocity. .

4. The inter-diffusion of the two gases 18 in the radial direction

~ only. . .

5. Mixing is only due to diffusion. Recirculation eddies and radial

flow components are assumed to be absent. Sy

L=

.. ' . ..
m.H&onwEnNgnmmnmm:EmnS cnmEEuonns&o_.o Eo?o_uua
air meet in stoichiometric ratio, T

7. To simplify the mathematical treatment, aaw.mou is treated as a
nommmﬁ fuel. H_n the reaction, _

Fuel47 O,~>Products
cach mole of fuel is equivalent to ¢ moles of oxygen. The oxygen
concentration, Coxy may be replaced by its stoichiometric equivalent
in terms of .?n_. Since at the Aame boundary, the fuel and oXygen to
be the are in stoichiometric ratio and since the diffusivities are
assuined same for all Bases, it follows that at the flame boundary
4 Ctf dy=—(1{i) (d Coxy/dy) : (13.8)
where Ct and Coxy are the fuel and OXygen concencrations res-
“pectively. , )
8. It is assumed that the tube containing the fue] has negligible thick-
ness. . . :

,

. eS.EEon.coq«. umuc_uv:.ouw.gnvnoc_nﬁnan:on:o the diffusion of a
.single gas, namely, the fuel, _

in cylindrical coordinates, the diffusion equation may be writteg as
oC 92C 1 aC ;
Leb _.. et o] (13.9).

‘1#2.0 Co=Ci+

] Ugo.z E 30

with assumptions (1) uu&nr ie., oo.um»nu.» velocity U, ¢ can be replaced
by vertical distance X from the burner port as:

x

1=

U
Therefore Eq. (13.9) becomes
3 _Df®C , 1 ac

BTl | (549
the boundary conditions'are
) mﬁ. ) r=={(
o "0 o w re=d'[2
where d’ is the diameter of the outer tube.

- At x=0,

C=C, from re0 to r=dj2
‘ = G O
and =— from r= 2 to r= )

where C; and C, are the initial fuel and oxygen concentrations respec-

- tively,

The solution of Eq. (13.10) with the above boundary conditions is

d: _ C, 4C, 1 Ae &.Nv Jo Aﬂvl .
O B2 R D )
(13.11)

and @ is a constant that assumes sall positive roots

C,
i _
of the equation J; (¢ d'/2)=0, and J, and J, are the Bessel functions of
the first kind.

The equation for the lame boundary is obtained by putting C=0 and
r=r; wher r; is the radial distance of the flame ‘boundary from the axis,
hence:

1 7, (9 d2) Jo (ers) Dt v §Cr d

2 T U ledy  SPTPE A= g 4

. : (13,12}

The shape of the flame will be given by the values of ry and x that satisfy

Eq.-(13.12). The height of the flame for the over-ventilated flame is given:

by the value of x corresponding to ry,=0, and x corresponding to r,=d'f2
will give the height of the under-ventilated flame. o

To obtain the shape of flame for a known value of d’, the number of

values of constant ¢ is obtained from the table of Bessel ‘functions

corresponding to the equation J{ed'[2)=0. For each value of ¢ and

known value of d, U and D, a pair of values for x and ty is selected and

the left hand side of Eq.{13.12) is evaluated. If the equation is not

satisfied for some value of x, another value of r, is selected till the

A
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312 FUELS AND COMBUSTION .
4 or 9» actual time of flow, #, to the flame tip is correlated with the flame
Iength L by the equation

b=t dtfd? = AENV ._.

} 3

o =2 [ | (13.21)

where U is the gas <o_oo=w at distance x from :5 nozzle. .
IfUis considered constant, mn {13.21) can be _.owa__w Ennmﬂnﬂon and
the flame length now becomes

Uy, _ Vs,
L= T b (13.22)

This equation is similar to the proportiopality Eq. (i3.2) for small
flames. Fer long flames, this equation is not applicable as the Euﬁnv:on
of constant U is not valid for long flames.

Wohl, Gazley, and Kapp® further simplified Eq. (13.22) by ¢xpanding
(Eq. 13.19) for the condition at the flame tip, i.e., Qa[n.: 8=¢, and
neglecting higher order terms

Therefore Eq. (13.22) may be nu?.ou_awﬂn_w written as

v
4= C,D :

The above theoretical treatment of diffusion flame considers the reac-
tion zone to be thin. Howgver, in actual practice, the reaction takes place
in a thick zone. If the reaction zone is thin, theo apart from the diffu-
-sional effect, the reaction rate will also govern the ratc of fuel Sumnni.
ﬂ—OH—o -

L=

13.3 THEORY OF TURBULENT DIFFUSION FLAMES

The behaviour of turbulent diffusion flame is explained by two
different approaches. In the first approach, the theoretical treatmeat is

"the same as for the laminar case, only the molecular n&.:.:ob coefficient’

is replaced by the turbulent eddy diffusivity. In the second approach, the
equation for the mixing of turbulent jet is used.

Wohl, Gazley, and Kapp® used the turbulent eddy n__n._._m_sq instead
of the laminar diffusion coefficient. As already discussed in the propot-
tionality Eq. (13.3) for turbulent flame, the eddy diffusivity is defined as
the product of mixing length /; and intensity of turbulence u’. For fuily

|

e =

(13.24)
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developed flow, Ba maximum value of I, occurs at the axis of En burner |
tube. >ooo_.n__um to Dryden, the maximum value of I, at the axis of the
tube isequal to 0,085 4, and the value of w'=0.03 U, Huo_.omo_.o. the eddy
diffusivity em at the axis will be given by
spe=lu' =0,00255 Ud : (13.25)

For the flow with a flame on the tube, the value of eddy may change
_Ewwau‘ Wohl ef ai. used the following expression: - ,

e=0.002551U, 4 L (13.26)
where f is & constant with a value near E.:a.. Uy is the nqﬂmma gas velo-~
city at the nozzle,

Replacing D with « in Eq. (13.24), we may write

“\Qwu ¥, '
S (X GE J VAT (13.27)
As . V= aﬂa &
-Therefore,
L 8
& IS (13.28)
From Eq. {13.24) we may write
h ; (13.29)

d <16 (0.00255) 1 C;

where C; is the mole fraction of the nozzle fluid at the flame tip.
This corresponds to C; of the laminar flame as defined by Eq. (13.17).
At the turbulent jet, the mixture is not homogeneous and the mole frac-
tion value of C is the time average value. Therefore, to differentiate for
the turbulent flame, C; is replaced by C,.
For city gas, Wohl e? al. found that

L 1
’ d =~ 70.00837 f

Equatipps (13.29) and (13.30) also emphasize that the height of the tur-
bulent jet is a function of the burner diameter only and is independent
of the flow velocity.

Hawthorne, Weddell, and Hottel* based their Enod. on the momen-
tum theorem. It was assumed that the jet bas a sharp boundary and that
the velocity of the gas is uniform across the cross-section. Now the
momentum transported per unit time through any cross-section A of the
jet is pU?A where pis the density of the fluid and U is the gas velocity
in the plane 4. Under steady state condition, the :momentum transport
through any plane is equal to the momentum of the nozzle fluid, viz.,
polUo*4o Where subscript 0 refers to the plane of the nozzie. We have

5

{13.30)
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316 FUELS AND COMBUSTION

Ry ‘nc_n‘:.w:.
discharge q.

Q, maximum

.t .
- " —
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\ _. / bvwnﬁ.ma
t X
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! e ud
1
1
1
H
i

1.....:. Recircukition zone

z_x_au chamber "

wall i ro:m_:._a_: |
I—nl ! valocit [ _

" Negative velocities

Nozzle Etfective width Recirculation boundary
.
| Jet_boyndary Positive velocities ’

Fig. 138 Recirculation zone for ducted axisymnetyic jet, (After u!.oraea and

Cartet.)

diagrarm shows the deflection of the stream lines when the jet amcom ata
low velocity.

Thring and Newby® used a very simple theoretical treatment Ew:EEw
that the rate of entrainment of the jet is unaffected by the ono_os._wo and
the development of jet is determined by the momentum flux. _

The approximate value of x, (the distance downstream from the nozzle
at which the jet hits the wall and the duct diameter D) is given by x,=
‘2,25 Dy. When the fuel issues at a very high velocity as shown in Eo
upper half of the curve, the distance of x, is given by

%, &2.5 m‘m 14 2 v

where m, is the mass of the air nuﬂ.n:_nm

Thring and Newby by considering small scale mixing models .Emmaﬂoa
that the density differences can be compensated if the diameter of the
nozzle part is modified by the cfective diameter

a=d A P v..

where n=0.5 for a cylindrical jet
=1.0 for a plane jet
If ¢y > pa, the mixing vwznn. is _oumﬁon& since. the velocity mun con-
centration depend on —- _.mnuo_. ‘than .&l where x a the axial distance
] -
from the nozzle,

' DwyusioN FLames 317
Thring and Newby ”_.omﬂ& primary and -ooonamQ flows as & single ._2
and introducing a parameter #

=4 Ah\rv:.
Dg \ pa .
where D,=duct diameter, obtained a relation’
Ds
=5 292545%;)

Craya and OE.noﬁs developed a theory based on Reynolds equation and

continuity equation and obtained a similar straight line relationship
based on a different parameter u_uos_nm the same trend, They proposed a
modified Thring-Newby parameter 4'.

. _.=a+3.‘ pr V' __my 047

- ) G- VA Y and 2 —0s

n 3& +_~=a

Il

The position om points N and C is given by

kznm.aqﬁl,.v .

. 40 T T T - p T 7
- 7
.~
4
4
32 4
s
£
+ 2L
Y2 i
‘€
=
.m.
< 16 .
2
s
=
=
S o8l i
@
0 I 1 ._
. 2 i ) [} 10 12
tfa or 1/
llllll Curtet theory { Curtet, 1958}
———— Equation . 0-47
‘ "o ma = Lot —0:5

== == =— Line representing experimenial measurements
of Becker, Hottel and Williams, 1963

C Sogfeah experimants
: .|\ Barchiton and
f
A Hot furnece, Ijmuiden Curtet, 1964
X Cold madel, |jmuidan
O Cold modet, BCURA ~Wingfeld and Martin, 1966

Fig. 13.9 Confined: Maximum ._E:G of recirculation,
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14

DETONATION
WAVES IN GASES

In the case of normal flame propagation, the flame front propagates at
relatively low velocities and its rate can be completely determined by
the properties of the combustible mixtures. Under- certain conditions
many explosive gas mixtures propagate flames at speeds of the order of
2000 to 3500 m/s. These flames travel at. speeds much faster than the
velocity of sound at ordinary-pressures and temperatures and dre termed
detonation waves. The rate of flame propagation can be confidered as
a’ physico-chemical constant in two typical cases of flame prdpagation,
viz., normal or slow combustion (deflagration) and detonation.; The rate
of laminar flame propagation is related to the study of the properties
and behaviour of various combastible mixtures, the kinetics of combus-
tion reactions, etc. The theory of detonation wavesis related to the
study of explosions and explosives, etc. The theory of shocks and
detonation waves in gases is mainly based on the work of Chapman?,
Jouguet?, and Becker®. Before discussing detonation- waves, we shall
briefly review the way in which a shock wave is formed. :

14.3 SHOCK WAVE

Consider a long tube closed at the left end by a piston as shown in
Fig. 14.1. The steady acceleration of the piston to the right .is approxi-
mated by a series of instantancous increases of speed occurring at équal
intervals of time r. The piston travels at uniform speed between each
pair of impulsive accelerations. Each of these generates a pressure pulse
in the gas ahead, which.travels with the local speed of sound. But the
masses near the piston (such as ) have forward motions greater than
those farther from the piston. Moreover, since each pulse must heat
the gas adiabatically, the masses nearer the piston have greater sound

DeToNATION WAVES IN Gases 321
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Fig. 14.1 Formation of a shock wave in
a tube closed at the left end
by a piston.

velocities--due—to--the. r_temperatures and pressures. Thus the
pressure pl Ises nearen thd piston tend to overtake those f: it.
Consequently, Wwavegiorm becomes increasingly-stéepd: ally

the pressure gradie infinite _at ¢=6, and a smalirompression
shUSE 18 firmedeswhich grows in.stsengih..as«the.process continues
{Fig. 14.2(a)). . io)

- YAANDT

In a similar way it cim

left, an expansion wave would be formed at the face of the piston, and
ANOIEIE avhve o, . ’

the ¢xpansion waves B&gome less steep with the passage of time. Thus,
we can Ay thag due to fhé ngnzh ite—waxe-motion,
no%om&ou;ﬂu.qalno ¢ steepei= and mnw:«n“..monﬁum discontinuity,
_whegeag' expansiap ways spread out and, Ew_.nmo_.m. afe unable to
suppott medisgomintity (Fig. P

Sviw 0T ’th-. i
After the piston has mooo_o._wmmm_me_ {o” a donstant speed and then has

started moviWtvnt Ihistahtvvedosiow (3ay#h, a column of gas of ever

increasing. length is formed which gel¥OpAshed ahead of the piston at

21 (45-43/1979) 078X dsodz & Yo nohiqitazed  £.0) g

“#the piston is moved to the

e
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ul — u
Ey - E = n + P11 — P
HW-A“”HH_VA—.“!. cmvuﬂ.%_eulﬁnqm )
. = WI_H s — v} 4 py (1 <an_ : =

Therefore, Ey — E = AE = .wl Py + ps) (1 — 72

'Eduation (14.6) is called the Hugoniot equation which describes a
curve on a p-v diagram connecting the states which can be achieved by
a shock transition. The gas which enters the wave front is compressed

tadddriding to Eq. (14.6) and tot according to the:adiabatic equatior. In

th,case of an. gl shock, wave, the piston is represented By fhe

column of compressed gas moying i the direction of the shock' wave.
The velocity of propagation of the shock wave, D into the gas at rest

r»_wﬁmm&.ﬁﬁ@_u.“umn.ﬁ e Ty .“_.lm oy oty g mae B TR E

- T THE L1 vl

'.d.,‘- AP h..-‘ +
) — 1 = Ps — P . . .
:o_u..x.:a&qou fm_q_t._r:L:@ R g 241 T aneene g b (147

2380102 Yelbelty ‘of e §a¢ berlinly e Wave, Wigs

W=D —u=1u — u o P
ALB1) bog (1.41) dpil o0
— @y — ) )T. -n ] L (148)
v L A

The velocities D and W are quite pften expresséd'in "2 Bimensionless
form by Mach number (M), defined as the ratig of the velocity of the wave
(or gas) to the velocity of the soutld in that medium, ,

For a perfect gas, the.equation of state determines the pressure and
temperature in the wave for any flow velocity W , ,

v = #RT . 49 .
i :

where n=moles per unit mass of(the-gas) - =
R=molar gas constant, L . H
‘The energy equation is ' . - : :
=C. (T, =T ) 1" . 14,10
(k1) AE = Co(Ty =TV e 8O

. where C. = average specific heat meommnmmn volume,
Iy and T, = the temperatures _unm,_ﬁ_.m. “:.ﬁ Safter passage through the |
@.b4) wave. " ‘.‘.m 0 ty 1slimi2 .
Therefore, we have ; '
olni AN.V—V r:&-vgu?HWw.@ﬁm mo1l m: boo M: Yo oaplny Mnmun&:mﬁﬂwﬁ#&.“:v

Ca(Ta= T = 5 (s + p2) (risvaddaw (41 pA(14.12)

(146)
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Pz . . v
1f M“ﬁ is given, we can find D, W, ﬂ“_ T3, etc., from Egs. (14.7), (14.8),
(14.11) and (14.12) as shown in Table 14.1 calculated by Becker.

TABLE 14.1 Shock Waves in Air for Different Flow Velocities (T,=273 K)

P n w D T, Ty
F 2 vy mfs mis  (shock wave K) {adiabarie
compression K)
2. 1.63 175 452 336 330
5 284 452 698 482 426
10 3.88 725 | 978 705 515
50 6.04 1795 2150 2260 794
100 1.06 2550 3020 3860 950
- 1000 14.3 8560 9210 19100 - 1710
2000 18.8 12210 12900 29000 2070

14.2 U—w.ﬂo...r AT

The values shown in Table 14.1 can also be found by using the normal
shock tables.

For example, :..NF = 2, from. normal shock tables

f21
M, = 0.7572
Ty
WHE 1.229
A < 1.6202
¥
] = '
Also at w B w\d“n Nwé_.g Ay of sound, C = 335 m/s, Therefore,
lo._\ = 1746 x 335 = 455 mjs
uy = 0.7572 5
1= 4 velpclty of sound at 7, = 0.7572 x 366
W D - =280 m/s
. = Mg =455 — 280 = 175 m/s .
Py =

1229 X 273 = 336 K

ION WAVE

W ’ . | )
w..pm,m”w%”ﬂ”: Mﬂo Mrﬁ a mwom_n wave is travelling in a medium of com.
pooy e mixture, hvn nwr..“ chemical reaction occurs in the wave front and
o mw " 0. Asin m.un v.aoon&nw section, ‘we use{1) apd (2)
Tapecive w—a _au ﬂ c Emuam which lie in the unbyrned and burned gas,
Equation t1) to (14.3) for conservation of mass, EnE&.EB ,mﬂ__
oo &y remain unchanged, apd consgquently, ma.m‘. (14.6) to 14.8) t
For unchanged, . o o R e
e e MmﬂwﬂoﬁmW mmw“_nm% , _wm_cﬂwmﬂﬂnnrnnaom_ :Mni:mncs /i achieyed,
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(71,v), Ps > P and v, < v, This portion of the curve describes the

detonation process. The point corresponding to the actual detonation
would lie on this part of the curve, Here W is positive, ie., the burned
gas moves in the same direction as the flame front.

We draw a Rayleigh line from (p1,v;) which intersects the H-curve at
two points such as F and G. This refers to two possible final states
except for the tangent to the curve at J and passing through A. The

“statedEsetibed” by poitit T 7is called -~ the Chapman-Jouguei (C-) state.

On decreasing the slope tan a from line AGF to tangent AJ, we see:

~ (i) The lower points of intersection such as G (to the right of J} move
to higher pressures and lower specific volumes, and W increases.

(ii) The value of D decreases and attains a minimum value at J.. -

(iil) The upper points of intersection such as F (to the left of J).move to
lower pressures and higher specific volumes, and W decreases,

Jhe question is what point on the curve above B corresponds to
actual detonation. Chapman proposed that this is the point of contact J.
Let us consider the suggestion in detail. If we draw a reversible adiabatic
through J, it can be shown that it touches the H-curve at J, i_uonomm
reversible adiabatics through other points-on the H-curve intefsect the
curve. Therefore, the slope of the tangent A-J and that of the -adiabatic
through J are the same, i.c., I

(2=2) - -(2) (14.19)

¥y — ¥ b dv adlay J T .

From Eqgs. (14.15) and (14.16), we have : |
D=W+ v, {tane

At point J, therefore, . ___

dp
=Wt gl (%),

or D=W+C (14.20)

where C is the velocity of sound in medium 2, ie., the burned gas.
Equation (14.20) shows that the detonation velocity equals the sum of the
burned gas velocity and the sound velocity in the burned gas, This is
the mathematical statement of the Chapman-Jouguet (C-J) hypothesis.
Equation (14.20) enables the prediction of detonation velocity from the
thermodynamic properties of the burned gas.

At points above J toward F

_ &hv Aﬁ- — Pv
A av Jaais > Vi — 7, : A:..N:

D <(W+C) . (14.22)
At points below J toward G

i

Therefore,
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- &hv ﬁﬁu -5 v .
A @ st < P (14.23) )

Therefore,

D>W+C) , (14.24)

An explanation of the way in which a detonation wave, corresponding
to a state above J, would automatically change to stateJ orlower, has been
given by Jouguet. A rarefaction wave, behind the detonation front, to
the left of C.J state, would follow the detonation front with a velocity
(W+C), i.e., the sum of the sound velocity, C and the burned gas
velocity W. Since at points above J, (W+4+C) > D, the rarefaction wave
would overtake the detonation wave, and weaken it or slow it down.

. Hence, D will decrease so that the terminal state moves towards J. As

shown above, since at point I, (W4C) = D, the rarefaction wave would
not be able to overtake the detonation wave. The following considerations
apply for the part of the curve below ¥ as given by Becker. For a given

value of D = v« tan« or a given value of tan «, these correspond to
two terminal states F and G. It is possible to show that the entropy of
the gas at F is always greater than at G. The burned gas at the moment
of its formation would tend to attain the state of greatest entropy. The
part of the curve to the right of the C-J state would not correspond to
an actual process as the gas would prefer point F and nos point G. We
conclude, therefore, that the detonation wave is mechanically unstable
above J and thermodynamically improbable below J. Hence, the detona-
tion wave must travel with a velocity corresponding to point J.

The picture of the detonation wave as presented above is a simplified

one, and the argument in support for excluding the part of the curve
below J are not considered necessary, if we assume that the chemical
reaction does not instantaneously proceed to completion and, therefore,
a single H-curve is not sufficient to describe the pressure and density
changes in the detonation wave. As the reaction rate is finite, there is a
reaction zone of finite thickness with existing temperature and pres-
sure gradients.
" A more realistic concept of the detonation wave was independently
provided by Zeldovich!, Neumann® and Doring®. They suggested that
steep temperature and pressure gradients exist at the front of the deto-
nation wave, and the conditions are similar to a shock wave travelling
in a neutral gas. The fresh incoming gas is subjected to a sudden rise in
pressure and temperature, which initiate the chemical reaction in the
gas followed by the energy release behind the shock wave. Hence,
different layers of the detonation wave represent a family of Hugoniot
curves corresponding to successive fractions, £ of the completion of
chemical reaction as shown in Fig. 14.5. E increases from zero in the
plane of unreacted gis to £ = 1, in the plane of complete reaction.

As the detonation wave is a steady-state phenomenon, the various
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Equation (14.19) may now be wriiten as
Pa— P _ Yl
e - (14.27)

The above five Eqs. (14.7),(14.8), (14.13), (14.14) and (14.27) enable us to
. calculate the five unknown quantities D, W, p;, v, and T, Equation (14.7)
may be re-written in the following form:

¥y ~— .cu
v ‘x RT,
or Uu"a‘”u\mm - Valigltfg
Va 2
i
: , v .
or D= ﬂwﬁvﬁaumﬂu = ﬂutﬂ%ueu (14.28)
Equation (14.13) may be reduced to the following form:
— _ e 1 ¥y 1 e, g
Co(T—Ty) |M;A<|- - _v:u_ﬁ + pavy) = lwlﬁﬂ“ - VAPE . “le.,.l.*..ﬁmf V
— R{v .
Or QQ AN._» —_ N‘“—u lad @ = ﬁAM‘WI; VAxnﬂul_l:ouu. .W.”- A—A.MOU
Equation (14.27) may also be re-written in the following forms - ..
Pa—=P_ V¥ | ,
7 v.u. T
_ mRTy va ¥ i .
or ! Y1 nRT, S“Auﬂ - v
v n, T, ,
or 11— 2. 2L Ab v -
21 nyTy € ¥ u\u

Multiplying by Mw
2

nomh 7w
v,  MeTs ! p2 L™
z
v
" nT,
or (1 + ) — ¥ e
g ﬁ u\»v Ya ﬂn. ku\m..u 0
2
ny oy A 1 v mT
or - ) - — e
A Yo v TV 1+ Ve / + rasTe 0 : (14.30)

;Also Eq. (14.14) may be written as

L
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P v mls . (14.31)

F2 vw mh

Equations (14.28), (14.29) and (14.30) enable us to find vy, T, and D.
Equations (14.8) and (14.31) can then be used to calculate p, and W.
It can be seen from Eq. (14.28) that the detonation velocity equals
vi/vy times the velocity of sound in the burned gas. .
The procedure for calculating the four usknown (uantities pq, vy, Ty,
and Dis as follows:~ The known quantities are pi, vy, T3, 1, and Q.
The values of C, and y; can be calculated from the tables of thermo-
dynamic properties. “If dissociation is considered, then 'n; is different
from n,. The four unknown quantities can be determined by solving
Eqgs. (14.28) t014.31} by trial and error. Assume a suitable value of T,
and calculate: the value of ¥, at this temperature. Now substitute the
values of ny, n, Ty, Ty, and 'y, in Eq. (14.30) to calculate v /v;. The value
of v,fvy so calculated is substituted in Eq. {14.29) to determine an improv-
ed value of Ty, These trials dre made till the values of viffy and Ty satisfy
Egs. (14.29) and (14.30). Equations (14.7) and QA.M__J,wWo then used to
calculate py and P. The valuc of the fifth unknowr, ,n._,c.m_rﬁ:w W can be
found from Pg. (14.8). The procedure becomes muchmgre complicated
if the nnsm:cxﬂwﬁa &mmoowmwmon eifects are ta¥efrintoceohsideration. How-
ever, the _.nm...smm may not’be affected significanfly, 'l .
Lewis and Friauf’ applied the Chapman-Jouguet theory of detona-
vRatl! 64" Wy tibgkn- oy geli itlixtagey: with wdBiiona drdiffarent,gases
5 a3 mm.%?:w%n Wibotidaon ﬂmnﬁﬁ_uim werechasidéredn g amibog
-spmelai to Nl sdi _,_S_Jﬁ How ¢ ﬁw@ e ne H G020 srntzim
e Lt Yiadlod moilenonol o saviy ytilid
H;0 = {H, + OH X
H,+=2H

. VOITAMOTA
The results are shown in Table 14.5 10TAA 4O KOITATIVL bar

e ok i zsutzim oldileydmons g bedgitiog o e i
oo AR AR et of G anl ey ERAGHL R Wl
1 kg eadel maitingi ovew duodz o @Werinarbnitiosid vl ; tnafi
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336 FugLs AND CoMBusTION

D ='W + velocity of sound in burned gas, C,

C: = <-u.\m‘._%u..- .

“To find the pressure and temperature of the burned gas, we use the
Rayleigh Line tables:

B oossey.

At--Mp=554 2 = 00935 2t

' T*

Therefore, T* = T, = 289 3100 K

0.09346 — ,

.n....:‘ . . uu_._“, Py = 1 _ aqwmﬂ:u‘ " - co .

P e . . 005587 " el

e PUUE T e e ag T e L
»Substituting the values inthe expression for Ci; we have. - .
e et ey gy

€, = VTAX9FTX 927X T,
a3 j )

[ [
= 20.05\MT; ,_,; R V

= 20,05 /310027 H A Al - W i n:.,._h.,.:f_x T

Yoyl d AN -
~ e w-_am_xw. TR
= 1116 m/s bl | ,_
Therelgm.; ihaovedopiss, péhushed, 235, 1., §ives b 1, aivabidaz
W=D-C, ""\ . ) Al ,
PP ISy R I
= 772 m/fs 2uvin AOHGNPY 2l sniviod

Mach number of burned gas af.: 106 B22 - M

€9 n9vig 24 noitennial et ?.:E:m-m:i Hivolay 2161z yheota ad T

o elocity o birne
\' .
R T e R
..,.wumm.ﬁ AHEEXELY - Vur b
= 16 V%2008 —
I —
_ - 0.692 vat 20,00 -

wim AAORL =
If the stagnation pressure and stagnatiop te ture. of the b
: : iop U fu ¢ burned. gas
(viz. Pos, Toy) are required, we use mmmumﬁ_nmumv.hw ﬁ%w_nm m%@cﬁﬁﬁh&
F3/Po, and Ty/To, corresponding to''M}&=8%92~can be- obtained by
Interpolation. The temperature behind iha deeckwwave travelling at the

<o~oo:<o:=maosoum:ouimﬁowucnmnﬂm Bmun the use of al
shock tables corresponding to M,=5.54. 1110q A-ﬁ\u%. 15 eoml S
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340 Funrs AND CoMBUSTION

perature To. Also assume that during the reaction the temperature of
the mixture is T and is kept uniform throughout the entire volume. The
temperature difference between the gas and wallsis confined to a very
narrow boundary near the wall, there being no mass transfer. Therefore,
we may write the equations for heat generation and heat loss for the

system as given below.
‘The rate of heat-generation will be given by: o
_ gy = QWY calls ‘ (15.3)
where O is the heat of reaction in cal/mol
W is the reaction rate given by equation
, W = koCYe BIFT - (15.4)
Therefore ¢ = @koC* ¥V e ERT (15.5)
A part of the heat mnnn_.mﬁna will be lost to the surroundings and the rest
will rais¢ the temperature of the gas.
The heat lost will be given by
gs = aS(T—Té) L (15.6)

where « is the coefficient of heat transferfrom the gas’to the walls
and S is the surface area of the vessel. :

Now, to understand Semenov’s method, consider Fig. 15.1 where
the temperature is indicated along the x-axis and the oa.wnwﬁnﬁ,.mnv_.ownn”m
the rate of heat generation ot the rate of heat loss. The ekponential
curve ¢; represents th: rate of heat generation with respect to tem-
perature and straight lines (1), (2) and (3) represent the rate of heat

‘loss. With an increase in the initial wall temperature, the strdight line,

giving the heat transfer rate, will shift to the right. The intersection of
lines (1), (2) and (3) with the x-axis gives the initial 35@0333 of the
vessel walls, i.e. Ty, If we consider the initial temperature of the vessel
walls to be Ty, from Ty to 7, the heat generated is higher than the
heat lost, and the mixture gets heated. But after temperature T, is

_attained, the rate of heat loss will increase as compared to the rate. of

heat generation. Thus, the temperature of the mixture will be brought
back to temperature T, and a steady-state of the reaction will be
maintained, it being assumed that the concentration of the reactants
remains constant. Otherwise, in actual practice, the rate of reaction will
start reducing, because of the decreasing concentration of the reactant
with time.

Now, if the temperature of the reaction vessel is raised to T, the
curve (2) of heat loss will shift to its right and will remain parallel to
curve (1), provided the value of @ remains constant, In this case, up to
temperature T, the mixture will be heated and an equilibrium will be
attained at temperature 7s. A slight increase in the initial temperature
Ty to Ty" will shift the curve of heat loss further to the right. Thus, the

Iantmion M1

" heat loss will always be less than the heat mnnnam:on. Therefore, the

self-hieating of the mixture will léad to increasing reaction rate, and
ultimately to explosion. It is necessary for a steady-state reaction that
the curves of heat generation and heat loss must intersect each other.
The point of turnover from steady reaction to that of explosion is given
by curve (2) of heat loss, i.e., one corresponding to the wall temperature
Ty’ where the mixture will be in equilibrium at the temperature T» and
a slight change of temperature will lead to explosion. At this point, the
rate of heat generation g, will be equal to the rate of heat loss ¢, and
their rate of change with temperature will also be equal, i.e.,

dq,/dT = dgy[dT

These two conditions determine in a definite manner, the temperature
Ts which specifies the boundary conditions for the ignition of the system
with a given mixture and given vessel. This particular temperature is
called the “ignition temperature” or the ‘self-ignition temperature”

Q4

9

q.l,qra

.um

T T ToT
" Temperature

Fig. 15.1 Self-ignition temperature of 2
gaseous mixfure.

of the gaseous mixture. From Fig. 15.1 it is clear that for a particular
mixture and vessel, once the temperature of the vessel is T4, the tem-
perature 7v is automatically attained. Thus, the temperature which
separates the steady reaction state to the explosion state is To. As the

measurement of 75 is difficult because of the rapidly changing mixture .

temperature, the ignition temperature is usually defined as the lowest
temperature of the vessel walls at which the explosion oceurs, i.e., 7o
is the ignition temperature. It is clear that T» will be always greater
than To. Practically the difference between 7 and 7y is small
Figure 15.1 corresponds to the condition of ignition at constant pres-
sure, but varying temperature of the combustion vessel, and, conse-
quently, that of the gas mixture.
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&t

Temperature

r|ﬁ.l1

Time

Fig. 15.3 Delay period and ignition temperature of a gaseons mixture.

when the mixture temperature approaches temperature Ty. The. top
curve is for the condition when ¢,<¢; and when explosion takes place.
In this curve, the inflexion occurs attime 7. This time periad, when

“the rate of reaction starts increasing rapidly, is ow:a& the :.Lanocon

period” or the ‘‘delay period’.

However, this delay period is also related to the témperature 'of ‘the
vessel, with increasing temperature of the vessel the delay period
decreases. Therefore, the value of Tais taken to be that femperature
when the delay period is infinite, i.e., the minimum temperature}of the
vessel wall which will cause the explosion irrespective of the time it
will take. However, for w-.wnsom_ purposes, the value of T is chosen
such that the actual explosion occurs after a certain delay. It, therefore,
becomes necessary to mention the delay period along with the ignition
temperature To. The dotted curve in Fig. 15.3 corresponds to the actual
condition where the rate of reaction decreases because of the reducing
concentration of reactants while the solid line represents the condition
for the constant concentration of reactants.

15.3 THE LIMITS OF SELF-IGNITION

It may be observed. in Figs. 15.1 and 15.2 that for a particular mixture
there exists a fixed value of Ty or Ts. If the concentration of fuel in the
mixture or the pressure is changed, the rate of heat generation and hence
the ignition temperature Ty will change. This means that there exists

a.whole system of limiting conditions which determine the zones where

)

-

;
|
i
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the explosion sets in. The limits of such zones fare called explosion
boundaries, explosion limits, or limits of self-igniticn.

Semenov gave a mathematical treatment of the condition given in
Fig. 15.2. If ecurve g, corresponds fo the mixture at a certain pressure,

d d
_the condition of explosion, ¢, = 45 and" o nm. leads to the rela-

ar
tion given by Eq. (15.10), i.e.,
RT?

0 -

+ T

N,vu.h

Substitution of this value of T, in Eq. (15.7) yields,

-— E RT?
QkoC'V exp - hu._aﬁ 1+ wu....v = @ h[tm.l
and since hm.,c < 1, we may iEo
QM_WH.N
QkeCVePIRT, = (15.13)
or taking the logarithm, we get
¢ _E 1 QVkoE
In . = I.WI. . ﬂ]_ﬂ 2SR Amm.—kv
T
0
As .wOn a bimolecular reaction C¥ = P2
Py  E . g
Therefore, In T, = 3RT. + const (15.15)

where -Pig js the pressure corresponding to the critical .condition of
ignition. This relationship is called the Semenov equation. The equation
is represented in Fig. 15.4 which shows the explosion and -no-explosion
zones. The same equation will give a straight line if we choose the
coordinates as

* N...Hn m

In = H.o and Nl.o

Figure 15.4 is obtained for a fixed composition of the mixture. Simi-
larly, we can obtain the curves giving the relationship between Ts and
the composition of mixture for a constant pressure, or Pig vs. composi-
tion for a fixed value of the ignition temperature Ts or Ty Figures 15.5
and 15.6 give the nature of such curves showing the limits of ignition.

It was found that the experimental results corroborated the theoretical
results in 2 limited number of cases. This is because in most of the
cases, apart from the thermal explosion, branching chain reactions are
also responsible for the change in the reaction rate. The assumption of
upiform temperature distribution in the vessel by Semenov is the major
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348 Fuers anDp Compustion

surface and st indicates that the gradient refers to the surface of

the incandescent. body. This condition also indicates that from
the moment where T'= T,, the source no longer participates in the
process, the condition in the gaseous layer, in contact with the
highly heated body, becomes the determining factor. The equation

governing igmition is the same as Egs. (15.1) and -(15.2), i.e., for,
thermal conduction and diffusion. For simplification, we can gssum, ..m‘.i

“the process to be in steady state, i.e., if ﬁvna Cate Eanmn_&oa of tim

7, the two equations can bé combined into one giving a relation cﬁsaon
u. and C. For a one-dimensional problem we can write’ mnu (15.1) and
(15.2) as . § S

£{8 1) o -

(15.18)

and

dx

Q.qu vo—-E/RT —
&? V+_Qe_nm RT = @

m C, where N is the relative concentration, p is

of the mixture, and pis its molecular weight.
Equation (15.18) may be written as:

i D azvrr_n@é% -0

since N ==

dx\ u P dx
Combining this with Eq. (15.19), . o :

Ok, CleEIRT — _ MA »mv 0 awm.ww ) Wv,_ L (15.20)
By integrating the above equation, we have ”
or mw, = — wl mm Mmml w:mb:
Now as Do Qwv
Therefore, m% C n.wt (15.22)

and this quantity can be considered constant. Thus the second inte-

gration gives
o
= —
Cppe

Constants 4 and B can be calculated by the boundary conditions. As
T must always be finite, therefore, 4 = 0 and

+ Ax + B

(15.23)

*
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T= Cop +
>n N. = N.eu 2 == 2___
T—Te= 4 (Mo — N) (15.24)
&Cy

If the mixture is stoichiometric and complete combustion takes place,
then T = Ts and N = 0 for the adiabatic process.

o R
Gy No=To — T

From Eq. (1524} -

%@ H..vl N.a
Equation (15.25) gives the relation between the relative concentration
of the combustible and temperature of the-mixture at any peint, provided
there is nio heat loss from the system. The concentration and tempera-
ture profiles near a hot surface are shown in Fig. 15.7. Itis not necessary

N _ LT (15.25)

ponny

Temperature and concentration

Distance from wall

. 15.7 .m_.nEuﬁn::.o and concentration
of combustibie near a heated
. sarface.

3
L3

that a flame will propagate thronghout the mixture if the temperature
of the incandescent body iséqualto the self ignition temperature. On
the contrary, in most casés, the mixure will not ignite until the body
temperature is much higher; than the self-ignition temperature.
This is because near the solid wall the concentration of the reac-
tant will be reduced because of the reaction, thué the mixture
near the surface will react, but the flame will not' propagate. The
difference between the self-ignition temperature and the ignition tempera-
ture of the hot surface is much more if the hot surface is one of the
catalysts. At first sight this may seem unrealistic, but because of absorp-
tion, the concentration near the surface is further reduced, thus requiring
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Fig. 15.9 Effect of noh.aanunnm_cn and 35.52.9::6 on mnl:_onw
lag of propane-air mixture.

If a shock wave is travelling through a reacting .Em«:.:d.ﬂ_,,ﬂrm :«.ﬁ
produced due to the compression of the mixture ~is' ‘sufficieat to ignite
the mixture. From the hydrodynamic equation it can be mm..o&n,ﬁna that
if the ratio of pressure behind the shock wave to the initial pressure
is 50, the temperature behind the wave will be 2100°C, as ﬂmBuwmana to
the temperature of 520°C obtained by the adiabatic compression mg H_.uo‘.
same pressure ratio, With increasing pressure ratio, the .,u_m.onon..no in
temperature by two processes also increases. At a pressure _.nm,o ﬁ.;.
100, the temperature by shock is about 3590°C, while by m&mwn:n
compression it is 676°C only. In addition, the shock wave nomEEm free
atoms and radicals that can promote rapid chemical reaction. It has
been obscrved that the mixture can be ignited by a very weak shock,
provided the mixture ratio is within the limits of detonability.

Ignition by Spark- .

Ignition by means of electric spark is the most widely _.:aa mode of
ignition, The spark may be an inductive spark or capacitance spark.
Both the modes of spark ignition can produce a very high temperature
in a small zone and can be treated as a small incandescent gaseous body.
The main difference between inductive and capacitance sparks is that in
the inductive spark the duration of the spark is long and the current

T

o d

Lty |

Bl gt
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is low. The spectrum of. the spark -corresponds to the vapour of the
metal electrode. It is produced by opening an inductive circuit of high
impedance. The capacitance spark is produced by the discharge of
charged condensers into the gas. The duration of the spark is extremely
short (0.0 to 100 us) depending upon the amount of energy released.
The current of the capacitance spark is high because of the low im-
pedance of the circuit, and its spectrum corresponds to the spectrum
of gas. The duration of the spark may be increased by adding a resis-
tance in the circuit. The energy released by the capacitance spark may
be written as , ‘ ‘

mnnwn?\nlwa. (15.26)

where E. = energy obtained from the capacitance, J

C = capacitance of the condenser, F

Vs = voltage on the condenser just before the spark occurs, V

Vi1 = voltage remaining on the condenser at the instant spark
: ceases, V .

The above cquation does not consider the losses in the circuit. Thus
the actual energy released across the spark gap will be slightly less.
Unless the system used is of very low voltage, ¥; can be neglected as it
is usually quite low as compared to V,. The energy stored in an
inductance is given as

’

E, =%1L (15.27)
where E; = energy, ]
L = Inductance, H

i == current in the circuit at the instant of sparking, A

Most workers have used the measurement of energy in the primary
circuit as a measure of the energy released. This does not give the
actual energy released across the gap. i

Two theories were proposed for the mechanism of spark ignition: the
ionic theery by V. Thornton, and the thermal theory by Taylor, Jones
and Morgan. The ionic theory supported the experimental observation
that the ignition ability of the spark is proportional to the intensity of
current, instead of the square of the current if the ignition is assumed
to take place becanse of heat release. It was observed by Thornton and
also by Finch that the reaction at the discharge was directly propor-
tional to the number of ions reaching the cathode in w.m?du time.
However, Holm has shown that Finch’s results do not contradict the
thermal theory if it is considered that during discharge the potentiai -
does not change. Many other observations, e.g., the effect of spark gap

-
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356 Puris anp CoMBUSTION

made stoichiometrically increasingly deficient. The reason they assigned
is that the value of S« used in the expression is found for a plane wave
whereas in the above case the surface is curved. The strongly curved
minimal flames are richer in the deficient component than in a plane
combustion wave, and the burning velocities used for computing H
are too low resulting in high values of H” and 7M. If the effect of the
preferential diffusion and curvature of the flame is considered, then it is
expected to give a consistent value of H"/H’, and this may be used as
an approximate simjlarity constant for correlating minimal flame dia-
meters in the same way as the stretch factor K. The stretch factor X
can be related to the ratio H"/H" by Egs. (15.28}, (15.29), (15.30) and
(15.31) which give '

H' 6k

H ACopuSe (6n0/4) (pufe,) = 1.5 £ (1532)

The experimental value of H is always much lower than H' and K",
because the small volume of the gas receives heat from the chemical
reaction and the ignition source. B

Apart from the heat conducted to the unburned gas, the mixture in
the small volume is cooled because of the heat conducted to the elec-
trodes. Watson has shown that for a large capacitance spark in argon,
a fair amount of energy is lost in the form of a shock wave produced
at the spark gap. This energy loss can be reduced for s long duration
capacitance spark by adding a resistance in the circuit, R

Similarly the experimental values of the minimum ignition eniergy can
be reduced by changing the shapz and material of the electrode,

Now we shall consider the effects of various variablés on ignition

energy.

15.5 FACTORS AFFECTING IGNITION ENERGY

Effect of Mixture Composition’

It has already been mentioned that a combustible mixture may or may
not ignite by passing a spark. Thus, for every combustible mixture
there is a fixed value of ignition energy below which the flame will not
propagate. If we consider the mixture of a particular fuel with airor
oxygen and plot the minimum ignition energy for varioys compositions,
a plot as shown in Fig. 15.11 will be obtained. For a particular value of
the ignition current there will be two values of limiting mixture ¢com-
positions. Above and below these values the mixture will not ignite.
1t can be observed from the figure that with increasing value of ignition
encrgy these limits do not vary much. Thus a very high value of energy
will not be able to ignite a very lean or rich mixture. Such limits of
concentration, as already defined, are known as the limits of flam-
mability or the limits of forced ignition.
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Fig. 1511 Minimum spark intensity for ignition
as a function of mixture composition.

.294 as the value of ignition energy rises asymptotically, it can be
mm:.a :.ﬁn there exists a value of the spark energy above which the limit
o.w lgnition does not change. This spark is usually known as the satura-
tion spark. It should be further noted that a minimum spark energy is
Emnn_na to ignite a fuel-oxidant mixture which has a composition
slightly richer than the stoichiometric composition.

Effect of Electrode Type

m_m.o.:onn size, spacing, and materials affect the amount of minimuam
1gnition energy, because the quenching effect of the solid surfade of
the electrode reduces the reaction rate near the solid surface. It has
vann observed that the minimum ignition energy is reduced by increas-
ing the gap between the two electrodes. Figure 15.12 shows the effect
of electrode spacing on the minimum ignition energy. Two different
Q.vnm of electrodes were used, .one of 0.159 ¢m (1/16") stainless steel
s:.o.mua the second flanged by two glass discs of 2,54 cm diameter at
the tips.

.mo_, the flangzd electrodes it was observed that below a particular
m_.mnmn.on there was a sudden risein ignition energy, indicating that below
this distance ignition by flanged electrodes is impossible. This is becayse
of the quenching effect of the flanges. This minimum distance is known
as the quenching distance. It was further observed that the material of
the flanges has no effect on this minimym distance, the flange may be
of any metal or insulating material, .
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360 Fueis anp CoMBUSTION .

Effect of Pressure

Pressure has been found to have a pronounced effect on the ignition
energy. In generzl, the minimum ignition energy increases with decreas-
ing pressure. For most fuels the energy approximately varies as the
second power of pressure. Below a certain pressure called the “minimum

N Wﬂ_o - g _ T —
a Fuet in air,
percent by
B Fuel volume
o isooctane 2:5
e h-Butane 3.5
* Butadiene 4.5
7
W
g H
2
b
S
E
=
o
ar
(=4
g
<
2 .
i \
K

Minumum
/

" N M //
// ¥ /IJ/I/P
, M D
L -ﬁ..l."
ol L :
2 25 3 35 4 as. 5
. Minimum ignition pressure,’'cm Hg gbs
. Fig. 15.15 Effect of pressore on minimum igrition energy for

various fuel-air mixtures with constant electrode
ipacing. -

ignition pressure’ the ignition is limited by some factors of the appa-
ratus, e.g., electrode spacing, size of ignition- chamber, etc. This
pressure, of course, changes with a change in apparatus. As the change
in pressure has a marked effect on the quenching distance, the effect
of pressure on the minimum ignition energy with respect to the maxi-
mum pressure is shown in Fig. 15.14. Figure 15.15 shows the effect of

eI
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Fig. 15.16 Effect of electrode spacing and pressure on minimum
spark ignition energy for methane-air mixture glass
flanged electrodes (with permission from J. Chem.
Phys., op. cit., 11).

mixture pressure on ignition energy with fixed electrode distance. A
complete relation between the mixture pressure, electrode spacing, and
minimum ignition energy is given in Fig. 13.16.

Effect 6f Temperature

It is obvious that with increasing temperature of the mixture, lesser
ignition energy will be needed. J.B. Fenn measured the effect of tem-
perature on ignition energy and proposed a relation of the form

~ Eg=Ce*T (15.33)

where C and K are constants which have different values for different
mixtures,

Effect of Diluents
When a mixture is diluted by any inert gas, the minimum ignition energy

required is changed., This change depends upon the absorptive and .
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. 364 FueLs AND CoMBUSTION

The effect of turbulence is somewhat similar, If, in a moving mixture,
turbulence is generated by placing a wire screen, the ignition energy has
been found to increase with an increasing diameter of screen wires and
with a decreasing distance between the screen and electrode. Figure 15.19
) shows the effect of turbulence promoter on the ignition energy for

various promoter diameters and distances.

T Spark Ez&g

It has been found that if the spark duration is high more amount of
encigy will be needed. The effect is shown in Fig. 15.20 for a time range

72
. /]
i 64
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56 & 2.667
s 1143 \
i g s 01524
. H » No promotor /
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Fig. 15.19 Effect of mixture velecity, promoter size and
, distance from promoter to spark electrode on
- minimum spark ignition energy.
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Fig. 15.20 Effect of spark duration on minimuin spark ignition energy.

of 125 to 25,000 ps. However, it has been found that for a very short
duration spark (2 ps), the amount of energy needed is much more.
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16.2 COMBUSTION OF A FUEL DROPLET

The study of the combustion of a single fuel droplet is of practical
importance as the combustion behaviour of a fuel jn the combustion
chambers of 1.C. engines, gas turbines, liquid propellant rocket engines,
and industrial burners cannot be understood unless the burning
mechanism of individual droplets is known, : o

Droplet-combustion - can be divided into two types: (i) bipropellant
combustion, and (ii) monopropeliant combustion.

In bipropellant combustion fuel vapour and oxidant diffuse from
opposite directions and a flame is formed at the contact surface at some
distance from the drop. Monopropellant droplets, e.g., hydrozine,
ethylenitrate, etc., evaporate and decompose exothermally, Here we
shall confine our discussion only to bipropellant combusticn.

Three different types of experimental techniques have been developed

" to study the combusion of fue] droplets. In the first type, the fuel is
supplied through a porous sphere at a steady rate and a liquid film is
maintained at the sphere surface. In the second type, fuel droplets are
suspended in air on a silica or qQuartz fibre, held either horizostally or
vertically. The rate of decrease in the diameter of the fuel drop is
recorded after ignition. In the third type, usually appliéd. to very
small droplets, a freely falling droplet is ignited and the rate of
decrease in the diameter observed, Each technique has its OwWR. advan-
tages and disadvantages. S

In the first method, it is easy to obtain the steady state and a relation
of the following form may be written. - L . :

m=K'r, :(16.1)
where = mass of fuel burned per s
ry = radius of sphere
K" = constant, independent of ri
It has been found by experimenis on the second and third type, that

after the initial unsteady state, the square of the droplet diameter
decreases linearly with time, viz.

dio — di'= K(t—1,) . . {16.2)

when dy,, is the initial diameter of the liquid droplet at time t,, and d,
is the diameter of the droplet at time #; K is called the evaporation
constant, and is independent of time ¢ in the absence of combustion,

Equation (16.2) also expresses the relationship between the droplet
diameter and the time for vaporization of the droplet in the absence of
combustion,

Sllaie.
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The general method for predicting the mass burning rate and the
structure of the flame of a burning droplet involves the use of the
general conservation equations. However, because of the complex
boundary conditions and the exponential form of the Arrheniys expres-
sion for the chemical reaction rate, the analytical solution of such
equations is not possible. Therefore, a number of theories based on a
simplified physical model have -been proposed. Most of the theories
deal only with the combustion of a droplet in stagnant surroundings and
in the absence of convection.

In the generally accepted steady-state theory, an ideal modei ‘consist-
ing of a single spherical burning dropiet js considered, surrounded by a
spherical symmetrical flame front. In addition to the spherical
symmetry, the following assumptions are usually made:

1. The droplet surface and the flame form concentric spheres.

2. At an infinite distance from the drop lies a boundary at which the
8as composition is that of the ambjent gas. .

3. The fuel vapour diffuses from the drop surface to the flame front,
and the oxygen from the boundary in the ambient gas to the flame
surface. The resulting combustion products diffuse from the flame
to the surroundings. .

. 4. The exothermic chemical reaction between the fuel vapour and
the oxidant takes place at the surface in stoichiometric proportion.

5. Combustion occurs undey isobaric quasi steady state conditions.

6. The chemical reaction occurs instantaneously and hence the reac-
tion zone is infinitely thin,

7. The chemical reaction goes to completion and requires no activa-
tion energy. )

8. A part of the heat of combustion is transmitted by conduction to
the droplet to effect vaporization, while the rest enters the

. ambient gas beyond the stagnant film,

9. The droplet temperature is uniform and equal to the boiling point
of the liquid.

10. Radiation and thermal diffusion effects are negligible. ,

A general physical picture of the way in which , a fuel droplet burng
based on the above assumption is given in Fig. 16.1. The fuel
evaporates from the drop surface and diffuses through region A, while
the oxygen diffuses through region B. The fuel and oxygen react to
form the product at a radius r, where the fuel and oxidant are in
stoickiometric ratio.

Figare 16.2 shows the temperature profile as a function of the radial
distance from the centre of the drop for a benzene droplet, 0.01 cm in
diameter, burning in air at atmospheric pressure. Figure 16.3 shows the
profiles of mass fractions of fuel Yr, Oxygen Yo and'inert gas¥rasa
function of the radial distance from the centre of the drop. Yo,, and
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where  #. = mass flow rate of the products

Yp = mole fraction of the products.
Under steady state condition, the total enthalpy flux H, at any point

within this region must be equal to the total enthalpy flux at the liquid
surface Hp; or

Hr=1r hr — 4w r* ks M.u.. ) . . R

mf_ﬂm_m_m? I._”A.-.a:f 5.“_

where Kk, is the thermal conductivity (cal/cm s K} in region A
h is the enthalpy per unit mass of the gaseous ocEvonnE
(cal/g)
Subscript 1 refers to the liguid surface
F refers to the fuel

Therefore,
ar , .
sp(hs = Hp ) = ﬁ arrtk, wﬂ“r L - (16.5)

where
dar . .
_Hbﬂ..nkm A FSmh = M ﬁ
where L*=heat of <m_uoanm.:o.= (cal/g)
T*=arbitrary reference ‘temperature g .
In the absence of a source or sink of heat within the _Eca 9.022 the
total rate of heat transfer at the spherical surface r;, must be mﬂ:& to
the rate of vaporization of the liquid fuel.
Considering the oxidizer flow rate in region B (between r; and SV
the mass flow rate of the oxidizer is given by

£+ Ci (T — 3“__ ema

5‘. ,.
uf_,} Qﬁﬁ, Dy — ov (16.7)

since at r = r., the fuel and oxygen meet in stoichiometric E:o i,

therefore,
ftg = — iy (16.8)

Similarly, in region B, the mass flow rate of the products will be given
by the difference in En mass flow rate of the fuel and the oxidizer,
En_.n_.o_.n

Ty == rh_—titg = A._:A Yr v—Dsg mMJ (16.9)

Counsidering the conservation of energy, the following equation is
obtained. .
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tihy + tphp — Ehy = aawu%n &, - mrL (16.10)

Thermodynamic Relationships
he 4 iho = g+ (1 4+ i)he
hp= C/T — T*)
=C(I'— 1% +4qfi
he=Ce(T~T)+L
where g = heat of reaction (cal/g)
cp = gpecific heat at constant pressure Anm:.m K)
It is assumed that Cr=Cr=Co=C;
Boundary conditons are:
. Atr=r,T=T
r=r,T=1"T, Yo=0= ¥r '
@, T= Tes, Yo= Yoo

it

r

Integration of Differential Equations

Based upon the above relationships, the following differentia! equations
are obtained for the condition T* = T7.

In region A: -
a.ww - _,Tm_ w,.c H}: 61D
mﬁﬂm T) O~ T) + LA wkar®  (16.12)
and in region B:
. mmw._ - MHAW% (16.13)
mﬁaﬂ T _ %_nﬁalaﬁmw ﬂn —q)] O (1614)

These equations may be integrated in the closed form, if the assump-
tion is made that ¢/k and pD-are constant and independent of ¥ and T,
The results of integration yield the following explicit solutions for the
mass and flow rate of fuel i, temperature 7, at the reaction surface
and at a radius r.:
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size. The most likely explanation of these differences is given by No_m_&
and Okazaki®. They have shown that the combustion of a droplet is a

model show that the values of o (4%)/d: attain constant values, equal to
those of the Quasi-steady-state model after the initial period, and that
the values of d(d?)/dt increases with time. These predictions are in line

with the observed phenomenon.

16.3 SHAPE OF FLAME SURFACE DURING BURNING OF A DROPLET
WITH NATURAL CONVECTION

Although the simplified spherical model may be assumed to be valid
for extremely smail droplets, there is no correlation between the actual
flame shapes and the spherical flame surface. It is of interest to briefly
describe the observations of Kumagai and Kimura® who showed the
way it which a more realistic qualitative description for a single fuel
droplet burning with natural convection could be obtained,

» Natural convection®eurrents are produced as g result ‘of droplet
burning. Let the velocity of such currents be 7 at some distance up-
stream from the undisturbed injtial flame front. The model acts as a
source in a uniform flow feld. Under steady conditions of burning, a
flow pattern as shown in Fig. 16.4 is established. The stream surface
through the lower stagmation point, may be thought of as dividing
initially the streamlines originating from the source {fuel dioplet) and

o

Fig. 16.4 Shape of flame surface surrounding
a single fuel droplet during burning
- with natural convection.

§
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the streamlines established by convective flow. This situation, however,
is unstable, and the diffusive transport of the oxidizer and fuel across
the stream surface must be established. The tangential flow velocities
at the stream surface of the fuel vapour and air are initially equal.
Presumably, the concentration and temperature gradients are established
during steady burning in such a way that the diffusive transport of the
fuel and oxygen brings a'stéichiomietric mixture roughly to the stream
surface, thereby making the lower stream surface a flame surface.

Figure 16.4 also shows the shape of the flamé boundary. Most of the
fuel vapour is deflected around the stream surface and ultimately moves
vertically upwards through a cylinder of diameter . On the upper half,
a flame shape as of one over-ventilated diffusion flame is formed. The
height of the flame £ can be calculated by the procedure of Burke and
Schumann’, described in Chapter 13.

It may be again stated here, that the effect of free convection s, in
the first approximation, a distortion of the spherical flame front to a
flame surface whose lower boundary is the stream surface which
corresponds to a source of strength Mlpp (fty = mass rate of burning
of fuel droplet and pr= density of fuel vapour) in a uniform flow of
velocity U the upper flame surface can be described as the flame front
for a cylindrical diffusion fame with the inside cylinder of diameter [
and flow velocities of fuel and ajr equal to U,

The observations of Kumagai and Kimura are in accord with the
results obtained by the above model. Thus,

2y, )
b= (16.24)
and wl = 2477 : : (16.25)

Furthermore, since U sin # (i.e., the tangential flow velocity of air
stream surface) must be equal to the tangential flow velocity of the
fuel vapour, one would expect that U and sy are proportional to each
other, Thus,

U~ d : (16.26)
where d, is the diameter of the spherical droplet.

16.4 DROPLET INTERFERENCE DURING BURNING .
mxnmlaoim.a studies have been carried out on the burning of fuel aﬂ«v-
lets, in -close proximity to other burning drops. A configuration of two
drops, five drops (four on corners and one at the centre} and nine drops
{eight on cubical corners and one at the centre) was used. It has been
found that the value of the €vaporation constant does not change unless
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| Wolfhard et al.’ have also studied the burning of kerosene spray in

still air. They have found that kerosene -drops of size up to _o_u_:
evaporate if the preheat zone thickness is .n.u mm or more, .c_:m ﬁ:o
larger drops can pass through the combustion zone S-E.o:.» being zr wﬁ
evaporated. In the case of fine sprays, a cnnmmu flame, EB__.E. to t 12

for apremixed gaseous mixture, can be obtained. The _E_,E.nm velocity
and the lammabijlity limits for fine sprays n_o.m.m_<. correspond to those
m..m_.....a..mvomwoa fuel air mixtures. The larger size drops _uE_n. when

surrounded by diffusion flames.

16.6 COMBUSTION OF SOLID FUELS

Solid fuels may be coal, wood, metals, or othetr chemical ooEUocaﬁ_.m.
However, almost all of the energy used comes from coal. OEE, mo_#a
fuels are mostly of an academic nature, except srnn.ﬂrn« .:m& in mora
fuel rockets. Apart from coal, few metals have the nna:_m:.n u._..w@.on.nnm
of a fuel, ie., they release large amounts of energy .i_u_._n nma_NEm.
But because of their limited supply and slight &Eoz._Q in _mw.:_ou. the
oxidation of metals will not be dealt with in this nrm?\m_”. Another
disadvantage of metallic fuels is that they absorb a large m_b_o.:: _Mw
energy for melting and vapourizing before they are oonchnn.. :.H ﬂHo
solid state, the slow oxidation process does not .u:o_a an.appreciable
amount of energy. As a fuel, the slow oxidation of Boﬂmmm can __un
neglected, We consider here the combustion m&. coal mH coke only,
because of its importance as a fuel.

16.7 COMBUSTION OF COAL

The coal samples from different mines vary nonwmam:._c_w.; ”3%02
of their propertics and composition. One factor which is nwo.n:wo:
to all the types of oom_wm that they noimmm._ a fixed amount of carbon
and volatile matter, although their composition may vary. .ﬁm consider
here the combustion of coal in gemeral and the.description can be

lied to various types of coal available. .

mvm.a_nn Mm cxamine éw_wﬁ happens.to a piece of coal which is gradually
heated in a furnace in the presence of air. Firstly Ea.s.mﬂon vapour
from the coal is released as its temperature is-raised. This process gets
over at about 100°C. Next, the decomposition Om. its unstable com-
pounds starts. This coal now starts emitting <o_mﬂ.~_n matter. If z.ﬂ
furnace temperature is sufficient to ignite the volatile gases, they wi
burn like the liquid fuel droplets which continuously mcvm..@ the vapours
as the drops are consumed; the rate controlling H.mo_..n.:. being the diffu-
sion mechanism. The coal piece remains dark during these processes.

CoMBUsTION OF LIQUID AND SoLiD Fuprs k131

Because of the burning of the volatile matter around the coal piece, its
temperature is raised but normally does not exceed 600 to 700°C. The
flame gradually shortens and is extinguished when all the gases get
consumed. The piece which now remains is coke. If the rate of heating
is very fast and the size of the coal is very small, the coal particles
may be ignitéd before the volatile matter is corapletely burned. In this
case, the coal will become redrbot.and the combustion of volatile matter
and coke may take place simultaneously. _
.- The.period when the coal gets-dried and its volatile matter burned,
is called the “preparation period” of coal or the first stage of burning.
During the second stage, qr the stage when the coke gets roasted, the
solid carbon burns and most of the energy is liberated during this
period. The coke temperature increases to about 1100°C and remains
almost constant until the end of burning. The burning is for ail
practical purposes, flameless. :
As stated carlier, the burning in the first stage is similar to the burning
of liquid fuel drops. Also, very little heat is released, Therefore, we

consider here the combaustion of coke or the burning of coal during the
second stage.

Oxidation Mechanism of Carbon

The rate of the oxidation of carbon in coal depends upon the reaction
rate between carbon and oxygen and upon the rate of the supply of
oxygen to the coal surface. These factors further depend upon the size
and shape of the coal particles, velocity of the air supply, temperature
of the coal surface and surronndings, diffusion coefficient of oxygen and
the products, etc. The first part in the burning process is the diffusion
of oxygen to the surface. This is a physical process. Th€ second part of
the process is the reaction of oxygen with solid carbon. This is a
chemical process and the reaction is called the primary reaction. Rhead
and Wheeler!® assumed that the reaction of carbon with oxygen, result-
ing in the formation of carbon monoxide and carbon dioxide, are via
an intermediary physicochemical complex of thesform C:Oy, which
afterwards splits into CO and CO, in a ratio depending on th
conditiomns. .

Since it is not possible to observe any compound such as C.Oy, the
reaction is supposed to produce either carbon monoxide or carbon
dioxide according to one of the following mechanisms:

¢ burning

(i} Formation of both COQ and COyin a surface reaction “between C

and O,.

(ii) Formation of CO, from C and O; at the surface, with some CO,
later reduced to CO, . .

(iii) Formation of CO at the surface from C and O: or C and CO,,
the CO being oxidized to CO; later in a gas phase reaction.
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cally. If ko is the velocity constant for diffusional transport, then the
reaction rate which must be proportional to the net number of gas
molecules migrating from the mainstream to the solid surface through
the stagpant film is given by . |

K = Cky(ps — p1) . (16.38)

where C is a conversion factor to keep the unit consistent and p. is the

partial pressure of the ges in she-mainstream away from.she solid susface,

k. can be expérimentally measured or can be om_oiao.m Emo_.m:amzw.. By
integrating Ficks® equation for diffusional transport without convection,
ko is given by: _ K
_ ko = % . (16.39)
where D is the diffusion coefficient, L is the fitm thickness. This film
thickness decreases with increasing gas velocity. ’
After diffusing through the stagnant gas film, the oxidant has to
reach the solid surface, If the solid reacting surface is perfectly smooth,
then it will be immediately adjacent to the stagnant gas film. But usualiy
the reacting surface is inside the solid. The oxidant has to: Em.uwo
through the pores of the porous solid surface, either of ash or ﬁrw solid
coal itself. Wheeler,'® considering a uniform number of pores in the
solid surface through which the oxidant gas bas to diffuse, mnn&n”ma w_pn
rate equations. These cquations are quite complex, but under :._n. ‘_H.E:‘Em
conditions they show that the reaction rate is proportional to-the quare
root of the true velocity constant. This means that the values .E. the
activation energy determined experimentally under. tke conditions. of
voﬂ.am,&m.:&ou were half the true values for the surface reaction o..n the
wall of the pores. These predictions were subsequently confirmed by
Wicke!® and Blyholder et af*®, Thus Eqs. (16.35) and (16.36) can be ﬂ.mna.
assuming the reaction at the smooth surface provided Eo.. modified
values of k and E are used. ;
By combining Eqgs. {16.35)and (16.38), the unknown pressure p; can be
eliminated to give a complex quadratic in K involving po, K, ks, and ko.
The overall reaction rate is controlled by three processes, viz., diffusion,
chemisorption, and desorption. Normally at different temperature. and
pressure ranges, one or the other process dominates the other two. In
that particular range, only one reaction rate controls the c<_oH.m= reac-
tion rate, while the other two rates can be negiccted. However, in the
transition region, any two or all the three processes may have equal
control. Three different temperature ranges have been identified as
1. The low temperature region where T is less than Ti, i.e., the lower
critical temperature. For oxidation reactions, Te is about 800°C,

2 The intermediate temperatwure region: T2 <T<Twx where -Tx is the
higher critical temperature. For the oxidation reactions, Tr is
about 1200°C.

CompusTion oF Liguip aND Sorip Fuers 385

3. The high temperature region: T» Ty, ,
In the low temperature region Tu et al.?! found that ke k, pr.
Therefore, Eq. (16.35) reduces to:

k= ky = Kye-Fr/%T (16.40)

The value of E, is between 20 to 40 kcal and KX, lies in the range of
10 to 107, The reaction is found fo be of zero order. This means that
the solid surface is fully saturated with oxygen molecules, and only the
desorption process controls the reaction rate. :

In the intermediate temperature region Semechkova and Frank-
Kamenetsky®® reported the reaction to be of fractional order with
respect to oxygen concentration. This region is a transition region and
as such the full quadratic equation should be used. But as an approxi-
mation the Freundlich isotherm

K+ kopo (16.41)

is applicable, though k. and » must be obtained empirically.

At high temperature regions Tu et ol*® and others reported the
reaction to be of first order. In this region, w»V._:_u& So, combining
the result with Eq, (16.38) gives ,

1 1 1
K™ Chkapa g = 5+ 8 (16.42)

where S, and S| are known as diffusional and chemical resistances
respectively. Equation (16.42) shows that K is directly proportional to
Po, irrespective of the ratio SofS1. Ratio Su/S, is a function of the aero-
dynamic conditions. If S; is small

L A@Eo: T v;. - (16.43)

S \ L Te
where Do is the diffusion coefficient at a standard temperature 75 and L
is the film thickness. If Su is small

. . K= ..M._Jh e (16.44)
for the oxidation reaction. Essenhigh® and Hadman et al.* reported the
value of E to be about 4 kcal.

If at the solid surface, carbon dioxide penectrates, it reacts to form
carbon monoxide. The rate equations and mechanism is similar to the
one described for the oxidation reaction, only the values of activation
energies and critical temperatures are different. For the heterogeneous
reduction of carbon dioxide T, seems to lie between 1000 and 1200°C,
The valuz of T is not well defined. The experimental value of Ky, i.e.,
the activation energy of desorption in the low temperature regioa is

25(45-43/1979)
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388 Furrs aNp CoMBUSTION

We know that in heat transfer, the rate depends on the temperature
difference between the fluid stream and the solid surface, Likewise, in
mass transfer, the rate depends on the difference in the values of
_the variable b in the gas stream and at the surface. The difference
B = (by — bs) occurs very frequently inmasstransfer and is termed as the
transfer number. As stated earlier, the transfer. number is the driviag

force for mass transfer expressed in a dimensionless form.

The transfer number thus becomes

w%h ao.; Elﬁv .ao
=g ; +n o A.Mv
Usually all the quantities occurring on the right hand side of Eq. {(16.50)
are given in the problem for calculating the value of the transfer
number. The value of s, the temperature at the fuel surface, although
not known precisely, is nearly equal to the boiling temperature of the
fuel. Ty is the temperature in the gas stream. .

There are different forms of the transfer numbers for a given problem.
As there can be only one value of the mass transfer rate, each of the
many forms of the transfer number for a given system musit have the
same numerical value. The transfer numbers can be defined in terms of
the temperatures {or enthalpies) or concentrations. B

From Eq. (16.50) it can be seen that if a liquid fuel is burned in pure
oxygen (mg,_ =1) instead of air (m, =0.232), the value “of  transfer
number is increased. If Ty==Ts, then ,.

B

E.o.“|H ,
B a.u_ : am.m:

Transfer Number of Solid Fuels

For solid fuels, the temperature at the fuel surface T: can never exceed
the temperature of the reaction zone. As T increases, the value of the

- transfer number B decreases and approaches a lower limit appropriate
to a solid fuel. The concentration of both oxygen and fuel is zero at the
reaction zone where the temperature T, can be determined from the
enthalpy balance for the process such that the fuel is just sufficient to
consume all the oxygen. Thus we have

-

Mg
.|~».=le@ + e (To—T)

m
0Oz

14 ——

r

(16.52)

nm&.__..l H._-.v”

If the reaction zone and fuel surface have the same temperature, ie.,
T, = T, it can be seen from Eq. (16.52):

Ay

A TP,
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Mo . '
(I,—Tg)= —2L_ (H-Q) (16.53)

r

Substituting the above value of ¢ (T:— T,) in Eq. (16.50), we get

My

B = w. . (16:54)

Equation (16.54) gives the transfer number of a solid fuel,

Liqoid and Sotid Fuels as One Family

:. can w..m seen from Table 16.1% that for less volatile liquid fuels with
.Emw boiling points and large latent heats, the value of transfer numbers
Is generally smaller. We may, therefore, consider a continuous series of
fuels o%. increasing boiling points (7.) with constant values of other
properties, thereby giving lower transfer numbers. Ag shown in Eq.

(16.53), when
(T) — T,) = aoiﬁmlﬁlmv
r

the transfer number becomes simply Mo, . 17, all the heat terms having
disappeared.

TABLE 16.1 Transfer Numbers of Liquid and Solid Fuels

Fuel ._‘_,u._..EE.a Condition B Condition B
n-Pentane (CH,y) 8.23 - 7.78
n-Hexane (C.H,,) Combustion 5.00 As befare m.um
n-Heptane (C.H,,) in atmospheric air 9.15 except- ' m.au
n-Octane (C,H,) . Teg—Ty=0, T 9,70 Q = latent m...om
n-Decane (C,,H,,) Q2 = latent 10.02 heat and sensible - A.: ’
Benzene (C,H,) heat of fuel 7.74. heat to raise m.oo
Toluene (CH,C.H,) CO formation B.35 liguid from u.mu
Cyclohexane (CH,), neglected 8.25 15°C to m.un
Methy! alcohol (CH.OH) m_ = 0.232 267  BP. 2.37

- 2
Ethyl alcohol (C,H,0H) Eoou =0 3.50 my = 0.232 2,95
Solid carbon (C v 7 !
(<) 0.174 EQO.H 0 . 0,087

Water (H,0) Vaporizing 0.77 o=
into gas '
stream at -
2000°C )

n-Decane (C;,H,,) Vaporizing 298 —
into gas
stream at
2006°C
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392 Furrs AND COMBUSTION

W= —p, ﬁv (16.67)
where p is the fuel density (or the density of the sphere).

The burning time is given by

qutn . 1 .

wg " Ths,a vB (1669
where do is the initial diameter. p, is the gas density (assumed constant),
This equation can be used to calculate the burning time of liquid and
solid fuel particles.

Example 16.1

Determine the transfer number of a liquid hydrocarbon (CHg)s fuel
“droplet burning in an atmoshere of air. The latent heat of vaporization
of the hydrocarbon fuel is 83.5 cal/g and the specific heat of gases at
constant pressure may be taken as 0.3 cal/g°C. Assume the value of the
heat of combustion of fuel (H) as 10,550 calfg. Take T, — T, = 565°C.

Solution
The transfer number derived from heat balance is writien as

lwoua... + C(Tg — T?) oo
B = . :
Q ;

The stoichiometric ratio 7, i.¢., the mass of oxygen required to burn
a unit mass of fuel is calculated by writing the chemical equation

Cablpn + 25-(0; + 376 Np) > 1 CO, + n B0 + - (376) N,

Therefore r= ..m_lmnul = 3.43
l4n

Other data arc: m = 0.232
. : Oz

C = 0.3 cal/g°C
Te — T = 565°C
0 = 83.5 cal/g
H = 10,550 calfg
Substitution of the above values in the awunommmcn for transfer number

yields

10,550 x 0.232

B= 835
= 10.57

T LIl me
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Example 16.2
What is the time of disappearance in seconds of a liquid droplet of a
{CH,)» hydrocarbon fuel burning in still air when the following data in
addition to those given in Example 16.1 apply:
Density of droplet (p) = 0.8 g/em®
Initial radius of droplet (re) = 2 x 10~*cm
Exchange coefficient (y = Dp ;) = 0.413 X 10-% g/cms.

Solution

The burning time of a fuel droplet is given by:
uwb@q 1

(do)e, 8log. (1 + B)
= rot . Pr )

or P2 v llog (14 B)

The value of the transfer number calculated in Example 16.1 is:

B = 10.57
Substituting the values of known data in the above expression we have

.- {2 x 10~ % 0.8
7T T 0.413 % 1078 X 2.449

= 1.58 x 10735

Example 16,3

Estimate the life-time of an ethyl alcohol fuel droplet burning in stag-

nant ait. The initial droplet diameter is 20 x 10°* .cm. The fellowing
data may be used: ’

Heat of combustion of fuel (H) = 6,700 cal/g

Latent heat of vaporization of fuel (L) = 238 cal/g.
Specific gravity of ethyl alcohol = 0.8

Exchange coefficient (y = Dgg) = 0.413 % 107* gm/cm. s
‘The temperature of the droplet (T:) may be assumed to be equal to

the atmospheric temperature (77).

Solution

The expression for transfer is:
Hm
T Y of ¢ P A

T
B= 0
For ethyl alcohol (C,H;OH), the stoichiometric ratio, r may be
calculated from the following chemical equation: :
¢,H;0H + 30, — 2 CO; + 3 H,0
3(32)
46

= 2.087

¥ =
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