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Abstract

Aircraft fitted with afterburner systems for increased thrust have
been observed to have NOx emissions with a higher proportion of
nitrogen dioxide (NO2) than non-augmented aircraft. These
emissions are generally characterised by a brown plume and has
implications for aircraft visibility and stealth as well as
environmental considerations. This paper describes the CFD
modelling of NOx emissions from a modem afterburner system with
particular emphasis on the formation of nitric oxide (NO) and the
subsequent conversion of NO to NO2.
A commercial CFD code, was used to solve a three dimensional

model of a "burn then mix" afterburner system under investigation.
A post procecsor package has been developed and was used to
calculate both NO and NO2 concentrations. Four reheat settings were
investigated; minimum, 25%, 50% and maximum reheat. For all
conditions investigated the bulk of NOx emission was found in the
core, stemming from the vitiated combustor air flow. NOx was also
formed in the bypass stream, the production zone was found to be
close to the fuel sprayers and flame stabiliser at minimum reheat,
but moved downstream towards the exit nozzle as reheat power was
increased. The model showed that for all the conditions under
investigation, over 90% of the NOx produced in the reheat system
was formed via the thermal-NO route.
The model has been compared with centre-line traverse data
measured at the exit nozzle of the engine on a sea level static test
bed. The predicted NOx emissions agreed quantitatively with the
experimental measurements to within ± 5%.
Introduction
The requirement of a modern gas turbine aero-engine is for reduced
emissions of pollutants to meet both civil legislation and military
aircraft plume invisibility needs. Recent advances in gas turbine
combustor technology have lead to a progressive reduction in the
emissions of black carboneaous smoke from aircraft engines.

However, these improvements; increased efficiency and
consequently higher combustion temperatures, have lead to
increased combustor exit emissions of nitrogen oxides (N0x),
mainly in the form of nitric oxide (NO). If conditions are favourable
NO can be rapidly converted to nitrogen dioxide (402) in the engine
jet pipe and near-field plume, giving rise to a yellow/brown plume.
It has been observed that rapid conversion of NO to NO2 can occur
especially in reheat systems operating at low power where the
average gas temperature and the presence of large concentrations of
unbumt hydrocarbons favour NO2 production.
In order to quantify and understand the effect of operating cycle on
aircraft emissions measurements need to be made. A number of
authors have made emissions measurements form aero-engines in
flight (Fahey et aL 1995, Schulte and Schlager, 1996), although
these measurements are expensive to make and give little
information on the emissions at the exit plane of the engine. In order
to understand these near-field plume effects measurements need to
be made from engines installed on test beds. Such measurements
have been made on military engines by a number of authors (Seto
and Lyon, 1994, Foster and Wilson, 1997, Brtmdish et al., 1997), all
of which reported that high NO to NO2 in the near-field plume of the
engine under investigation especially at low reheat power levels.
Experimental measurements highlight the problem of nitrogen
dioxide formation in the near-field plume and to understand the
exact conditions leading to NO2 formation computer modelling can
be utilised. Generally computer models fall into two categories. The
first is the detailed kinetic modelling approach, where a detailed
understanding of the aerodynamics is sacrificed for a better
knowledge of the reaction chemistry occurring (Foster and Wilson,
1997). The second is to use a Computational Fluid Dynamics (CF))
code to accurately predict the flow-field and through simplified
reaction schemes, predict the temperature and emissions. CFD
calculations have been used to aid understanding and to identify
problems in a number of industrial applications such as power
stations (Amin et aL, 1996) and furnaces (Al Fawaz et al., 1994).
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processing time. In the present NO model, a global kinetic
parameter derived by DeSoete (1975) and modified by Misesghi at
at, (1991) was used.

In this paper we have taken experimental measurements from the
exit plane of a reheated gas turbine engine and compared them to a
CE) model at a number of power settings. The CE) model was also
used to highlight regions of NO formation within the afterburner
system with respect to potential NO to NO2 conversion in the jet
pipe and near-field plume.

The De-Soete model was modified by using available experimental
data from Bachmeier et at (1973) and the effects of fuel type, (i.e.
the number of carbon atoms) and air-fuel ratio were incorporated in
a correction factor (t) applicable for aliphatic hydrocarbon fuels
(Missaghi et al, 1991) and hence;
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CI to C4 are constants, n is the number of carbon atoms of
hydrocarbon fuel and is the equivalence ratio. In the model the
values for CI to C4 were 8.19 x 10'2, 23.2, 32 and 12.2 respectively.
In order to obtain a realistic prediction of prompt NO, the oxygen
reaction order should be calculated from composition data.
NO-Reburn and Fuel-NO
The rebum process at gas temperature range of 1600-2150K was
obtained using a global approximation of :

The rate constant for these reactions have been measured in
numerous experimental studies (Flower et at, 1975, Blauwens et at,
1977, Monat et at, 1979) and the data obtained from these studies
has been critically evaluated by Baulch et at (1973) and Hanson and
Salimian 0984). The expressions for the rate coefficients for
extended Zeldovich reactions used in the current thermal NOx model
are based on Hanson and Salimian (1984), and therefore the net rate
of formation of is given by;

k1[0][1V2]+k2V1[02]+k3N}[OH]

f

Where

Thermal NO
The formation of thermal NO is determined by highly temperature
dependent chemical reactions known as the extended Zeldovich
mechanism.
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(4)
Where the rates for ka. kb and k 4 were obtained from Miller and
Bowman, (1989) and [CIL] is calculated from partial equilibrium
approximation.

(I)

Aviation kerosene contains little fuel bound nitrogen, therefore the
Fuel-NO is not considered here and although additional NO can be
formed by the nitrous oxide route it is only an important contributor
to the total NO at lower temperature regimes than the work
presented here.(Miller and Bowman, 1989, Michaud et aL, 1992,
Johnsson et aL, 1992).

-k_i[N]k101 - k_2[0][NO] - k_s[H][NO]
In order to calculate the formation rates of NO and N, the
concentrations of 0, H, and OH are required. The rate of formation
of NO is significant only at high temperatures, greater than 1800K.
Prompt-NO
In flames where successful NO abatement measures have been
used, often the total NO emissions can be dominated by prompt NO
(Fenimore, 1971). Furthermore, there is substantial evidence that
prompt NO can be formed in significant quantities in some
combustion environments such as in the low-temperature, fuel-rich
zones found in staged burners and gas turbines. Prompt NO is more
predominant in rich flames and the actual formation involves a
complex series of reactions and many possible intermediate species.
A number of species, which result from fuel fragmentation, have
been suggested as a main source of prompt NO in hydrocarbon
flames, i.e., CH, CH2, C, C2H, etc. Recent studies (Schefer et at,
1991) have shown that comparison of probability density
distribution for the location of the peak NO with those obtained for
the peak CH shows a close correspondence. This suggests that the
majority of the NO at the flame base is prompt NO and in addition
it can be concluded that the prediction of prompt NO formation
within the flame requires coupling of the NO kinetics to the
hydrocarbon combustion mechanism. Hydrocarbon combustion
mechanisms involve a large number of steps, which can become
very complex to solve and have a catastrophic effect on computer-

Nitrogen Dioxide
As emission regulations become more stringent there is an
increasing interest in the formation of NO2 in combustion products
where it is in higher concentration than if slowly formed from NO in
the atmosphere. The aircraft reheat systems and their application to
civil (e.g. Concorde) and military engines where visible NO2 is
undesirable for various reasons
Nitrogen dioxide is formed by the reversible reactions of NO with
H02, OH, 0 and 02 via;

NO +HO,. NO, + OH
NO +OH = NO, + H
NO +R = NO, + 0
NO+0+M =NO,+M

(5)
(6)

(7)

(8)
At high temperatures, found in the flame zone. NO2 is rapidly
converted back to NO. However NO2 conversion is favoured in the
lower temperature regions where the combustion products have been
rapidly cooled and high concentrations of the radical H02 can occur.
Such conditions can be found in gas turbine engines where bleed
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NO is the collective name given to the oxides of nitrogen; these
being Nitric Oxide (NO), Nitrogen Dioxide (1902) and Nitrous
Oxide (N20). In general NO is emitted from fossil fuel combustion
in the form of NO, where upon it is oxidised to NO2 in the
atmosphere, although certain conditions can favour the production of
NO2 and N20 leading to significant emissions (Miller and Bowman,
1989).

flows cool the ccrmbustor exhaust gases before entering the turbine
stages and in afterburner systems (Seto and Lyon, 1994), and also in
probe sampling from fuel lean combustion products (Bromly et aL,
1988). Under these low temperature conditions the reaction of H02
with other species is generally slow, with the exception of NO,
reaction (5), and itself. The conversion of NO to NO2 is enhanced
strongly by the presence of any unbumt hydrocarbons (Hori et aL,
1992)

[Oil= K,([02 1[01[112011[CO3 ]) 4

The equations 9 & 10 are derived from the partial equilibrium
model by introducing the recombination rate of molecules. It should
be noted, however, that this approach could only be employed if the
concentration of CO is predicted properly in the flow-field
calculations.

CFD Modelling Technique

NO + RO2 -+ NO2 +RO
NO + HOR02 NO2+HORO

(11)
(12)

Reaction flux calculations indicates that NO-NO2 conversion process
predominantly controlled through the reaction 4 under normal
operating conditions. However kinetic studies have indicated that
reactions 11 & 12 contribute less than 15% to NO-NO2 conversion.
Therefore for modeling purposes, it become of paramount
importance to determine source of H02 production through following
reaction steps:
[Fuel Fragments Alkyl] +02 Olefin + H02
HCO +02 CO2 + H02
H02+ H OH + OH
H02+ 0 -+ OH +02
H02+ OH ->I120 +02
H02 + H -+ H20 +0
H + 02+ M -*H02 + M

(13)
(14)
(15)
(16)
(17)
(18)
(19)

The NO2 reduction takes place through reactions 6 & 7.
The production rate of NO2 formation reaches a peak typically
between 500 K and 700 K whereas that of 1402 reduction occurs
between 800 K and 1000 K. The low levels of NO found in oncooled flames are the results of a delicate balance between the
consecutive production and consumption rates of similar
magnitudes. This delicate balance is upset as soon as cooling is
imposed on the combustion products. This effect was studied in
particular by Amano and Hese. In the case of two-stage cooling, the
conversion was dependent not only on the cooling rate but also on
the temperature of the plateau and on its duration. Increasing the
initial NO concentration from 50 ppm was found to have very little
effect on the previous conclusions, whereas below 30 ppm, the
conversion increased exponentially regardless of cooling conditions
as was also found by Hand et al. Kinetic studies like these have
always been mitigated by lack of experimental corroboration, i.e.
Amano and Hese only published experimental data corresponding to
the low NO/NO2 conversion conditions. This lack of experimental
data is partly due to the difficulties in measuring NO 2 accurately.
Indeed, conversion of NO to NO2 in the sampling probe due to
cooling has been researched but there is a lack in precise
descriptions of the experimental conditions of sampling.
Therefore in-order to predict the NO2 emission from a combustion
device using a post-processor combined with commercial CFD code,
a simple global approach was implemented. After careful

In this study two different techniques were adopted for prediction of
0 atom and OH radical concentrations. Allowance for
super-equilibrium concentration of radicals in and near the primary
reaction zone were made by imposing the data given by
Dixon-Lewis (1980) on 0 and OH concentrations in methane/air
flames at different strain rates. The rate of strain of the flame is
related to the turbulent intensity of the combustion process. In
addition an improved approximation of the 0 atoms and OH
radicals is derived from the concentration of the stable species by
use of the partial equilibrium assumption for the fast-flame
reactions.
The oxygen concentration can be obtained from;
(9)

and the hydroxyl concentration from;
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NO-NO2 Conversion Modeling:
The chemistry of formation of NO2 in flames and exhausts from
combustion processes is considerably well researched especially
through chemical kinetic modeling studies (e.g., Miller & Bowman,
Nishioka et al. and Amano & Ham). It is believed that in addition to
reactions 5 & 8 following reactions may contribute towards NO-NO2
conversion process:

In this study, CFD is demonstrated as an 'engineering tool and a
commercially available code was used to solve the reacting
fluid-flow and a post-processing package was then linked to the
output to obtain distributions of NO concentrations. This code uses
a moment method approach to solve the transport equations in
finite-volume form. Turbulence closure for the turbulent convective
fluxes has been achieved with the k-c model in standard form. The
source terms are evaluated using the slower of either the laminar
reaction rates or the mixing rates determined by the eddy-break-up
model (Magnussen and Hjertager, 1977). The flow field solution is
subsequently used to solve the transport equation for the NO
species. In order to solve equation (4), the concentration of
quasi-steady species N, stable species (02 and N2 etc.) the
concentration of 0 atoms as well as free radical OH are required.
Following a suggestion by Zeldovich, the thermal-NO formation
mechanism can be de-coupled from the main combustion process,
by assuming equilibrium values for temperature, stable species, 0
atoms and OH radicals. However, an error may be involved by this
approximation. At present there is no definitive conclusion on the
effect of super equilibrium on NO formation rates in turbulent
flames. Peters and Donnerhak (1981) suggest that superequilibrium radicals can account for no more than a 25% increase in
thermal NO while fluid dynamics can have a dominant effect on NO
fommtion rates. Bilger and Beck (1975), however, suggest that in
turbulent diffimion flames the effect of 0 atom overshoot on NO
formation rate is very important. The effect of super equilibrium 0
atom concentrations on NO formation rates has been investigated
(Missaghi et at, 1990) during CH4/air combustion and the results
indicated that the levels of NO emissions can be under-predicated
by as much as 28% in the flame zone by assuming equilibrium 0
atom concentrations.

[0] = 1C,[0,] [CO]/ [CO2 ]

(10)

considerations of all the available models for predicting NO2
formation in the combustion process, it was decided that a model
based on partial equilibrium approach could be a useful engineering
tool for calculating the NO2 concentration. When applied to practical
engineering problems, this technique requires significantly lower
computational time than using detailed reaction mechanism.
Assuming that 1102 formation and destruction can be represented via
reactions 13-19 and at high temperature the reactions rates of
forward and backward reactions are so fast, that one obtains partial
equilibrium for the reactions 13-18. However as shown above, the
concentration of H, OH and 0 can be calculated from partial
equilibrium assumption and therefore the 1102 concentration can be
calculated from reactions 14-19. The rate of formation and
consumption of the H02 concentration is related to reaction
intermediates through the fast exchange reactions 14-19. The use of
partial equilibrium assumption greatly simplifies the analysis of
otherwise very complex chemical kinetic routes. The reactions 13-18
is fast compared to three-body recombination reactions that
ultimately eliminate the radicals from the system. To a first
approximation, by considering that the reaction intermediates are at
equilibrium with one another through reactions 14-19, the partialequilibrium concentration of H02 may be expressed by the following
equation:

Where 'Ono is the mean turbulent rate of production of NO, (.)No is
the instantaneous rate of production given by equations 1 and 4, and
p(v, v2) is the joint PDF of the variables v, and v2. If it is further
assumed that the variables v, and v2 are statistically independent
P(viv2)

In order to limit the computational time, each beta function was
evaluated at 10 points on a histogram basis. A sensitivity analysis
prior to the detailed computation was carried out for the beta
functions, so that when V, or V2 were near their extreme values, the
associated beta function was replaced by a delta function and the
instantaneous rate of production was directly incorporated.

(21a)
(21b)

The code is written so that the variable V, and V2 can be selected
depending on the type of NO formation in question. For example,
for thermal NO, V, was temperature and V, was 0 radical mass
fraction while for prompt NO they were temperature and CH mean
mass fraction, respectively. At each step during two interactions, the
extreme limits of V, and V2 were calculated and the integration in
equation (23) was obtained ova the whole range of V, and V2 at the
interaction step in question.
The boundary condition for CFD model in terms of gas composition
was obtained from engine measurements at the max-dry engine
operating condition. All these species were effectively the same
concentration as that of the combustor exit to allow the dilution by
turbine blade cooling. The air mass flow rate through the inlet slots
and jet orifices were computed using a 1-D flow distribution code.
The computational mesh comprises 80 x 45 x 65 nodes reflecting a
compromise between geometrical fidelity and grid dependent
solution.

Turbulence/Chemistry Interaction Model
To predict the NO scalar field, the conservation equation has been
solved subsequently to solving the flow field. The source term C0N0
is evaluated using a PDF approach. Thermal NO formation depends
critically on the mean 0 radical concentration with allowance for
non-equilibrium radical concentrations. The prompt NO
concentration field in turn depends critically on the CH radical
concentration and temperature. Therefore, the turbulent model used
in the present investigation is improved by using a two depended
variable system for which the first moments are obtained from the
solution of the transport equations. The mean turbulent reaction rate
tON0 can be described in terms of the instantaneous rate CD and a
joint PDF of various variables;
)p(v,v,

)dv,dv,

Experimental Measurements
Combined temperature and emissions measurements were taken at
the exit nozzle of a reheated gas turbine engine, fitted with a burn
and mix reheat system, installed on a sea level static test bed at
DERA Pyestock. The sampling probe was capable of traversing the
engine diameter in both horizontal and vertical planes and was made
stainless steel and is shown in Figure 1. High pressure hot water was
used both to cool the probe and condition the gas sample. The
sampling probe was connected to the analysers by ca. 15m of 6ram
id. insulated stainless steel tubing, maintained at 150±15 °C. A
chemiluminescent analyser was used to measure NO and NOx.
Carbon monoxide and dioxide were measured by NDIR analysers
and total unbumt hydrocarbons were measured using a FID. Gas
temperature was measured using a shielded platinum/platinum-

(22)

Where vi,v2 ,... are temperature and species concentration and
therefore for a two variable joint PDF;

cum = Jto,0 (v,v0p(v 1vOdv1dv,

(25)

Where s is a coefficient to be selected to represent the intensity of
fluctuation and the term in the brackets is the top limit of the
second moment. Higher values correspond to higher Dahmkohler
numbers, representing wrinkled laminar flame regimes, while lower
values represent distributed combustion regimes.

It is important to mention that the accuracy of HO, concentration
will depend significantly on accurate prediction of H concentration.
An empirical approach (non-temperature dependent Arrheninus
expression) was used to represent the global reaction 14.
Reactions 5-7 were used to calculate the net rate of production of
NO2. The reaction rate parameters (A, B, and E) was obtained from
Hanson and Salimian.

=

v))

(23)
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=

Where all the equilibrium constant are in concentration units and:
([1-1 20][02)+Pir0)[0]+[02][0H110H1 2)
B= (1C32(OHP-k33[H]+K31[01+K341111

(24)

Where pi and p2 are assumed here to be two moment beta functions,
the equation for the beta function is the second moment 1/2 was
assumed to be related to the first by,

(20)

RIOnper-AIB

60P2(v2)

•

During the test programme gas temperature and emissions
measurements were made across the centre line of the exhaust
nozzle with the engine at idle, maximum continuous and a number
of reheat power settings.
Results and Discussion

From the NOx predictions it can be seen that the reheat system does
not produce huge quantities of NOx A small amount of NOx is
formed in the core stream in the flames stabilised by the gutters,
although at lower reheat powers some Nthc foamed in the combustor
is destroyed in this region via the reverse of the reactions in the CFD
code. At maximum reheat there is some NOx formed within the
bypass stream, via the thermal NO route, corresponding to the high
temperature regions. However, very short residence times prohibit
the formation of vast quantities of NO within the reheat system. A
comparison of experimental and predicted NOx at a number of
reheat settings is shown in Figure 10. It can be seen that the results
compare favourably, both in absolute value and in the trends across
the traverse. There is a slight discrepancy at minimum reheat as the
CFD model under-predicts the combustion intensity, and
consequently the temperature and Nac. But despite the complexity
of the problem being modelled the influence of features, such as the
bypass sprayers on the exit profile, are being successfully predicted.
Finally Fig 11 shows the comparison between the measured and
predicted NO2 concentration for two different reheat setting.
Predicted results indicate that with decreasing reheat NO2 emission
is increased. However in the simulation the increase is less strong
than measurements. The predicted and measured NO2 emission
gives the largest difference at the centre of the engine. Overall the
numerical model under-predicts the NO-NC/2 conversion rate and
consequently the NO2 formation. This difference partly may be
attributed to the partial equilibrium assumption that was used to
predict H02 concentration. In order to evaluate the partial
equilibrium assumption the description of formation and destruction
of entire pool of intermediates during combustion process is needed.
Another possible source of error could be the omission of following
chemical reactions from the NO-NO2 conversion mechanism used in
this study:

NOx, NO and NO2 emission measurements for the engine running at
maximum continuous and reheat conditions are shown in Figures 2,
3 and 4 respectively. For all the results shown the emissions values
have been non-dimensionalised by dividing the respective point
measurement by the maximum NOx concentration measured during
the whole experimental trial. The results in Figure 2 show that at
low afterburner settings there is a net reduction in NOx emissions
compared to the non reheated, maximum continuous, condition. This
reduction is probably due to a rebuming effect, as the temperature
and poor reheat combustion efficiency, and consequently high
unburnt hydrocarbon levels, would favour rebuming of the NO
formed in the combustor at these conditions. NOx destroying
reactions within the probe was ruled out as a separate test was
perfmmed in order to investigate probe-induced reactions and no
loss of NOx was observed. As power is further augmented NOx
emissions increase reaching a maximum in the order of 200 ppmv.
The NOx results at 50% and maximum reheat show two distinct
emission peaks in the traverse corresponding to the location of the
bypass sprayers and the method of fuelling the afterburner system.
At these conditions the bypass stream is running close to
stoichiometric combustion conditions and consequently forming NO
via the thermal route, as highlighted in the experimental and NO
measurements in Figure 3 and the CFD NOx predictions shown in
Figures 8 and 9.

-

Figure 4 shows measured NO2 concentrations at the engine exit
plane. When compared to the NO results in Figure 3 it can be seen
that at dry operation the NOx emission is predominantly NO,
however, at low reheat power settings, NO2 makes up a large
proportion, approximately 80%, of the total NOx emission. Probe
effects were again investigated and it was found that at these
inefficient reheat conditions NO to NO2 conversion is accelerated
within the probe tip by the reaction with H02 radicals. The true
proportion of NO2 was approximately 30% of the total NOx at the
centre point of the traverse although further conversion within the
test house dettmer gave rise to a visible brown/yellow plume at the
detuner exit. At 50% reheat and above it can be seen that the
nitrogen dioxide results in Figure 4 shows that NO2 formation occurs
mainly at the edge of the exhaust jet as relatively cold air, from jet
pipe cooling and some entrained ambient air, interact with the hot
combusting jet leading to conditions favouring NO 2 formation. This
trend can also be seen at lower afterburner powers although it is
somewhat swamped by probe effects.

CO+ 02 CO2 + 0
0 + 1120 OH + OH
CO+OH—>CO2+H

(26)
(27)
(28)

Where the input from reactions 26 & 27 are needed to initiate the
process followed by an input from reaction 28 which effect the H
radical concentration in the system to initiate reaction 19 and
simultaneously oxidising CO to CO2. At present validation work is
being carried out by following a weighted sum of the concentrations
of the species in the radical pool.

In order to clarify the experimental observations a CFD model,
based on a single sector of the reheat system, was used and is
outlined in Figure 5. In this paper full CFD predictions are only
shown for maximum reheat Figures 6 and 7 show temperature

Conclusions
The aim of this work was to make a series of experimental
measurements in the exit plane of a reheated gas turbine engine and
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predictions for the sector and full engine respectively, NOx
predictions are shown in Figures 8 and 9. From the temperature
predictions it can be seen that there is little mixing between the core
and bypass streams within the jet pipe. The predicted temperature
field shows a slight increase in the core gas temperature, reaching a
maximum around 1600K, with the flame anchored by the gutters.
Combustion in the bypass stream is initiated and stabilised by the
fuel from colander, which in turn ignites the fuel from the bypass
sprayers. A peak exit plane temperature of 2200K is predicted,
although combustion will continue downstream of the exit plane.
The results also show that the cooling air film is maintained down
the length of the jet pipe.

rhodium theimocouple, located 1 Omm above the gas-sampling
orifice. Gas analysis was made in accordance with ARP
specification. All the instruments were calibrated to take into
account the interference from gases and it is believed that accuracy
of measurements is within 2% of the reading.
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compare them to predictions from a CFD model. The system to be
modelled was complicated, involving high flow-rates, mutli-point
fuel injection and vitiated air, but the results reported in this paper
show good agreement between the two techniques both qualitatively
and quantitatively. The CFD model showed where NOx is produced
and, in the future, where NO to NO2 conversion occurs within the
reheat system allowing the development of smart fuelling systems
that minimise the production of NO and prevent the formation of
visible emissions. The work also highlights problems associated
with probe induced reactions in making measurements of NO and
NO2 in fuel rich regions, such as those found at minimum reheat,
and needs to be addressed to validate the CFD predictions.
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Figure 6. CFD Temperature prediction at various planes in
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Figure 5. CFD model outline of the reheat section.
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