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ABSTRACT Although soot has already been studied for several decades,
A numerical simulation of spray atomization, combustion is still far from being completely understood [8]. Nevertheless,
and soot formation in a full scale turbine engine combustor is recent works show progress being made not only in the case
presented and discussed in this work. Turbulence has been cap-small laminar flames [9-13] but even in the field of turbulent
tured by a two equation turbulence model, chemistry by a de- combustion systems [14—-16]. The special challenge concernir
tailed kinetic mechanism and turbulence chemistry interactions turbulent combustion systems is not only due to the fact, tha
have been accounted for by an APDF-approach (assumed prob- turbulent phenomena (such as turbulence-chemistry interactiol
ability density function approach). For the kerosene fuel a sur- need to be resolved, but it is also a matter of greater dimensio
rogate has been used, consisting of n-decane, isooctane andranges that are generally involved and therefore the necessity
toluene. The injection of the liquid fuel spray has been included very large computational grids. In consequence complex 3D tur
by coupling the gas field CFD code with a spray code. Apart from bulent combustion simulations usually come along with a higk
the n-decane and isooctane reaction paths, the chemical kinetic computational cost. In order to reduce the latter, empirical com
reaction mechanism accounts for species as heavy as toluenebustion models are often used such as eddy dissipation or tu
Polycyclic aromatic hydrocarbons heavier than toluene are rep- bulent flamelet models. However, the formation of pollutants
resented by a sectional approach, while soot is calculated via such as soot or nitric oxides is much more complex and cannc
soot volume fraction and particle number density. Main flow fea- solely be linked to a single scalar such as temperature, turbule
tures are investigated and good agreement with the experimental time scales or mixture fraction for a universally valid model [17].
measurements can be reported. In turn, the alternative of finite rate chemistry dealing with soot
mechanisms containing several hundred species and thousar

of reactions [18] appears to be much too expensive, although f

INTRODUCTION nite rate chemistry models generally feature a very big range ¢

. ... universal applicability.
In combustion technology pollutants such as soot or nitric PP Y

oxides have become more and more important during the last In order to gap this bridge a soot model has recently bee
decades not only for health and environmental reasons [1-4] proposed by Blacha et al [13, 16, 19] showing good agreemer
but also from the point of engineering [5-7]. For example, in concerning soot predictions in laminar and turbulent test case:
combustion chambers soot may not only lead to locally elevated Extending the underlying chemical mechanism to a kerosen
heat loads onto the walls through heat radiation, but it is also a surrogate fuel and adding a nitric oxide sub mechanism, thi
marker for incomplete and therefore less efficient combustion. current work aims to predict the formation of pollutants in a real
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scale turbine engine combustor without the need of any tuning

NUMERICAL MODEL

All calculations were steady and have been performed with
the DLR in-house Code THETA. A second DLR in-house Code
SPRAYSIM has been coupled to THETA as it has already suc-
cessfully been done in the past for similar applications in order
to capture both spray and chemistry [20].

Based on a given flow field SPRAYSIM traces an ensem-
ble of spray particles in a Lagrangian framework on unstructured
grids until their evaporation. The action of gas field turbulence
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FIGURE 1. PAH DISTRIBUTION.

For predictions of nitric oxides the NGsub mechanism of
the well known GRI 3.0 [27] has been added with the exceptior
of molecular C reactions.

The base mechanism as well as the two sub mechanisn
have already extensively been validated in the past by differer
authors [16, 19, 26, 28]. The conjunction of all three mechanism
has been validated for ignition delay with respect to Jet A-1 fuel

on the liquid was accounted for by the spectral droplet disper- Unfortunately, no test cases dealing with laminar Jet A-1 fu-
sion model of Blumcke [21]. The spray has been modeled us- €led flames have been found in the literature. Moss et al. [2€
ing the three compound surrogate mentioned below with a mean studied a laminar flame fueled by a kerosene surrogate consi
Sauter diameter of Jm starting in an annular region above the  ing of 77% n-decane and 23% mesitylene which has been sin
actual spray nozzle. At the end of a spray tracing calculation ulated in the past using the mentioned base and kerosene s
SPRAYSIM passes source terms for momentum, turbulence, en-mechanisms. For the fuel, the kerosene surrogate compositic
ergy, mass and species mass fractions to the CFD solver THETA. described above [30] but also an 80% n-decane 20% benze
Then, after a given number of iterations by the CFD solver, the blend [31] have been used. Good agreement with the experime
new flow field is passed back to SPRAYSIM in order to relaunch tal data was found in both cases as far as temperature and sc
a new spray tracing calculation. The whole spray-gas iteration predictions are concerned.

process is continued until convergence is reached.

The CFD code THETA is an incompressible flow solver for
finite volume grids which has been optimized for combustion :
problems. It features a multi grid algorithm, dual grid tech- PAH chemistry
nique, a finite rate chemistry solver and parallelization via do- In the course of this work the PAH model first published
main decomposition. Turbulence is captured using the two equa- by Blacha et al. [13] has slightly been modified. For the sake
tion k-c0-SST model by Menter [22] and a RANS formulation for of completeness it will be given in full detail in the following.
all transport equations. Turbulence-chemistry interactions have All aromatic molecules with a molecular mass between 100 an
been included according to the work of Gerlinger [23] using an 800 g/mol are considered PAHs (Polycyclic Aromatic Hydrocar-
APDF approach (Assumed Probability Density Function). While bons). They are represented by three logarithmically scaled PA
the temperature is presumed to follow a clipped Gaussian func- sections with a scaling factor of two as demonstrated in Fig. 1.
tion, species fluctuations are represented IyRDF according The intra PAH mass distribution function is assumed to be
to Girimaji [24, 25]. constant in particle number density. The impact of the distribu-
tion function on mean molecular masses, stoichiometric coeffi
cients or soot predictions has been discussed elsewhere [13, 3
Species specific data such as H/C ratio or enthalpy values cou
be inter- and extrapolated from 43 reference PAHs taken from th
work of Yu et al. [33]. Transport properties have been obtainec

Gas phase chemistry

The chemical kinetic mechanism of the gas phase consists
of the base mechanism mentioned in [19] considering molecular ™~ o i .
species up to benzene and toluene. Furthermore a sub mechat’S'"d @ similar procedure with data by Richter et al. [34].
nism has been added for a kerosene surrogate fuel consisting of ~ PAH chemistry is divided in four sub mechanisms namely
12% toluene, 23% isooctane and 65% n-decane (molar). The subPAHo gas phase interactiono8, condensation onto PAH, PAH
mechanism has been derived from the work by Slavinskaya [26] collision and PAH oxidation reactions.
where this surrogate has first been proposed. Although it consists PAHy gas phase interactions consider all reactions of the ga
only of three different hydrocarbons, the behavior of Jet A-1 is phase with the first PAH including oxidation. In the current work
very well reproduced. This is not only due to the fact that the 19 reversible reactions have been used and are summarized
deviation in formation enthalpy is less than 2% but also that the Tab. 1. Reversible reactions are used at this point in order t
amount of aromatics, n-alcanes and iso-alcanes have been choseoapture the high reversibility of PAH formation reactions.
appropriately. PAH growth via GH, condensation follows
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TABLE 1. PAHp GAS PHASE INTERACTION, UNITS ARE mol,
cm, s AND K.

ko a Ta
251E+12 0.00 3095.00
1.00E+16 0.00 16600.00
6.46E+12 0.00 0.00
2.00E+11 0.00 0.00

AI +CoHys =PAHy +H
AI +CgHgs =PAHy +H
Al + C3zHz = PAHq

AI + C4Hy =PAHy + CoH

A1 +CH =PAHy +H 1.00E+12 0.00 0.00
Ay +CyHz =PAHg +H 7.90E+11 0.00 3200.00
A1 +A; =PAHy +H 1.10E+23 -2.92 7450.00
A1 +A]  =PAHy 2.000e+26 -3.90 3180.344
C/H; +CH, =PAHy; +H 2.40E+14 0.00 0.00

C/H7 +CsHz =PAHy; +2H 6.00E+11 0.00 0.00

CsH; +CoHy =PAHy +H 3.200e+11 0.00 3522.53
PAH) +H  =A] +CpH, 200E+14 0.00 4882.00
PAH) +O  =A; +HCCO 2.10E+07 2.00 950.00
PAH) +O  =A; +CH3+CO 192E+07 1.83 110.00
PAHy +O  =CH; +HCCO 2.00E+13 0.00 2000.00
PAH) +OH =A; +CH,CO 2.18E-04 4.50 -500.00
PAHg +OH =A; +HCCO 2.44E+03 3.02 5574.00
PAHg +OH =CH; +CH,O 1.40E+12 0.00 0.00
PAHy +OH =GH; +CH,CO 1.00E+13 0.00 5000.00

PAH; + CoH, — ¢ PAH; + ¢ PAH; 11 + c3H>2 Q)

representing a global formulation of the well-known HACA

mechanism [35, 36]. The stoichiometric coefficieats- c3 are

TABLE 2. ARRHENIUS PARAMETERS OF PAH MODEL.

ko a Ta
PAH-C,H, growth 398-10 0.0 5100
PAH-PAH collision 066Nak; 0.5 0
2.0-10° 0.0 3800

PAH-oxidation

OH 21-10/ 0.0 2300

constant,y; j the collision efficiency ang; ; the collision fre-
quency. Fory ; a constant value of 0.3 was chosen [39]. Since
for PAH collisions of this test caskn > 1 holds, 3 j can be
calculated via

1Tk (Mpar + MpaH;
Gij= \/ @ (Tea ) (dean +dPAHj)2 VT, @)

2Mpan, MpAH;
ko

leading to the Arrhenius reaction rate

k=2.2Nayi ks TOS. (5)
ko

The PAH-oxidation mechanism takes @nd OH oxidation

solely a function of the intra PAH mass distribution function and
H atom conservation. For the last PAH section this reaction leads
to soot instead of PAH;. In the present model this mechanism
is regarded irreversible due to the uncertainty of backward reac-

into account through the reactions

tion rates but the reversible character of PAH growth is already
partially captured by the PAfas phase interaction model men-

tioned above.
The PAH collision model reads

PAH; + PAH; — ¢; PAH; +- 2 PAH; 1 +c3Hp,  withj <i. (2)

Again this reaction leads to soot instead of RAHN case = 2.
The Arrhenius reaction rate for this reaction is

k:2.2Nayi’jBi,j (3)

PAH; + O, — ¢ PAH;_1 + ¢ PAH; + c3H2,+2C0O,  (6)
PAH; + OH — ¢1 PAH;_1 + ¢, PAH; + c3H> + CO. @)

Again, the stoichiometric coefficients; — c3 are calculated
based on the intra PAH mass distribution function. Fer 0
it follows thatc; = 0 because PAploxidation leading to molec-
ular species has already been captured by theoRfd$ phase
interaction model.

Arrhenius coefficients of the discussed PAH sub models ar
summarized in Tab. 2.

Soot chemistry
All species heavier than the last PAH section are considere
soot which is represented by soot mass fractipend soot num-

with 2.2 being the average Van der Waals enhancement factor ber densityNs. The thermodynamic data of soot has been deter

according to Harris et al [37] and Miller [38N, the Avogadro

mined according to the work of Blacha et al. [13] using the same
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mass specific enthalpy a8, in order not to alter flame tem- TABLE 3. SUMMARY OF CHEMICAL MECHANISM.

perature. In the turbulent test case, thermophoresis and molec-
ular diffusion are neglected for soot. Heat radiation from soot
is captured with the assumption of an optically thin medium ac-
cording to Di Domenico [39]. Neglecting heat absorption only base mechanism 43 304
heat loss is accounted for minimizing the computational effort.

species reactions

. ) kerosene sub mechanism 16 68
The calculation of the heat sink follows . !
NOy sub mechanism 17 103
soot and PAH model 5 75
J=4-0s- P - Qsgot- Ye 8
4= %05 P soot Tsoot ®) total 81 550
wheredgs is the Stefan Boltzmann constant and
4411
asoot: Km N T5 (9)
pSOOt
: : : - S = const - (dpapy, +ds) - iJri-TO'F’-(c Ns)
Since Eqn. (8) is strongly nonlinear in temperature space, heat PAH T s ms ' Mear, PAHK TYs) -
radiation has been averaged using the temperature PDF in anal-
ogy to reaction rate averaging mentioned in [39] U) (14)
7 e S with
_qr:4'US'ﬁ'T'( ?o)'Ysoot (10)
with 6pYs
ds= ¢ ——, 15
5=\ 77 o (15)
Osoot " Osooty =\ 4
= —P(T)dT 11 Y.
()= [ et (1) m=h=. (16)
S

ap ; ; . .
Where(?) has been calculated and tabulated in preprocessing However the term in Eqn. (14) marked with (1) can be re-
as a function of mean temperat(fend temperature fluctuation ~ solved assuming

/O
Tr = ?T (12) i + 1 ~ /i + 1 . (17)
Ms  MpaH, Ms MpaH,

The soot model considers collisions with PAH molecules,
C,H, growth, oxidation, and coagulation (soot formation has al- and Eqn. (14) can be transformed into a sum of six Arrhe-
ready been accounted for in PAH chemistry) and has been takennius reaction rates. The maximum error of the assumption mac
from the work of Di Domenico [39]. In order to obtain a more in Eqn. (17) is 41% in cases = Mpan,. Since in most cases

general formulation all reactions have been transformed in Ar- Ms >> Mpay,, this error is negligible.
rhenius like formulation. The resulting overall mechanism consists of 81 species, 47

elementary and 75 global reactions as shown in Tab. 3.

N
—T Oher 4 O

S = kOT"exp(—a) Ns " |_| C,"". (13) TEST CASE DESCRIPTION

T B . :

p=0 The considered test case concerns the combustion chamk
of a Rolls-Royce Deutschland lean burn development combus

Solely the soot PAH collision model needs extra considerations tor [40] at cruise conditions. The combustion chamber is ar

since it cannot directly be transformed because the correspondingannular combustor, of which only one sector has been modele

source term reads using periodic boundary conditions to reduce the computatione
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effort. Each sector contains a lean burn multi passage orject

leading main air to the combustion chamber, while cooling air is
supplied at the walls by thin slots or effusion holes. The effusion
holes are not resolved during the simulation but modeled by thin
inflow slots. The fuel is a Jet A-1 kerosene spray which, for the

simulation, is represented by the kerosene surrogate mentioned

above. It enters the combustion chamber either in the main com-
bustion zone or through a pilot nozzle. For ignition usually the
pilot takes 100% of the fuel in order to stabilize the flame. For
cruise conditions though the aim is to achieve a pilot/main ratio
as low as possible, since in the main region the mixing is much
more efficient leading to less pollutants such as soot. Therefore
most fuel is injected through the main injector during the current
test case.

No temperature measurements have been performed but
since the combustion process is very close to completion, a good
guess for the average temperature in the exit plane is the equilib-

TABLE 4. NORMALIZATION VARIABLES.

variable normalized with
temperature] equilibrium temperature
soot volume fractionfv  measuredv

CO mass fractionYco measureco

NOy mass fractionYno, measuredno,

NO mass fractionYno measuretno,

NO, mass fractionYyo, measuredno,

RESULTS
For reasons of confidentiality the results are presented i

rium temperature. Furthermore probe measurements have beemormalized formulation. The choice of normalization base is

performed at the exit of the combustion chamber for the CO and
NOy index [41] which can be calculated via

Elco = w” (18)
Mt yel
Elno, = (Mo 1'533:1mN02) ' 10003/'(9. (29)
fuel

Based on Egn. (19) CO and N@ass fractions can be derived

Elco- r.nfuel
Yeo=——i 20
C0 = H 1000y kg’ (20)
Elno 'mfuel
NO, = — o 21
where
Yno, = Yno * 1.533+ YNOZ- (22)

The soot volume fractions have not been measured directly
but smoke numbers have been determined at the combustion
chamber exit. Empirical transformation tables to soot volume
fraction exist but it should be kept in mind that using this tech-
nique measurement uncertainties are relatively high.

The computational grid consists of three million polyhe-

drons namely tetrahedrons, hexahedrons and pyramids. Calcu-

lations were parallelized on 128 Intel Xeon processors and took
approximately one month for this test case.

summarized in Tab. 4

TABLE 5. SIMULATED NORMALIZED VALUES AT THE EXIT.

fv

0.3

T Yco YNOX
1.015 0.7 2.7

A summary of the simulated values at the exit plane - where
measurements were taken - can be found in Tab. 5. The pre
diction of the averaged soot volume fraction being less than
factor of 4 below the measured values can be considered goo
On the one hand smoke number measurements imply high ut
certainties when they are related to soot volume fraction. On th
other hand a deviation in the prediction of soot volume fraction
in the range of an order is nothing exceptional for complex 3D
combustion chambers. One reason for this deviation range is dt
to the high simplification level of soot related reactions in current
models as in reality soot involves thousands of different specie
and pathways which are still far from being completely under-
stood. Furthermore soot also strongly depends on the flow fiel
and gas phase species such as hydrogen, acetylene or aron
ics. Because of the high complexity of a real scale combustor, n
measurements have been performed neither for the flow field nc
concerning selected species leaving few room for interpretation
in this context. Likewise it is possible that the unsteady fluctu-
ations inside the combustor are not just small scale turbulenc
effects but large scale phenomena affecting the whole flow fielc
In this case unsteady methods such as URANS instead of st
tionary RANS would give much more reliable results. Moreover,
two equation turbulence models are limited in their applicability
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in particular when applied to complex 3D configurations. Here
LES simulations are much more accurate. However, stationary
RANS equations have been solved instead in favor of the com-
putational efficiency. Whereas for the current test case URANS
simulations would increase the effort by approximately a factor
5, the applicability of LES simulations is still beyond all ques-
tion. Furthermore turbulence chemistry interactions are modeled
by a simple but very cost efficient APDF approach. Certainly,
both species PDF and temperature PDF can be modeled muct
more accurately using transported PDF methods, but again the
additional computational cost of such methods would be pro-
hibitive.

CO levels are by a factor of.8 lower whereas NQlevels
are by a factor of Z higher than the measurements. The de-
viations from the experimental values may be explained by un- FIGURE 2. CONTOUR SLICES AND ISOSURFACE AT .2 OF
certainties in the flow field due to turbulence modeling but also NORMALIZED TEMPERATURE.
turbulence chemistry interactions may play an important role as

mentioned above. In addition, it has already been found in the v
past that the GRI 3.0 NOsub mechanism may overpredict NO 1.0E+05
levels by a factor two in the case of partially premixed flames and 1.0E+04
that there is a general need for further refinement and validation 1.0E+03
of detailed NQ mechanisms [28]. Keeping in mind the high un- 1.0E+02
certainty of probe measurements at the exit plane and the genera 1.0E+01
uncertainty of NO predictions, the simulated CO and,N@lues 1.0E+00
are in good agreement with the experimental data. 1.0E-01

The averaged normalized temperature is slightly larger than
the equilibrium temperature revealing that boundary conditions
are not completely consistent with the experiment. In particu-
lar wall temperatures have never been measured during the ex-
periment and might have been overestimated leading in turn to
extra heat flux into the combustor. However the deviation of no
more than 2% is considered to be very small although exit tem-
peratures slightly below the equilibrium temperature should be
expected.

Figure 2 shows the temperature distribution in the combus-
tion chamber. A complex flame structure can be observed with
peak temperaturesatimes higher than at equilibrium. Respect-
ing that the equilibrium temperature has been calculated based
on the overall lean combustion including oxidation air, this does
not surprise, because in the flame zone fuel to air ratios close to
stoichiometry appear. The high efficiency of the wall cooling in
the first half of the combustor is also visible. In these regions a
cold air layer protects the combustor walls from hot gases of the
flame. Fig. 8 illustrates that in the exit plane of the combustor
there is a non-uniform temperature distribution as it was found
before by [40]. Although this finding indicates insufficient mix-
ing, it needs to be kept in mind that optimal mixing in a full scale
3D combustion chamber is not a trivial task but in deed one of the
main research objectives in the field of combustor development.

Figures 3 and 4 show the regions where soot can be found. FIGURE 4. ISOSURFACE OF NORMALIZED SOOT VOLUME

As expected high soot concentrations are found in rich regions FRACTION AT 1 AND CONTOUR SLICES OF TEMPERATURE.
where the spray condenses to gas phase. Along the center plane

FIGURE 3. CONTOUR SLICES AND ISOSURFACE AT 1000 OF
NORMALIZED SOOT VOLUME FRACTION. THE PURPLE SUR-
FACE INDICATES AN ISOSURFACE ON N-DECANE (RICH REA-
GIONS).
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FIGURE 5. CONTOUR SLICES AND ISOSURFACE AT 30 OF

NORMALIZED CO MASS FRACTION.

FIGURE 6. CONTOUR SLICES OF NORMALIZED NO MASS
FRACTION.

FIGURE 7. CONTOUR SLICES AND ISOSURFACE AT .@ OF
NORMALIZED NO; MASS FRACTION.

FIGURE 8. CONTOUR OF NORMALIZED TEMPERATURE IN
EXIT PLANE.

v

FIGURE 9. CONTOUR OF NORMALIZED SOOT VOLUME
FRACTION IN EXIT PLANE.

FIGURE 10. CONTOUR OF NORMALIZED CO MASS FRAC-
TION IN EXIT PLANE.

NOX
3.75

3.15
2.55

|
1.95
1.35
. 0.75
0.15

FIGURE 11. CONTOUR OF NORMALIZED NQ MASS FRAC-
TION IN EXIT PLANE.
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it seems that no soot reaches the exit of the combustion chrambe Towards the end of the combustor CO and soot emission
but that it is completely oxidized. However Fig. 4 demonstrates being linked to cold gas regions and NO being linked to hot ga:
that there are pathways where soot oxidation is nearly frozen. regions are all a function of mixing efficiency. Consequently, in
Since these pathways are in cold regions close to the wall and order to further reduce emission levels high emphasis on the in
soot oxidation rates are strongly temperature dependent it is very provement of mixing efficiency should be taken. In particular,
probable that the wall cooling air layer is responsible for the con- the influence of cooling air forming cold channels, where com-
straint of soot oxidation. bustion is nearly frozen, should be taken into account.

Carbon monoxide values are displayed in Fig. 5. The ex- The agreement between simulation and experimental mee
treme ratio of peak and exit CO levels illustrates the efficient surements is very promising. However, the computational effor
degradation of this pollutant. As expected also CO is mainly for a single test case is still beyond the limit of practical applica-
formed in rich regions. Moreover Figs. 9 and 10 reveal that there tions and needs further optimization in the future.
is a strong correlation between CO and soot. One reason for this
correlation is certainly that being formed in similar regions both
CO and soot follow similar spacial pathways except for the influ- ACKNOWLEDGMENT
ence of diffusion. Therefore also CO oxidation rates are probably Thanks go to R. Eggels and Rolls Royce Deutschland fo
constrained by the wall cooling air layer. On the other hand the offering the experimental data of the test case.
soot oxidation mechanism which can generally be described via

NOMENCLATURE
c stoichiometric coefficients
soot+ Oz — soott-2CO, (23) C concentrationmole/m?
soot+ OH — soot4- CO (24) d diametrem
Elco COindex
) ] o Elno, NOy index
is also a source of CO. However in both cases it is the wall ¢, soot volume fraction
cooling air layer leading to elevated CO levels in the exit plane. | Arrhenius reaction rate
A comparison with Fig. 8 reinforce this finding, because CO Ko constant of Arrhenius reaction rate
levels peak where temperature levels are low. m masskg
The distributions of NO and N£in Figs. 6 and 7 respec- mass flowkg/s
tively demonstrate that the main contributor to nitric oxides is N, soot number density
NO which shows very high concentrations in the flame zone de- Nsp number of species
grading slowly to the end of the combustor. Ni@ turn is only o reaction order of educt
found in smaller quantities preferably at lower temperatures. To p probability density function
the end of the combustor it can therefore mainly be found near ¢ heat flux\W /m?
the walls. Figures 8 and 11 reveal furthermore that there is a S source term of reaction
strong correlation between temperature and,N®els. This is T temperatureK
mainly due to the fact that the dominating nitric oxide NO re- T, temperature fluctuation
quires high temperatures for its formation and that it degrades in activation temperaturé
colder regions. Y mass fraction
Ys soot mass fraction
a exponent of Arrhenius reaction rate
CONCLUSIONS Osoot soot radiation coefficienk*n? /kg
Pollutants and temperature distributions have successfully 3 collision frequency
been modeled for a full scale turbine engine combustor. Soot, y collision efficiency
CO and NQ predictions are in good agreement with experimen- p density kg/m?
tal data and show important insight in the formation and decom- oy temperature variancé?

position of these pollutants. In particular soot and CO seem to

be strongly effected by wall cooling air layers which constrain

oxidation whereas on hotter pathways they are completely oxi-
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