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APPLICATION OF REACTION RATE THEORY
TO COMBUSTION CHANMBER ANALYSIS,

The performeance of a combustion chamber at low t
titude conditions is probably controlled primarily by '
mixing rates, Chemical reaction rates may, however,

“provide a limit at lcw combustion chamber inlet pressures,

“v“end also in the high Intensity designs at present being
" econsidered,
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In the following analysis the rate of chenmical

reaction between fuel and air is determined as a function

. of the composition of the burning mixture, The optimum

: «  mixtures in a combustion chamber are then celculated, and

B numerical values of the possible heat release rates in a
. ’v e chamber derived in terms of the inlet pressure and temper-
T o ature, and the combustion efficiency and reversal flow
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r
1
proportion. k
Although drasticeally simplifying assumptions are ‘
N made, the results of the analysis appear to be qualitatively
N and quantitatively correct,
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INTRODUCTICN,

In present day ccmbustion chambers, working at
comparatively high design air pressures, mixing rates
probably control the quantity of fuel that can be burned.

As the operating pressure is reduced, proportional mixing
rates are 1little altered, and with duple burners fuel
atomization is still satisfactory, but chemical reaction
rates may be drastically reduced, Similarly, as the velocity
through & chamber is increased &t given pressure and temper-
ature, the mixing rates are increased, but the reaction rates ’
are uneltered. Under these circumstaences, the reaction rates, ‘
rather than mixing, mey limit the combustlon process, This

mey elso be the case in reheat systems where the pressures

may be very low, although fuel distribution. is also a prodlem

there,

A simplified analysis based on reaction rate theory
has therefore been attempted, to invescigate possible limit~
ations, particularly on altitude performance.

REACTION RATE THEORY,

The first simplifying assumption is that thc rate

of reaction depends only on the frequency of useful collisions
between fuel and oxygen molecules, The collision frequency

is obtained from the kinetic theory of gases. The proportion
of collisions that is useful depends on an activation energy:
the value of 40,000 CHU/1b, mol,, vhich agrees with experi-
gzgts on flame speed, spontaneous ignition, etc,, has been

en,

Secondly, since the basis of combustion chanber
operation is a turbulent mixing process, heat transfer over
eppreciable distances by conduction or radiation is assumed
t0o be negligible, It is therefore posszible to relate the
. .. . temperature at a point to the composition there, Since the
simplified anelysis considers only three species, fuel, air
and combustion products, the temperature can be related to
the local unburnt f,a.r., and the locel oxygen concentration.

-y The method of analysis is given in detail in

S Apponatx 1, v

Digmelgs

| e In fact, of course, the reaction is &« complex process
A dnvolving a very large number of collisions between many
,ﬁgégﬁgitterent active radicals: but however many such collisions
TN gcour the reaction rate will finelly depend on the prop-

- ortions of steble compounds - fuel, air, CO, COp, Hp, HoO
etc, - present, Although every reaction involved will. have
its own activation energy it does seem possible, since the

. final . and reaction must be aczomplished by diffusion

- .» end conduction, that the assumption of an overall activation
':cncrgy hased ‘on results of laminar experiments would give an
w:g:ger of the right order, We therefore consider that
oy ough the calculetions are based on extreme physical

simplifications, the results will be qualitatively correct.

e

B s R
‘%gﬂdNGBUBIONE FROM THEOQRY
$§J£$A :The rate of heat release in & given mixture is
; ‘ﬁ2§°PgP21onal to the volume and to the square of the
ﬁogglgsetgpeesure' This is becsuse doubling the pressure
el € number of each varieiy of molecule present in
glven volum: and therefore gquadruples the collision rate,

ks 4 P.T.O.




2)

3)

L)

The rate of heat release per unit volume in a given
mixture a® a given pressure varies exponentially as the
temperature of the air before mixing or burning. This
iz because higher initiel temperatures mean higher mixture o
temperatures for the same concentrations, anl the effect .-
of mixture temperature is exponential on the viasis of ;
the activation energy theory. i

In reheat systems the effective initial temperature
is the necelle temperature and not the jet pilpe temper- 3
ature, since the latter has been achieved by burning, .

-Similarly, in combustion chamber tests where a preheater

is used the initial temperature is that hefore preheat, .. :
The variation of heat release rate for inlet temperatures 1
between 300 and 6009 is given on graph A,

The fuel inlct temperature is assumed constant at B
159C, The effect of uvreheating the fuel is identical E
to that of adding the same gquentity of heat to the air, :
leaving the fuel at 15°C.

For a given unburnt-fuel:air ratio, the heat release
in unit volume is greatest when the mixture tempecrature :
is 80% of stoicl.iometric (Tp = 0.8 Tp). Dividing the ¢ F
heat release at olher temperetures by that at 0.8 Tp 3
(for the same inlet temperaturz and unburnt I.a.r,),
and plotting age.nst Tm/p_ » gives graph B, A single
curve covers the ranges fgr which calculations were
done (initial air temperature between 300 and 600%K.,
a,f.r, between 5 and 30) with 2 meximum error of 5% of
Ip - T

Tp
is reduced because the concentrations of oxygen and fuel
are low, For Tp smaller than 0.8 Tp the reaction rate
is reduced because few molecules have the requisite
activation energy for successful collisions,

. Por Ty greater than 0.8 Tp tne reaction rate

At a given temperature the heat release in unit ,
volume is greatest when the unburnt f,a.r. (f) is double .o
(i.e. twice as rich as) the stoichiometric value (£*).
At richer mixtures the extra fuel concentration is off-
set by the reduction in temperature due to heat capacity
of the fuel, while at weaker f,a,r, the reaction rate is
reduced by lack of fuel,

Graph C shows the variation of heat release at a
given temperature with unburnt 7.s.r,

When only limited quantities of fuel and products
are available it is convenient to base the reaction rate
on the unburnt-~fuel:products ratio, j. Geaph D shows
the variation of heet release (divided by the value at ;
optimun temperature for the same value of J) with J end * k
Tm. These curves correspond to that of graph B, However, ‘
it will be seen that, whereas curve B is unique for all
fuel:air ratios, and so gives a single optimum temper-
ature, the curves of graph D give a range of optimum
temperatures for different values of Jj, As j decreases

to zero from its optimum value j* (at £ = 2f*%, Ty = 0,80 Tp)
the highest possible rates of heat release per unit



volume are obtained at successively higher temperatur--,

When hardly any fuel remains the optimum temperature

0.9 Tg. The corresponding best heat release values ar:
d a

plott gainst J/j* on graph E, which corresponds to
graph C,

" The optimum temperature for final consumption of

. ) fuel is 0.9 Tp , which corresponds roughly to mixing
with 16% excess air, It is interesting to note that
this is similar to the accepced optimum for complete
combustion in boiler furnaces,

It must also be remembered that the limiting rate
is calculated for a mixture., In laminar flames heat
is conducted to raise the temperature” of the combustibles
to a ‘high value before burning, and so the intensity
based on the volume of the resction zone alone is high.

THE IDEAL COMBUSTION CHAMBER.

‘l’ The ideal chamber is here defined as that occupying
the minimum volume for a given rate of fuel consumption,
and given air entry temperature and pressure, If fresh
air and fuel could be introduced at will into any section
of the burning zone, and if no restriction were placed on
the emount of fuel that was not burnt, the burning zone
volume would correspond to that required by the limiting
hecat release rate of the previous analysis. It is assumed ,
acwever, that the ideal chamber is s.abilized by an aero-

oL ically produced reversal flowv, vhich returns some of
cad burning mixture to the upstream section where all the
+¥.75 tresh flow enters, Space is then wasted transferring the

= :%tquh flow to the downstream sections where it can safely

t%ﬁ%ﬁ%gbm nixed in. It is also assumed that a combustion efficiency
¥ 7 approaching 100% is required. The maximum reaction rate,

..7.which depends on the presence of & quantity of unburnt fuel,
‘osmnot then be everywhere maintained. These factors deter-
mine, as will now be shown, that the heat release rate per
unit. yolume, even of the idesl chamber, is significantly
) t%pn the maximum rate in an optimum mixture,
) %kgkprgg Bny section of the chamber there is a steady
g@ggg;r‘fqul, end the products from combustion upstream
‘o,t " To attain the minimrum overall volume, &all
Produots. jmust be mixed with the proportions of sir and
AD %%rqe that give the maximum combustion rate in the
; ‘.;Thlgﬁip achieved when the composition of the
Xture 16 that which gives the maximum resction
pipndtivelume. (It is shown in the appendix thet
xtrayolume ‘wade available by mixing in more combustibles
»otﬁgggpoqgatc Tfor the reduction in reaction rate per
e {EO‘tho lowering of the temperature), No

.

1’5‘” r;boken of the practical difficulty of mixing

he previous section show that
paLiurs 18 at 0% stoichiometric
y-goambuimt-fueltair ratio of twice
Awifuel and air burn to products, fresh
28k-Le'mixed in to maintain the optimum
Howgver,when all the fuel has been added
uﬁ&s :Will still remaln unburnt. There-

can bo mixed in,

P.T.0.
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In the idesl chamber there are there: re two distinct
burning zones, primery and secondary, 1In the primary zone
burning takes place in a rich mixture, air and fuel being
supplied to maintain the highest reaction rate, until all
the fuel has beer added. In the secondary zone combustion
is completed at successively weekening f.a,r, as fresh air
is mixed in,

In Appendix II are calculated the ideal primary
zone mixture proportions and those of the zcombustibles to
be mixed in., The f.a.,r, of the latter must be the overall
f,a,r, of the optimum mixture and not the unburnt f,a.,r,
in order to preserve optimum conditions, At first sight
it seems surprising that an unburnt f.a.,r, of twice stoichio-
metric can be preserved by mixing in only slightly over-
rich combustibles: the explasnation is that an initilally
over~rich mixture is always tending to richen itself
further by combustion.

Result 5 of the previous section shows that the
temperature of the secondary zone should be allowed to rise -
until final consumption of fuel occurs at 90% stoichiometric ‘I'F
temperaturc, The s. rond worked example (page 18 of appendix) '
gives the ontimum m: :ture proportinsns when nearly all the
fuel has disay =ared., It is Interesting to note that the
air concentrat :n i3 nearly ihe same as that of the previous
case, the dift » .nce in temp rature being mainly due to the
reduced heat ¢ 42aity of the unburnt fuel, Combustion is
thus complet2d :th .n excess of air about 16% greater than
the total steizr Loet»ic requi2ment,

The idea. - ix ure propcrtions, referred to 1 1b,
fuel, are given .n Mucle I,

Provided ‘ha vo air or oducts travels unmixed
completely round the -eversal, t. 3 flow is part of the
primry zone and wastrs no volume. Some space is wasted,
howev r, in transferriin~ entry air iownstream to the section
where it can be mixed 1. This was.: volume is calculated
in the appendix (pages &.-23), and t.2 result plotted on
greph F. The primary zone volume V4 1is expressed as a
proportion of the volume Vv* necessar s to burn gll the
fuel at the maximum reaction rate,

It is evident that the larger th:e reversel guantity,
the less volume is wasted, but f 'r revers.l proportions
above ql“ the waste is not very large. (If the reversal

0
flow were infinite compared with the inflow, the latter
could ell be mixed in immediately and no space would be
wasted),

In the secondary zone the rate of fuel disappearance
depends primarily on the gquantity remsining. That is, the
diseppearance is approximetely exponential, and a large .
volume is required to bring the combustion near completion,
The secondary zone volume is caleulated in terms of the
unburnt fuel remaining, (i.e, combustion inefficienc:),
(tppendix, page 23), The results are plotted on grari G,
It will be seen that atteinment of efficiencies ibove 997
reguires a disproportionately large secondary volume,

Combining grephs F and G gives graph H which sh .'s
the proportion of the maximum intensity that is attainsb! -
with & given reversal Flow and efficiency. Used in

conjunction with grarh A it ensebles the 1eat release rate
of the ideal chuamber to be calcuiated.

.....
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If the reauired combustion chamber outlet temper-
ature is below 0,9 stoichiometric, then either the combustion
producte must be diluted after burning is complete, or final
burning must take place at & lower temperature, In either
case extra volume will be required; outlet temperature and
mixing volume reguirements decide which errangement gives
the lesser volume, Since the reaction rate falls very
quickly with temperature (being half its maximum value at
0.65 stoichiometric temperature or, say, 15009K), the
minimum volume will be achieved with a separate dilution
zone for all outlet temperatures at present considered
practical,

COMPARISON OF IDEAL AND PRACTICAL CHAMBERS..

The major points of the preceding theory are thal
it gives

a) the optimum mixture proportions in the burning zones,

b) the quelitative variation of limiting heat release
with chamber inlet conditions, and with design
efficiency and reversal flow proportion,

c) gquentitative figures for the limiting heat release
rates, .

In most present day chambers air for burning is
supplied through the swirler and seconéary holes, The air
proportions are not yet known exactly, though this is the
subject of an aercdynamic investigation, Assuming, however,
that the air entering the first row of secondary holes flows
into the reversal, and 1s thus effectively primary air,
while that flowing through the second row of secondary

holes 18 true secondary air, the Table II (page 9 ) is
obtained, Flow quantities are quotied as percentages of

the gtoichiometric air requirement,

The egreement between theory and practice is
encouraging, but suggests that recent chambers are rether
too »rich, Further comment must await the results of more
thorough airflow investigations.

According to the theory, the limiting heat release
rate varies &3 the square of the chsmber pressure, and
exponentielly as the inlet temperature, The heat release
required by an engine, however, varies directly with the
charber pressure, and relatively little with inlet temper-
ature., Recaction rate limitations are only likely to be

epparent, therefore, at very low temperature and pressure
operating conditions,

The lowest pressure information immediately avail-
ghle is from tests of the R,A,2 and R.A.7 chambers on the
R.A.E, altitude rig (see NGTE Reports R.65 and K.12L).
Prom these reports we have taken the highest recorded heat
releaseé rates at engine idling mass flow, pressure and
temperature conditions at L0, 50, 60 and 65 thousand feet
sirmulated altitude, Two figures from tests at Burnley on
the R,A.14 chanber heve been added., The figures are compared
in Table III (page 10) with the limiting theoretical heat
releese, based on the preceding theory, on the assumption
that the reverssl flow proporiion is 1/5. (It is hoped to

check this figure experimentslly one day, but the calculation
is not critical to it),

P.T.0,
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The correspondence between actual and theoretical
values 1is surprising, as one would have expected the theoret-
ical value to have deen higher, Errors in the assumptions
of moleculer sizes, activation energies, burning zone volumes
etc,, could easily meke a big difference to the result.
Nevertheless, the nearly constant value of the meximum %/Vp?
at different altitides does suggest that the limiting reaction

rate is in fact responsible for the fall off in combustion
efficiency. at these conditioms,

The last line of Teble III refers tc a typical cruise
condition at 50,000 feet, 1t is evident that engine require-~
ments at such conditions are well below the reaction rete
limit, This suggests that the necessity of meking possible
operation at idling speed at very high altitudes has meant
that the burning zone is much lerger then is really necessary
for the cruisc conditions,

APPLICATION TO REHEAT SYSTEMS.

An ideal reheat system can be specified on the same :;
basis as the ideal combustion chamber. The cptimum mixture -y
proportions are unaltered, but since the jet pipe flow is
already vitiated by products from the combustion chamber

the volume flows needed to provide the required oxygen
quantities are increased, Due to this prior vitiation the
quentity of fuel that can be burned under optimum conditions
in the reheat primary csone is reduced to 0,65 of the reheat
fuel flow and the primery and secondary air requirements are
83% and LO%A of stoichiometric. The volume versus efficiency

and reversal flow quantity curves are shown on graphs F and
G.

Assuming that in a typical reheat system the reversal
Tlow proportion is 2% of the total flow, the theoretical
limiting heat release of the ideal reheat system can be
calculated, This is compared in Tsble IV ‘page 10) with
some of the highest heat release rates reccrded with an
Avon system in flight,

. It is again evident that reaction rate theory
vrovides a limit ¢f the right order, and explains the
observed rate of fall off in efficiency with altitude.

The actual limit appears to be only about 50% of the
theorctical, but it must be remembered that even under

the most favourable conditions of pressure and temperature
the reheat system was only about 80% efficient, due largely
to inadequate fuel distribution,

COMBUSTION INTEYSITY,

The Combustion Intensity of a chamber has in the
past been defined as the heat release rate per unit of
volume end pressure (CHU/Hr. atnos, cu,ft.), No satis-
factory theory has yet been advanced as to why this factor
should be uninfluenced by opereting pressures or temper-
atures, As defined, therefore, it is not a satisfactory
basis on whieh to compare different combustion chanmbers,

“»and its sole advantage is as a specification of engine
requirements,

Since the theory of this paper shows that one
controlling varameter is the heat release per volume per

time per (atmosphere)? it is suggested that the correct

way to compare combustion chembers is on the basis of their
curves of efficiency at design f,a,r, against this paramneter,




STABILITY,

In 2 steady mixing process, points on the left hand
side of graph B are unstable, If the reaction rate in the
mixture momentarily exceeds the rate at which fresh combustibles
are mixed in, the temperature will rise: this in turn will
further increase the reaction rate, and so on, Conversely
momentarily increesing the mixing rate will quench the flame,
S8imilarly, roints on the right hand side of the curve are
stable since increasing the mixing rate reduces the temper-
ature which increases the reaction rate to compensate,

Applying this argument to the recirculating zone of
a combustion chamber or stablilizer it will be seen that as
the velceity and mixing rete are increased the reaction
rate will increase unt’®. Lh. reximum intensity point is
reached, A further 1. rrease i.. velocity makes the system
unstable and blow off results,

It is not easy to .oredic. blow off conditions
numerically, since the ‘Y. » rate into the reversal zone is
not known, and the volune f the zone is vegue, £o5 that the
intensity requirements, e "er assw ing uniform intensity in
the zone, are difficult 1o 2ssess, However, the variation
of blow off velocity with i.mparsture has been satisfactorily
correlated with exp-riment, and it is hoped to extend the
analysis.*

CONGLUSIONS.

For the bimo.ecular rcact o assumed, the rate of
heat release in a given ni~tur+ .. proportional to the
volume and to the sguars o. thc alsolute pressure, and
varies exponentially vithk the ini”ial temperature of the
combustibles, The maxi~wm rate o heat release is attained
with & mixture of ailr, fuel and ccabustion products,in the
proportions 14:2:8L by weight.

The "ideal" combustion ob. :ber is defined as that
giving the maximum hea? release r Le per unit volume at a
given Inlet pressure and temperature, and for a design
efficiency and reverse. fu»ow propor®isn, It is shown to
consist of two zones:

1) Primary zone, in-o which all the fuel is introduced
with about Sé% of' the air reuuired for complete
combustion, The volume reguirced is shown to depend
on the reversal flow pronvortion.

2) Secondary zone, in which the burning mixture is
diluted with a furthser 307 of fresh air, to bring
burning near completiorn, The volume required is
shown to depend on the dcsired combustion efficiency.

Table I gives the optimum mixture proportions in
the burning zones, These cre compared with those of present
day conlustion chambers in Table II, By combining the
primary and secondary zone volumes necessary for a given
efficiency, and a given reversal flow proportion, the
intensity of the ideal chamber can be compared with the
1imiting heat release rate in the optimum mixture (Graph H),

* Note: since this gnalysis was started, a paper on
gimilar lines correlating blow off velocity with f,a.r,
has been published, by Longwell, Frost and Weiss,

See "Inqustrial and Engineering Chemistry" Vol. L5, No. 8,
p.1629 (1953).

P.7,0,
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Since the calculated heat release of the ideal
chamber varles as the square of the operating pressure,
its intensity is only approached by practical chanbers
at the lowest pressure conditions, Table III compares
the limiting altitude 1dl1ing performance of the Avon with
that of the ideal chamber: there is surprisingly close
agreement, At higher operating pressures the Avon chamber
is far below the limiting, or ideal, intensity. This shows
how the size of a conbustion chamber must be determined by
the minimum pressure at which operation is reguired.

Flight results from Avon reheat systems suggest
that the same limiting criteria apply there, although the
practical limiting heat relesse values are only some 50%
of the ideal, This discrepancy is probably accounted for
by fuel maldistribution. %Table ).

The analysis suggests that the performance of
combustion chambers should be compared at the same value
of heat release per volume per (atmosphere)Z and not per
atmosphere as is conventionally done. The standard ol
performence of a chamber should be its curve of efficiency
versus intensity thus redefined.

{4
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TABLE I, Ideal mixture proportion in burning zone
{referred to 1 1b. fuel).

Primary Secondary Total
Fuel input 1.0 0 1.0
Air input | . 0.86/ 0y 0.30/p4 1.16/,x
F.A.R. of in mixture 1,16 £ 0 0,86 f*
Burning zone & -
temperature 0.8 T 0.8 t0 0.9 T
air concentration 0.15 0.15 to 0.13 -
unburnt f,a,.r, 2% 2% towards -
2ero
‘ Qginr;gty of fuel 0.72 towards 0,28 towards 1,0
- -~

(f* is the stoichiometric f.a.r,)

(Tp is the temperature of undiluted combustion products).

TABLE II. Actual burning zone mixture proportions.

Chamber (a.f.r.) Primery Secondary Total
air air
Dart (60) 925 287 120%
‘ Avon R.A,7 (65) 82% 325 114%
' Avon R,A,1L (67) 787 31% 1095
Tdeal 86% 307% 116%

(Flow quantities are guoted as §ercentages of the

stoichiometric air requirement
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TABLE III, LimitingﬁHeat Release Rates, (Avon chamberé):

Chamber | Chamber| Air- Combustion| Heat release/-QE)
inlet inlet flow | a.f.r.} Efficiency \Vp
pressure temp, actusl theoretical

B limit
0.105 266 0.165| 37 u7 17 14t
0.132 266 | 0.21 | 32 55 19 1t
0,204 324 0.71 L7 65 21 17
0.21L 266 0.34 35 85 16 15
0.300 3Ll 1,01 60 81 1L 18
0.346 266 0.5u5 1 35 95 11 1L
1.0 150 | 2.5 60 97 4 2l f
atmos, %K | 1w/sec. - % mililon CHU
hr. cu.ft.(atmos)?

TABLE IV, Limiting Heat Release Rates (Reheat System).

Jet Pipe | Nacelle | Reheat Reheat Heat releaseﬂ—gi}
static temp, fuel Efficiency Wp<
preesure flow actual theoretical
limit A
0.277 238 2077 33 3.8 7.0 >
0.365 248 216l 56 3.9 7.1
~0, 11 251 2586 56 3.7 7.2 :
0.L45L 251 2716 60 3.7 7.3 f
0.67 239 1100 76 2.9 7.0 :
atmos, e 1b/hr, % million CHU ;
hr.(atmos)? cu.ft.

—) - . e —— o -
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APPENDIX

Symbols,

Most of the symbols vsed are defined where they
occur, or are so commonplace &S not to need definition.
The folloving ar: used throughout:-

molecular veight
mass (1..)

mass flow (lv./sec.)

B g =B H

unburnt-fuel :oir ratio by welght ' in a mixture,
T* stoichiometric, or theoretical, fuel:air ratio

Jj unburnt~fuel:products ratio by weight in ¢ mixture,

3 = _92 heat release rate million gHU
Vp hr, {atmos)“ cu.ft.

g = p° S

Si* = max, heat release rate in the optimum mixture

ke)

expressed in 1b, fuel per sec, per cu,ft,

Suffix p refers to products of complete combustion of
air and fuel in correct proportions.

(T is the temperature of such products before dilution
P and is referred to as stolchiometric temperature).

Suffix u refers to combustibles unmixed with products,

Suffix m refers to a mixture of products, air and fuel,




. 2
0+ COF 1 1
7 = N, NF(—-———é———> /87ng'r<—m—o- e H (1)
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APPENDIX I, REACTION RATE THECRY,

METHOD,

The reaction is idealised to the direct combination

of fuel (F) and oxygen (0) molecules in a uniform mixture,

From the Kinetic Theory of Gases, the number of
collisions between F and O molecules in unit volume in unit

time (Z per cu,ft, per sec,) is given by

Mp
wvhere

NO , NF are the numbers of molecules in unit vol,

ag + 9P are the effective dismeters of the molecules

Ty 5 M are the molecular weights

R is the universal gas constant 2780 £t, 1b,wt,/
% 1b.mol.
T is the sbsolute temperature, ).
g is the gravitational constant = 32.2 lb.ft.sec‘—z/
1b,wt,
The above units sre self consistent, 0%
H

The number of oxygen molecules in unit volume is !

o) 1 D
No =Co 7 ?Ec')_ﬁ = Cy g T (2) f
where CO is the oxygen concentration by volume (mOI/mol.air)

is the absolute pressure 1b.wt,/sq.ft, i

and h 1is the mass of en H atom, 1b,

If "E" is the activation energy (ft.lb.wt./lb.mol.)

corresponding to the oxygen fuel reaction, the number of

collisions leading to reaction is

Z% = 7 8 eeememeeeecm— e —————
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Disapvearance of fuel mass (Mf ib.) per sec, in a

given volume, is then given by

-5 r —
IR Y NN L e o s Toffra (L, L)
Mf at - Nf B : h my - mp

---------- (1)
The term in brackets depends on physical constants,
Inserting values from Xayes and Laby,

1
6 x 10%° X L53

h 1b,

8

x 3107 .
o - 5% 775 ft. approximately

32 and wy = 28 (figure for Coy

i

)

au,, 8 “E/r _4

1 - Z e
Thus =~ g A - 1.15%x 10" x G, . p . e 7 (5)

For a given temperature and concentration the proportional

rate of reaction varies directly as the pressure,

If f£* is the stoichiomelric f,a.r,, then £#* 1b,
of fuel at Ty react with 1 1b. air at Ty to form
(1 + £*) 1b, products at Tp , (the stoichiometric tempevature)
the heat liberated being
(1 + £*) (IP - Iu)p + % (I, - If)f

where I~ 1s the enthalpy (CHU/1v.), at T , etc. and the

u
suffices £ and p outside the brackets refer to fuel and

products respectively, The second term will be neglected.

Neglecting radiation and conduction of heat, the
temperature T, of & mixture of M, of fresh air, f.M, of
fuel (f being the unburnt fuel air ratio by weight) and Mn

of products is given by

Mg (In = I)g + £ . Mg (I, = I)e + My (I = Ip), === (6)

- 1)

=My (1, - Iy

b

£.7.0.
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The oxygen concentration in air is 0,21 mol/mol.,

and so that in the mixture is given by

¢ mmm——————— - po——r > —
RS T,

M
0.21 a/ma
Ch =
0 M M M
ﬁé + =2 4+ F 52
a M p
0.21 _
= m, MD since mp = Ty
14 ==+ &
e Ma very nearly.
2 -
) 0.21 (Ip Im)p
Mgy
(Ip—Im)p + £(I-T ) e + (Im—Iu)a + f o (Ip-Im)p 'i
Over the range in which we are interested the denominator
X
can be approximated to by the expression (Ip--Iu)a + £(I ~I)e.
We can further approximate in terms of specific heats by

assuming (Kp)p = 1.1 (Kp), and (Kp), = 8 (Kp), . In fact,
the specific heat of unburnt fuel vapour:is not accurately
kmovn above 1000%K, but the factor of 8 allows for the known

varietion of products temperature when extra fuel is edded,

Thus
_ 0.21 (jp - Tm) x 1,1

-------------- (7)
°© (Tp - T,) + 8f (T, - T,) ‘

The following i&ble gives reasonable values for Tp

for aviation kerosine for different velues of Tu

Ty 300 40O 500 600 %K
T, - Ty 1955 1895 1840 1780 ¢c°
T, 2255 2295 2300 2380 %

The volume occupied by the mixture (V cu.ft.) is

related to the oxygen concentration, thus:

!
RT
21 m
.V . =M . me— —— - (8)
a Co my
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So (5) becomes

-E ’
aM, a8 A /RTp -4 CypVomy
-qF = 1.15 x 107 x Cope Tm . ——T§T_§T;
~E/RT =3/
2
=57x100.0c)% . 2. e m.n %t v (o)

Let $2 be the rate of heat release, expressed in million
CHU per hour per (atmos.)? per cu.ft. Taking the calorific
value at 10Y CHU/1b.. fuel

M, 4 5
§¢ = - g x 107 x 3600 x (1L.7 x 1Lb)</ 10° x v 02
Substituting from (9)
3/2
Q = 0.92 f (100 C_)° 100 10t —eeee (10)
oo (e+E/RTm Tm

Calculations based on equations (7) and (10) show
that §% can be expressed as the product of three independent
functions of - Ty s Tm and %; respectively, These are
shown on graphs A, B and C, the ranges covered being 300 to
600K for T, , 1,0 to 0.6 for ;9 and 3 to 3 (a.f.r. between
30 and 5) for I/rx, P

In an idealisation of a combustion chanber the
quantities of fuel amd products passing a given section
are determinable, and we nmust arrange to mix in that amount
of air that gives the maximum reaction rate for unit volume.
It is therefore sometimes convenient to express the reaction
rate in terms of the fuel:products ratio J rather than the
fuel:air ratio f. Equation (6) then becomes

Mg (I = I)g + i, (I, - I)p + M, (Im-Iu)p = I, (Ip—Iu)p
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il

~16=-
M
0.215E
and C. = 2
- Y T ¥TE X
Eﬁ TR Y o
a Mp W

0,21 [(1p - ), - 3 (1, - I ]

(TpTp)p = 3 (TpmIde + (1 4 %)(Im“lu)a

Applying the same approximations as before,

0.21 (11 (2 -7) -8 (T -7) j
S KNGS N N | R
Tp-Ty = 8 (T = Ty) 3

The volume occupied is related to the products concentration

Cp<1+3%>=1"g?§1

¥_ RT
PV = =2 L U e (8a)
°p M
So from (5) iy
d " RTp -% C.pV m
- ﬁmﬁ = 1.15 x 10° x C,P e Tp 3 RT_ T (92)
which reduces to
105 472
- 307 |} [10° —
§2 = 0,193 3 (100 C,) (100 cp) ( +E/RTm> (Tm ) (108)
€

’

Graph D, showing this relation, is plotte. similarly
to graph B, in that for each value of }J, $¢ is divided by
its max, value SZJ et that j . As Jj decreases from its
value, j*, (at ;E = 0.8, f/f* =‘2) to zero it pays to
let the temperatuge increase (to Tg = 0.9 for j = 0).

The approximate relation governing.the meximum intensity

for values of j/;)* below % is

I:a

¥ = 2.7 j/j* (1 - %.j/j*) """""""" (11a)

e
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and for values of 1/3* vetween O.4 and 1.0

é%% = 0.72 (2,18 = 7/ ,,)(0.18 + Y 4) ===== (110)

These relations cre plotted on greph E, which corresponds

to graph C,

Calculation of typical points,

Primary Zone Case:

Suppose T, = u50%k
T =
m/, = 0.80
r 2 (p% = +2)
/ex = - 15
(o}
Then Tp - T, = 1870C
0.
T, = 2320 K
T = 1855 %
Brr = 10.8
5
10 = 2,08
e /RTm
3
m /2
(10 ) = 12.5
T
From equation (7) C, = 0.21 x .15 = ,032
From equation (10) §¢ = 32.5 units,

(million CHU/hr. (atmos) cu.ft.)

The air concentration in this optimum mixture is
0.15, the combustible concentration 0.17 and the products

concentration 0,83 ,

The corresponding value of J is %*g% = 5024 .




o
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Secondary Zcne Case:
In the second case, suppose T, = ue k.
T = 0.9
/Tp 1
and f = -2-6-6
Then T_ = 2090 %X
B -
/RT, = - 9.5
5
—%9-- = 6.9
e /RTm
10t /2
H— = 10,5
Trom equation (7) C, = 0.2l x .13 = 0.028
From egquation (10) £ = 2.5 units.

The air concentration is now 0,13, and the products

concentration 0.87 . The value of j is .00075 .
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APPENDIX I1I,  IDEAL BURNING ZONES.

1) Mixture Proportions,

In the primary zone the composition of the burning

mixture is: 2% fuel

15% air P

83% products (which consist of 83 757, = 5.2%
reacted fuel and 78% reacted air), The oversll f,a.r, is
thus =22+ 032 _ 3 16 £% . This must be the £.a,r, of

.78 + .15

the fresh combustible mixed in if the proportion is to be
maintained. All the fuel is introduced in the primary zone,
Thus the quantity of air brought in must bve TlTE x the

stoichiometric reguirement,

The proportion of fuel that has reacted in the

primery zone when the mixing process is complete is
.052 _ g
o = 1%

In the reheat case the optimum mixture will be the
same, but the entering airflow will already heve been
contaminated by products from the combustion chamber.
Suppose the air proportion in the jet pipe flow is .75 .
Then of the products in the optimum mixture 25% will have
come from the chamber, The remaining 58% contain 3.6%

reacted reheat fuel, Thus the proportion of reheat fuel

036 _ 65%.

that has reacted when mixture is complete is 535 5 .02

The overall £ a.r. of the in-mixture must be 1.16
as before, but as the air is already associated with
products, the unburnt f.a.r, of the inflow is
;._1_6_:_;__5_;_25_ £% = 1.21 £* . Thus the air quantity brought

in in this case is 33% of the stoichiometric reguirement,

At exit from the secondary zone, with fuel nearly
completaly burnt, the optimum mixture proportions are

air 13%
products 87% , (of which 5.45% is reacted fuel,

and 81,5% reacted air), The overall fuel air ratio is
.08 £

he = 1 A

therefore T 13 T8 - Since 86% of theP T o
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stoichiometric requirement was introduced in the yrimary

zone; the other 30% must have been introduced in the

secondary.

Similarly, in the reheat case the same optimum
mixture in the secondary zone would be required, As before
25% of the mixture is products from the combustion chamber
proper, leaving 62% reheat products, of which 3,9% is reacted
fuel and 58% reacted aiv, The reheat fuel to reheat air
ratio in the mixture is therefore T?gz%"fif = T;%ﬁ .
Since 83% of the stoichiometric requirements were supplied

to the primary zone, the other 39% must have been introduced
into the secondary.

2) Primary Zone Volume.

Assume that fresh air, fuel and products are crossing
an elementary section of the chanber at the same velocity.
£11 the products are mixed with just sufficient air and fuel
to give the highest reaction rate in the total volume avail-
gble, the rest of the combustibles being untouched, Let the

cross sectional area occupied by the unmixed flow, W

u ? be

4u end that by the mixture flow, Wm y DAL,

Then v Wm

I W (12)
Pa Ay “n “n

Considering two sections & x

apart, the difference in

fuel flow, = 5 Wf s due to reaction, is given by

auM
_ 1
"“’f-["v E‘R‘J

optimum

Am O

B AL 8X e e (13)

Where g p2

[}

opt imm? with due sllowance for units,
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Now let C Dbe the proportion of air and fuel in the
optimum mixture, and Wp [% (1 - C)“%L] the products flow,

Then, assuming volumes unaltered by mixing

W cw W N W
. om, e _1.C. » 1] R cmmee (1Y)
) 3 3 it p. * 0
m u P 1 P

The element of volume concerned, & V = (4, + Am) 6 x

After manipulation

SW. | W + CW W
6V=—ﬁ£__2_5___r_“+_52:} v c "
u p —92 (1 e T:")'“ (15)
P v

The numerator bracket corresponds to the total volume flow
and is independent of the way mixing is done. The second
term in the denominator bracket is so smell as to be

negligible, so the denominator is fixed., Thus to obtain a
aw

maximum value of - -ﬁ% we require g maximum value of £ .

That is, §2 is in fact §i* , the maximum heat

optimam
release rate in the burning mixture,

To maintain this rate we must have
6 WE 6] Wf

- = = o - - —L 1 .
oWy =0Wy= 5% = -7-G ~TF (16)

Equation (15) can then be written

oW p Wos WP
6V = -t (1o 2) s G2 0 LD L0 5w
pu Wm . pu T+£%* m

The total mass flow Wu + Wm is the same for all

sections, At the point where the air first enters W is

only the reversal mass fiow, WR . At exit from the primary
zone all the flow is mixed, so Wm = Wp + Wy s Wy
the entry inflow to the primery. The change in fuel flow

being

in the primary is the guantity of fuel burnt, which is .72

of the total flow W (see page 19) and must also be

bt
Wy (1 ~C) T -
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Integrating for the whole primary zone

o) o) Wo + W,
m m e R 'U
Jo] vy = 0.72 WF ( - 3‘:) + 5-1-1 T T (1-C) (WU-}-WR) In -——-——.NR
A V1 pm 1 J
* = — L - - —eemee (18
B v 1+ 5, (1+2)In(1+5) -1 (18)

The term in brackets gives the extra volume neesded
to transles tihe iniet air downstream to its mixing point,

It epproaches zero ss r approaches infinity.

Let V* be the volume necessary if all the fuel was
burnt at the highest rate., Then V* = wp(ﬁ . Taking

.= 4 e&sa typical value,

;; =0.72 1 +32 [{(1 +1) 10 (1 4 3) - ﬁ:} e (19)

it een e o v - R

If we also allow for the extra volume needed to pass
the secondary airflow through the primery zone, the equetions
are identical except that the factor in front of the log
term is (W, + W, + W2) instead of W, + W, . W, refers to
the primary zone flow only, and W2 to the secondary flow.

We know (pages 19 and 20)

-~ = 0.30 —_— =
- e CRP W T3

Then
v

78 = 0.72 {1 + 3 ! (1.32 + r) in {1 + %) _—

-

--- (20)

L

This increases the extra volume by LOZ,

The relations are plotted on graph F.

Similar formulae apply to the reheat case, but the

value of Em is altered. Taking 900%% jet plpe temperature
1

o
as a typicel velue, z% =3  0.65 of the rehcat fuel is
u

burnt in the primary zone, so
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v - A .
% = 0.65 {1 s3I (14 - {]} ------ (192)
This relation is also illustrated on graph E,
the rencat case 12 = .39 - o.ul
In the reheat case W; = v G T TR - O

Thus if we allow space in the primary zone for all the
secondary air to flow through 1t,

;1; = 0.65 {1 + 3 [(um +7) In (1 + %) - 1]} - (208)

3) Ideal Secondary Zone.

Before leaving the primary zone, all. the fuel is
mixed in, and at the exit the flow is burning at 80%
stoichiometric temperature and twice stoichiometric unburnt
f.a.,r, Thereafter, fresh air is mixed in to maintain the

optimum reaction rate as the f.a.r, weakens,

The volune occupied by the extra fresh air proceeding
downstream to its mixing point is negligidle here (though
not in the primary zone) as this flow is such & small

proportion of the volume flow,

The rate of burning may be approximated to by the
relations from fppendix I.

aM

-1 by j
¥ T = 0.72 8 (218 - 45)(0.18 + V/4,) —mmmmmmnmes (11v)
3
for 1 = /j* = 0.4
1 de 3 .
SF g =278 Vg (1= 075 J/g) mmmmmmmmmmmmees (11v)
for 0.4 = 3/3.,,:; 0
At any section of the secondary zone
‘ 1+ £ . .
Wy = —Fr— (= W) —mmmmmmmmemommemce s (21)
W N
o= £ £
Vp R Y {* W = W T (22)
dMm
- bwf = -1t BV memrm e e e e (23)
v t
- optimum P.T.O
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From these equations an expression can be derived
which may be integrated, The process is tedlous, and is

only sumnmarised here,

For 1 3= J/j = 0.4 (0.28 Wy = W == 0,13 W)

(a* = 0.18) 0.28
(a* - 0.18) ¢

4

o
-t
o)
+

0728 0 _  _ot , [0-18
¥p 2,36 (a* - 0,18)

-+

o 1n 12:28 = (o* + 2.18)€
2.36 (ar + 2,18)2 2.18 - (a% + 2.18) G.28

. 0.28 ~¢ o mmmmmeeeeeee (24a)
(a* ~ 0.18){a* + 2,18)

Where @ has its previous significance ( = p2 SL¥)
€ 1s the remaining unburnt fuel fraction

and a* = f*/j* (1 + £%)

For 0.4 ;j/j > 0

274 V_ 4 0,13 ot (1 - (143 anE
1n +(%+a?21n lj~(1+%a*) I

0.13 =€ e (2Lb)

a¥ (1 + 3 a¥)

Dividing by V* (= Wp/ﬁ) the ideal volume, and taking
of = 2,6 gives the following table, The results are
plotted on graph G,

3 C,28 0.20 0,10 0,05 0,02 0.01 0,005 0,002 0,001
o] 0 0.09 0.20 0.32 0.45 0.55 0.65 0,78 0.88

€ 1is in effect the combustion inefficiency. The relation
V2

may be closely approximeted to by the equation v% = 0,14 1n 0.h2

3
for values of £ below 0.20 (i.e. efficiencies greater than

807%) .
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The dashed curve on graph G shows the volume that
would have been required if the max. heat release rate of

the primary zone could be maintained in the secondary.

The secondary zone equations must ﬁe modified for
the rehesat cése. Wp , the useful prcducts at any section
are those produced by reheat burning plus those previously
associated with the air-in the burning mixture, Then

14+ £* 1 C
W= (Wp = We) + 5 7= (W - W) + Wy % TG

C, the praportion of eombustible in the ideal mixture,

vanies slightly with j, but taking a mean vealue gives

W.=1.4 1+ % (W, - Wa),. A1l the preceding equations
P T* I S : g

. : £#

* )
then hold, if « is taken as TL 3% (7% £) and the
lower limit of iategration Wf = 0.35 WF .

The new curve is alse plotted on graph G, values

being tabled below.

€ 0.30 0,25 0,20 0.15 0.10 0,05 0,02 0.01

v
7% .05 .10 .16 .23 .32 .7 .65 .79

L) Intensity of Ideal Burning Zone,

Suppose the reversal flow proportion be r and the

design efficiency be Then from graphs F and G we

- ‘r)c V
. v .
obtain valucs of 1 an 22 The total volume

vE v
Vo=V, o V, , so for a fuel flow rate of Wy 1b, /hr., the
"intensity"
' b
I R million CHU
2, o . 2
p° Vv 10 hr,(atmos)“ cu.rt,

ng - 8. vk, 108

P~V 10°
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On curve H are plotted values of —é%; for

different values of r and N,- Por exsmple, suppose

r=02 end m =097 end T, =T, = 450%, Then from
graph H, -é§7 = 0,74 while from graph A, 2* = 32.5
units,

= 2k million OHU /1. (otmos)? cu.ft.
72% of the fuel (65% for reheat systems) is assumed

to burn in the primary zone., If the combustion efficiency

is less than 72%, the whole of the burning is assumed to
teke place at the maximum intensity, so -£1~

2, - o;zz

/v
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