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Abstract

The development of practical gas turbine
combustors designed to meet the imposed air
pollution standards presupposes results
from both, basic reaction kinetics research
and combustion modeling. Therefore, in a
Joint cooperation bgtween German research
institutes and a gas turbine manufacturing
company investigations were carried out on
NO formation in flames with special empha-
sis on the fuel-rich regime, on numerical
methods to describe pollutant formation in
post-flame gases, and on the technical fea-
sibility of modifications for emission re-
duction of conventional combustors. The in-
vestigations have shown that the formation
of "prompt NO" at equivalence ratios > 1 can
not be described by the Zeldovich mechanism
and that, besides inhomogeneities in the
fuel distribution and other parameters al-
ready discussed, combustor modeling must
also account for inaccuracies of reaction
kinetics data and heat losses due to flame
radiation. Simple modifications on a conven-
tional combustor led to simultaneous re-

duction of CO, NO, and unburned hydrocarbons.

I. Introduction

The current design of combustors for
gas turbine engines is subdued not only to
the traditional design requirements like

*
) MTU, Munich, (Section IV),
* o
) DFVLR, Inst.fur Reaktionskinetik,
Stuttgart, (Section II),
***)

DFVLR, Inst.fur Luftstrahlantriebe,
Porz-Wahn (Section III).
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high combustion efficiency at all main ope-
rating conditions, wide ignition and sta-
bility limits, low pressure loss, long du-
rability and low production costs, but also
to exhaust emission control. To reduce
pollutant formafion and emission it is nec-
cessary to gain more insight into the basic
r?action kinetics processes. In particular,
it is of great interest to improve the
knowledge of the "prompt NO" formation in
fuel rich flame zones. To link results from
basic kinetics to the complex combustion

and flow processes in a combustor, numeri-
cal modelling techniques are used. However,
the realistic matching of combustor models
to actual combustor behaviour is still a
matter of great concern. To make such mo-
dels as simple as necessary for practical
applications the great number of possible
parameters has to be reduced regarding their
relative degree of influence. Also, the
technical feasibility of modifications on
conventional combustors aimed to achieve low
exhaust emission rates has to be investiga-
ted, while maintaining as much as possible
their initial performance.

To make best use of the available basic re-
search and developments potentials the
efforts of the DFVLR-Institutes for Reac-
tion Kinetics and Air Breathing Engines and
MTU Gas Turbine Development Department were
joined, for low emission combustor design.
According to the outlined problem areas,

in this paper results of research efforts
are reported in three parts.



II. NO Formation in Fuel-Rich Flames Zones

Recent investigations have shown that
not only the well known Zeldovich-mechanism
may be responsible for the NO formation in
flames but other mechanisms may be important,
too. Various reaction channels can contri-
bute to the NO formation whereas their re-
lative importance depends strongly on flame
conditions as given mainly by temperature T.
and equivalence ratio ®. In lean, but not
necessarily laminar flames with @ < 1
under convenient conditions it is possible
to predict the NO formation with reasonable
accuracy by

ANO = 2 k [0] [N,] At (1)
if the oxygen atom concentration is assumed
to be in local thermodynamic equilibrium
1O13 exn
sec is adopted. The

and if for k a value of k = 5
(-75 400/RT) em> /mole
applicability of this formula should be not
overestimated since it is often not simple
[0] and At
In particular

to predict proper values for T,
in the flame zone of interest.
at lower temperatures increasing contribu-
tions of non-equilibrium oxygen concentra-
tions have to be considered occasionally.
These effects have been discussed at
length(l) and will not be dealt with in this
paper. However, much more difficulties ari-
se if accurate predictions of the NO forma-
tion in fuel-rich hydrocarbon flames are
required. Recent investigations on such
flames, which were initiated by the pioneer

(2)

work of Fenimore have shown without doubt

that reaction channels like:

C, + N, + 2CN (R1)
CN converted to NO (R2)
54 R N2 -+ HCN + N (R3)
N converted to NO (RY4)

grow rapidly in importance with increasing
flame richness. Applying for example the

simple formula (1) on laminar alkane flames
with @ =

e flame temperature, a NO concentration

1.4 and assuming 1 bar and adiaba-

of 0.06 ppm after 5 msec is calculated. In

contrast to this prediection the measured NO

(3)

Strong evidence for the assumed (2) partici-

concentrations range from 40 - 50 ppm

pation of radicals like C2 and CH in the NO
formation process was found by measurements
of HCN concentrations in fuel rich flames(B).
In general HCN appears as an intermediate,
but at @ > 1.5, HCN even seems to be a ra-
ther stable product in the post flame gases.
For flames with an equivalence ratio ¢ > 1

it is typical that a fast NO production ta-
kes place in and near to the zone where the
original hydrocarbon molecule is decomposed
to smaller hydrocarbon molecules or to car-
bon containing radicals. The adjacent flame
zones show then in general comparatively low

or even zero production rates of NO. For

.cases of nonzero production rates these zones

are generally the main sources of NO if the
gas is hold long enough at sufficient high
flame temperature. The described behaviour
of NO in the first flame zone is denoted as
(2). "Prompt NO" forma-

(3) but the

tion at @ < 1 was also observed .
main reason for the formation is here very

"prompt NO" formation

probably the existence of a superequilibrium
oxy@én atom concentration in the first part

of the flame.
discussed in this paper. At 1 bar it was not

This mechanism will be not

possible to resolve proéperly the "prompt NO"

respectively the HCN profiles in laminar,

(3)

fuel-rich flames 3 therefore measurements

(h)

at reduced pressures were initiated

As an example, Fig.1l shows the results ob-
tained at 72 torr. According to the low
pressure, the flame zone in which the hy-
drocarbon is decomposed has a length of about
15 to 20 mm. This length is sufficient for
application of a probe sampling technique.

As the most interesting result it should be
noted here that the decrease of HCN behind
its maximum, corresponds closely to the in-
crease of NO. About 70 % of the formed
"prompt NO" behind the maximum of HCN seems

to come from reacted HCN.

The obvious important role of HCN and

carbon containing radicals is supported
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FIGURE 1.

further by qualitative spectroscopic measu-
rements of CH, C, and CN emissions in low
pressure flames( As it was anticipated,
typical emission peaks of CN, C2 and CH in
the zone of fast HCN production were ob-
served. Even at an equivalence ratio @ of
about 0.9 a C2 emission peak occured, which
led to the preliminary conclusion that on
the basis of a comparison of peak intensi-
ties between lean and rich flames it might
be correct to assume that about 20 % of the
"prompt NO" in the investigated lean flame
stems from hydrocarbon radicals and not from
excess oxygen atoms. Although it is not pos-
sible at present to give a very detailed
reaction scheme for the "prompt NO" pro-
duction by hydrocarbon radicals some facts
concerning the general scheme become more

In the first flame

zone a rapid destruction of hydrocarbon has

and more established.
to be assumed which leads at @ > 1 to in-~
creasing amounts of C2 and CH. C2 for examp-
le reacts fast with N2 forming CN. In the
next step under the
fuel rich flame the
build up a quasi-equilibrium between CN
and HCN:

typical conditions of a
produced CN will soon

CN + H, . HON + H (R5)

This is strongly favoured by the great ex-
cess of H, and H over oxygen atoms in fuel
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rich flames. The reaction enthalpy AH208
for

CN + H2 + HCN + H (R6)
is about - 20 kcal/mole, which is of course
sufficiently low for a fast establishment
of a quasi-equilibrium. The most probable
reactions of CN in the direction of NO

formation are

CN + O

+ CO + N (RT)
or
CN + 02 + (2) CO + NO (R8)

The N atoms react further with oxygen con-
taining compounds to NO and the correspon-
ding products. It becomes clear now, that
HCN is
ked to

carbon flames. Of course the reaction (R6)

an intermediate which is closely lin-
the "prompt NO" formation in hydro-

is not the only source for HCN. The reaction

CH + N, =+ HCN + N (R3)

2

has to be considered, too.

Further support of this general scheme
can be found by measurements of the tempe-
rature dependence of “prompt NO" concen-
trations in fuel-rich and slightly lean

(5)

flames The adiabatic flame temperature
was varied by using "synthetic air" with
nitrogen to oxygen ratios greater or smaller
than 4 to 1. Fig.2 shows the results. For

an equivalence ratio @ > 1 and temperatures
below 2 400 K a relative small temperature
dependence of the "prompt NO" concentra-
tions was found in contrast to a very strong
dependence for @ < 1 and temperatures grea-
ter than 2 200 K. This interesting result
should be considered with respect to the
proposed reaction scheme:

Hydrocarbons = C2; CH,
Cy + N, =+ 2 CN (R1),
CN + H, z  HCON + H (R5),
CN + 0 -+ CO + N (R7),
N +{H20,02,002}+ NO + products(RY)
CH + N, - HCN + N (R3)
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The explicitly written reactions have reac-
tion enthalpies and therefore also most
probably activation energies which are equal
or less than + 20 kcal/mole. For the pro-
duction of C2 (CH) it is also possible to
develop a plausible sequence of reactions
(CH) by
a number of steps which have just as well

which lead from hydrocarbons to C2

activation energies not greater than about
20 kcal/mole. A sequence in that respect can
be imagined for example by considering reac-
tions of hydrocarbons or hydrocarbon radi-
cals with H or OH. The measured variation
of "prompt NO" with temperature according
to Fig.2 can be d?ggribed for @ > 1.2 by an

empirical formula

NO = 0.0745 + T - 106 (ppm, °K) (2)

(2
in fact roughly compatible with a sequence

adiabatic flame temperature). which is

of reactions with associated activation
energies in the order of 20 kcal/mole. How-
ever, on the contrary in stoichiometric or
lean flames it is not possible to construct
a similar "low activation energy" sequence
of reactions, since under these conditions
the dominant NO formation process 1is:

(R9)

O & ik NO + N

with an activation energy of 75 kcal/mole.

If in these mixtures "prompt NO" occurs, it
is mainly formed by excess oxygen atoms and
will show consequently a much more pro-
nounced temperature dependence. Thia be-
haviour is reflected by the much steeper
lines for ® < 1 in Fig.2.

In conclusion of this section it is
stated that in fuel-rich flames other
mechanisms than the Zeldovich-mechanism for
NO formation play without doubt an impor-
tant role. For a complete and a priori pre-
diction of NO concentrations more investi-
gations have to be carried out which should
concentrate in particular on hydrocarbon
destruction to C2 and CH and on the rate
constants according to the proposed se-
quence. At present careful measurements of
prompt NO under various pressures, tempe-
ratures and equivalence ratios will provide
usable semiempirical data for theoretical
prediction procedures of NO concentrations

in gas turbines and other propulsion systems.

IITI. Relative Influence of Parameters

Entering Combustor Models

It is generally agreed that computa-
tional combustor models as described for

(€), (7) or (8) Loula greatly

example in
assist practical combustor development,
insofar, as they will allow the evaluation
of different combustor designs with respect
to their pollutant emissions. However, the
accuracy of the predictions of such compu-
tational models is still a matter of great
at DFVLR, Porz-Wahn,

combustor models are investigated, prima-

concern. Therefore,
rily with the aim to find out how well
such calculations can predict the actual
conditions in practical flames, and to
compare the relative importance of various
parameters used in the model. Presently, a
combustor model using the well-stirred-
reactor (WSR) principle is investigated,
which is based on a computer programme de-
velopped by Jones and Protheroe(g). A
comparison is carried out between model
calculations and measurements in a simple
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one-dimensional post reaction zone of a fla-
me in a homogeneous propane-air-mixture. In
this way, the influence of reaction kinetics
including the scattering of rate constant
data, flame gas radiation and initial gas
temperature on the NO-concentration in the
model and the flame were compared.

For this purpose a burner was used, on
which an atmospheric propane-air flame was
stabilized by a perforated plate containing
200 regularly spaced holes of 2 mm dia. A
homogeneous propane-air mixture, which can
be heated up to 580 K is fed through the
holes so that a large number of small flame
cones are formed in the issiiing combustible
jets. Due to the high viscosity in the bur-
ning gas behind the flame front, any diffe-
rences in gas composition, temperature and
velocity are equalized very rapidly. Thus,
a few millimeters downstream of the flame
cone tips the flame resembles a quasi-one-
dimensional post-reaction zone, with an
approximate diameter of 70 mm. In this zone,
the concentrations of CO, CO2 and NO were
measured by gas sampling with a water-cooled
probe. The measurements were carried out

at different heights above the flame cone
tips - that is the flame front - correspon-
ding to different residence times. The gas
velocity in the post-reaction zone was va-
ried between 4 and 30 m/s. Gas analysis was
done by conventional methods, using NDIR
for CO2 and CO, and chemiluminescence for
NO.

For the comparison of measured and cal-
culated NO-concentrations the one-dimen-
sional post-reaction zone, which resembles
a plug-flow-reactor was modelled by a se-
quence of small WSR-elements. The residence
time in each element had to be prescribed.
Since presently the reaction kinetics of
higher hydrocarbons with air are only poorly
understood, a simplified reaction scheme I
was introduced into the WSR-programme. Fol-
lowing a proposal by Hammond and Mellor(6),
for near-stoichiometric and fuel-lean mix-
ture ratios the complicated hydrocarbon de-
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composition is replaced by the following

equation:
a b
CH, *+ [5 (14a) + 31 0, » al(1-a)CO S
b
+ a CO,] + = H O.
2 2 5

This reaction which proceeds to the right-
hand side infinitely fast, describes the
well-established fact (for example (15)),
that the first rapid step of the hydrocar-
bon oxidation generally yields large amounts
of H2O and CO, whereas CO2 appears only in

small quantities. The quantity

n
cO2

@ = e———
Rag Y Bog

(3)
2
can be chosen according to ratios of
C0,/C0O experimentally observed at the end
of the fuel decomposition zone. For fuel-
rich mixtures, the first step will probably
have to be replaced by a reaction which
produces CO and H2 in stead of H2O, as pro-

posed by Edelmann (10).

The second step of
the reaction concerns the CO conversion
according to:
o
CO + OH | CO

+ H (R11)

2

completed by the well-known set of C-free

radical reactions as well as the recombi-
nation reactions for all species involved.
From the envisaged equations the following
9 reactions have been introduced in the
WSR-model:
0, + Hy 2 OH + OH (R12),
OH + Hy 3 H,0+ H (R13),
0, +H 3+ OH +0 (R14),
0/ 4 Hogeo OB H (R15)5
0 + H20 + OH + OH (R16),
H+H+M ; H2 + M (R17),
0+0+M ba 0, + M (R18),
O+H+M > OH + M (R19),
H+OH+M 3  H,0+ M (R20).
Finally the extended Zeldovich-mecha-

nism for NO formation was added:

Ny, +0 2NO + N (R9),
N +02:NO + 0 (R21),
N + OH2zNO + H (R22).



One disadvantage of the strong simplifi-
cation of the hydrocarbon decomposition lies
in the inability of the model to predict un-
burnt hydrocarbons. The simplification is
clearly more of an advantage than the use
of global reaction rate equations, like

in (11), or the assumption of equilibrium

(7)

conditions, as in , because the actual ra-
dical levels are better approximated by the

reaction scheme used.

The amount of prompt-NO in the hydro-

carbon decomposition zone, was specified

(3)

Rate con-
(12).

according to test results
stants were taken from Baulch et al
For the CO consuming reaction (R11) the rate
constants were adapted to the temperature
range; that means, that the activation ener-
gy suddenly increases from a low to a higher
value at about 1 500 K. The effectiveness

of different collision partners in the re-
combination reactions was approximately
allowed for according to results of Homer

(13) A rough estimation of the

and Hurle
temperature loss due to radiation of the
flame gases showed that the temperature
drop per unit time changes only slightly
during the first ten milliseconds of resi-
dence time, and hence, a constant value for

this quantity was used in the comparison.

First checks aimed to save computer ti-
me showed that, for the experimental condi-
tions used, it was sufficient to retain in
the reaction scheme only the equations
R10, R11, R13-R16, R20, R9, R21, R22.
Furthermore, for the NO formation the appro-
ximation according to equation (1) was used.
Further calculations revealed that, in or-
der to describe a post-reaction zone of a
premixed flame, with a total residence time
of 10 milliseconds it is sufficient to use
ten elemental reactors. Increasing this
figure to 30 steps resulted in a negligible
small change of the calculated concentra-
tions (+ 2 %), a decrease to 5 steps yiel-
ded a decrease of aoproximately 10 to 12 %.

A comparison between the measured and
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FIGURE 3.

the calculated NO distribution in the post-
reaction zone of a stoichiometric propane-
air-flame shows the upper part of Fig.3.
For the calculation of NO according to

equ. (1) two values for the rate constant
the upper curve corresponds to
1A exp (-38 000/T) cms/mole-sec,
in 1969. The lower
curves correspond to k = 7,6 1013 exp

(- 38 000/T), a value recently recommended
by Baulch et a1(12) The calculated trend
reproduces the actual behaviour of the NO-

were used;
k = 1.36 10
recommended by Baulch(lll

formation quite good. However, there are
larger differences between calculated and
measured NO-values. Considering furthermore
that the accuracy, by which rate constants
are known presently, is at best a factor

of 2, it follows that simplified combustor
models would more or less be able to pre-

dict trends of emission levels only.
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For the calculation of the lower curves
the ratio a of €0,/CO + CO, production in
the hydrocarbon decomposition (R10) was va-
0.5, which re-
sults in changes of the temperature and the

ried between a = 0 and a =
radical level in the first part of the fla-
me zone. No major net effect is observed on
the NO-level, but if a exceeds 0.5, the cal-
culated NO values decrease rapidly, as a
consequence of a decreasing O-atom-concen-
tration. The lower part of Fig.3 shows that,
for the same reasons, different values of

a lead to different CO oxidation rates in
the first part of the flame zone. A compa-
rison with measured values for CO, presently
suffers from measuring errors due to probe
effects. Considering experimental results
from 1ow-pressure—flames(15),
in the order of 0.15 - 0.3 should be close
to actual conditions.

values for a

It should be noted, that both CO-
NO-concentrations depend on the level of

and

the radicals present in the flame. Due to
the assumption of the decomposition reac-
tion (R10), the WSR-model for the post-re-
action zone starts with a zero initial ra-
dical concentration, whereas in practice

at this stage high levels of radicals are
found. A repetition of the stepwise calcula-
tion with very small WSR-elements corres-
ponding to an elemental residence time of

10 us showed that OH-, 0-, and H-radicals
are formed very quickly so that a partial-
equilibrium state of the three radical
concentrations is reached after approx.

60 us. The concentration level of the ra-
dicals is well above the local equilibrium
value; for example a peak O-concentration

of 3
perature of 298 K. After attainment of the

10° ppm is found for an initial tem-

partial-equilibrium the radical concentra-
tions begin to decrease according to the
progress of all reactions. This behaviour
shows that for residence times in the order
of 1 ms for the elemental reactor the as-
sumption of zero initial radical concentra-
tion does not present a deficiency.
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The effect of a temperature drop due
to flame radiation on NO formation is shown
by Fig.l4. The highest temperature drop AT =
- 11 K/ms results from an estimation of

the actual flame radiation. For lower tempe-

.rature drops (- 5 and 0 X/ms), the trend

of the calculated curves deviates conside-
rably from the measured trend. Thus, flame
radiation must be accounted for in combustor
models if the trends in pollutant fromation,
in particular NO, are to be predicted cor-

rectly.
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Fig.5 shows the influence of initial
temperature on NO formation. In it the ra-
tio of NO produced at initial temperature
T to NO produced at a reference temperature
of 298 X is plotted for a residence time of
5 milliseconds. For a stoichiometric mix-
ture the coincidence between the measured
and the calculated values is remarkably
good. For a fuel-lean mixture, @ = 0.825,
the measured trend is again reproduced by
the calculations; however, larger deviations
from the actual NO-values are observed. If
the model is applied to fuel-rich mixtures
the trend of NO formation with temperature
is also represented wrongly, which indica-
tes that the first reaction step of the
simplified reaction scheme (R10) is inade-
quate for this regime.

IV. Technical Feasibility of Some Combustor

Modifications for Exhaust Emission Re-

duction

At MTU-Munich investigations have been
carried out to test the technical feasibi-
lity of modifications on conventional com-
bustors to achieve low exhaust emission ra-
tes while maintaining the initial perfor-
It is well known that
as a consequence of NO_, CO and unburned

mance requirements.

hydrocarbon formation and consumption pro-
cesses, combustor design changes which im-
prove NOX emission generally worsen the
other pollutant performance and vice versa.
Therefore, the modifications which for low
cost reasons had to be of simple design,
were optimised in a manner to yield emis-
sion reduction of all of the pollutants
over the whole range of engine operation.
The combustion chambers were installed
in a automotive regenerative gas turbine
and tested over the full range of operating

conditions. Exhaust emission measurements

were taken manly at idle and full ‘power con-
ditions and only at some intermediate sta-
ges. Due to technical restraints the gas

sampling probes could not be placed at the

combustion chamber outlet but were in-
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stalled in the gas generator exit and power
turbine entry duct. The sampling probe de-
sign, the sampling procedure and the ana-
lytical system set up for the measurements
were in agreement with SAE specifications.
The pollutants measured were carbon monoxide
oxides of nitrogen and unburned hydrocar-
bons (UHC). Sampling validity was checked

by comparing combustion efficiency deter-

mined from thermocouple measurements and
fuel air ratios determined from fuel and
airflow measurements with combustion effi-
ciency and fuel air ratio determined from
gas sampling measurements.
_’ l
HOT
— . .
AIR
f’ //’ wf‘
X AT s
—
PRIMARY ' SECONDARY DILUTION
COMBUSTION ZONE ZONE
25004——> 10
T N\ My
w K] \/FULL POWER M
2 2000 75z
3 W -
i el S
= o
W 1500 AN 5 &
o IDLE I iy
—_
) _ =
& 1000 259
> _| R ) e
S o
O Lﬁ =
0 025 05 075 1,0
X/L

FIGURE 6. TEMPERATURE AND AIR FLOW-DISTRI-
BUTION IN CONVENTIONAL COMBUSTOR
TC 003.

Fig.6 shows a scheme of the conven-
tional combustion chamber (TC 003) initial-
ly designed according to engine operating
requirements. The combustor uses a pres-
sure atomizing fuel nozzle with only minor

air assistance. The air flow entering the
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BUTION IN MODIFIED COMBUSTOR
TC 033.

combustor zones through the various openings
of the liner and the total temperature dis-
tribution along the combustor length for
idle and full power operating conditions
are also shown on Fig.6. The combustor was
fed with hot air from the regenerator, the
air entry temperature varying between 750
and 980 K. To obtain a wide combustor ig-
nition and stability region the combustor
had a relatively rich primary zone fuel air
ratio.

The total temperature distribution for
idle and full power condition shows that
the temperature drops stepwise from the
highest value which is reached in the pri-
mary combustion zone, along the secondary
combustion zone and the dilution zone to
the design value at the combustor exit.

The maximum temperature in the primary com-
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bustion zone is 2 580 K for full power and
1 500 K for idle condition.

Reaction kinetics analysis has shown
that the formation of NO, is favored by
high temperature, long residence time and
high pressure, the temperature having the
strongest effect because it relates to NOx
formation exponentially. These conditions
are the same which favor CO consumption.
To obtain a true technological gain, an
approach was chosen by which the tempera-
ture peaks in the primary combustion zone
were reduced and the residence time in the
secondary combustion zone lengthened.

To reduce the temperature peaks cold
air was injected into the primary combustion
zone. The amount of cold air which bypassed
the rotating heat exchanger and was fed
directly from the radial compressor into
the combustor, did not exceed 7 % of to-
tal air flow rate in order to keep the to-
tal engine efficiency loss lesser than
3 %. Longer residence time was obtained by
moving the second row of air injection hol-
es farther downstream and by changing the
mass flow distribution. The increase of re-

sidence time amounts to approximately 50 %.

Fig.7 shows a scheme of the modified
combustor (TC 033) with cold
into the combustion zone. By

air injection
ducting the
head better
obtained, and

cold air along the combustor
cooling of this *o2t part was
hence as an additional bonus, the combustor
durability was increased. Although only one
third of the cold air is entrained by the
recirculating air vortices into the primary
combustion zone the peak temperatures are
markedly reduced. In comparison to the con-
ventional combustor, Fig.6, the temperatu-
re peak in the primary combustion zone of
the modified combustor, Fig.7,decreased at
full power condition by 250 K. The tempe-
rature reduction at idle condition is
smaller because of the lower temperature
differences between hot and cold air.



The comparison of air flow and total tempe-
rature distribution in Fig.6 and Fig.7
shows that the secondary combustion zone
length was stretched while keeping the mean
temperature constant. The temperature of
the secondary combustion zone was kept con-
stant at 1 700 K because at this tempera-
ture hydroxyl radicals are still present.
These radicals strongly favor CO and un-
burned hydrocarbon oxydation processes.
Since the peak temperature was reduced for
the modified combustor the temperature gra-
dients between the primary combustion zone
and the secondary combustion zone became
less steeper than those of the conventional
combustor. As a result consumption of UHC
was aided because the combustion products
were not suddenly frozen.
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FIGURE 8. MEASUREMENTS OF CO, UHC AND NO
BEHIND CONVENTIQNAL AND MODIFIED
COMBUSTOR.

In Fig.8 the nitrogen oxide and unburned
hydrocarbon emission measurements of the
conventional and modified combustor are
plotted as a function of the combustor exit
temperature i.e. the engine operation con-
dition. The measurements show that the NO
emission from the modified combustor was
less than that of the conventional com-
bustor. For full power condition

(TE = 1 300 K) the reduction amounts to 23 %,
whereas at idle condition the NO emission
is, ag expected, the same for both com-
bustors. Improving the homogeneity of the
primary combustion zone by a new cost saving
method of fuel injection a more significant
NO reduction was obtained, The corresponding
measurements are shown in Fig.8 the reduc-
tion being represented by the point dotted
line. The degree of reduction corresponds
with what one would expect from combustor
modeling assuming well stirred reactor con-
ditions.

In Fig.8 also the measured values of
CO and UHC emissions (the latter measured
as C6H1M) are represented. It follows from
the results that the consumption rate of .
the unburned hydrocarbons during idle ope-
ration is much larger for the modified com-
bustor than for the conventional combustor.
This result stresses the importance of the
long hot secondary combustion zone in which
only metal cooling air is provided. At full
power conditions the same UHC emission ra-
tes where measured for both combustors due
to the high temperaturewhich greatly impro-
ves the consumption processes. The compa-
rison of carbon monoxide exhaust emission
measurements for both combustors at various
operating conditions clearly demonstrates
that the CO emission of the modified com-
bustor during idle conditions is lower than
that of the conventional combustor, the
reason partly being the improved oxidation
process in the secondary combustion zone.

V. General Conclusions

In the first section of the paper it
was stated that in fuel-rich flames other
mechanisms than the Zeldovich-mechanism for
NO formation play without doubt an important
role. For a complete and a priori prediction
of NO concentrations more investigations
have to be carried out which should con-
centrate in particular on hydrocarbon des-
truction to 02 and CH and on the rate con-

stants according to the proposed sequence.
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At present careful measurements of prompt
NO under various pressures, temperatures

and equivalent ratios will provide usable
semiempirical data for theoretical predic-
tion procedures of NO concentrations in gas
turbines and other propulsion systems.

The comparison between pollutant le-

vels predicted from combustor models and
those from flame measurements showed clear-
ly the deficiencies of the presently avai-
lable hydrocarbon reaction schemes and ki-
netic data. The deviations due to the scat-
ter of rate constant data are of similar
order of magnitude as the influence of a he-
terogeneous fuel distribution as shown in [7]}
Because of the demonstrated large influence
of the actual reaction kinetics, ény simpli-
fied reaction scheme has to be verified
experimentally. It has also been shown that
flame radiation cannot be nemlected because
of its pronounced effects on reactions which
are strongly temperature-dependend. Suit-
able expressions for its introduction into
combustor models have to be proven experi-

mentally.

The analysis of the practical investi-
gations described in the third section has
shown that cold air injection into the com-
bustion zone which is followed by an axially
extending hot secondary combustion zone re-
presents a technical feasible method for ex-
haus emission reduction from automotive
regenerative combustion chambers. Employing
a simple approach of fuel injection which
greatly improves the homogeneity of the
primary combustion zone NO emission values
It will be the aim of further
investigations to determine if emission

were reduced.

reductions which can be accomplished by ma-
king design modifications on conventional
combustors do satisfy imposed emission re-
gulations.

771

VI. Acknowledgements

The authors acknowledge the financial
support of parts of the work by the Deutsche
Forschungsgemeinschaft. The cooperation of
Dr.
is greatly appreciated. Thanks are also due

H. Eberius, Dr. F. Suttrop and G. Meikis

to MTU, Munich, for the permission to pu-
blish results of development work.

VII. List of Symbols
a (=) number of C-atoms in hydro-
carbon molecule,
b (=) number of H-atoms in hydro-
carbon molecule,

k cm3/mole-s rate constant

n; mole number of moles of component i,'
R kJ/mole-deg universal gas constant,

T X gas temperature

TE X combustor exit temperature

At sec time interval

[x] mole/mole mole fraction of species x

o (-)
) (-)

see equ.(3),

fuel equivalence ratio.
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DISCUS

Y.M. Timnat (Dept. of Aeronautical Engineering,
Technion I.I.T., Haifa, Israel):

g

How are the kinetic results, obtained at low
pressure (72 Torr) affected by pressures - which
would be considerably higher in an aircraft com-
bustor?

The injection of cold primary air into the com-
bustion chamber presents difficulties for aircraft
combustors since the air entering from the com-~
pressor is hot. How is this problem going to be
met?

. Kappler, Th., Just and G. Winterfeld:

Kinetic measurements at low pressures were initia-
ted in order to make the flame zone in which the
hydrocarbons are decomposed sufficiently long for
probe sampling technique. Once the reaction
scheme for the formation of prompt NO is estab-
lished, the kinetic results can be scaled to

higher ptéssure by using the proper rate constants.

The required kinetic data for scaling is still

a matter of research.Qualitatively one expects
that the NO formation in fuel rich zones at higher
pressures will also be largely due to reacted

HCN.

2,
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SION

As pointed out in the paper, cold air injection
was applied for an automotive regenerative gas
turbine by using a bypass duct from the compressor
directly to the combustion chamber head.

Thereby air heating by the regenerator was omitted.
For aircraft combustors the method of cold air
injection is not applicable and can be used only
in conjunction with bypass air heat exchangers for
blade cooling as treated in some projects.



