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Abstract

Within this work, the influence of real gaffects on counterflow éfusion flames is characterized. There-
fore, the Combustion Simulation Laboratory COSILAB [1] leeen extended by real gas relations based
on the volume-corrected Peng-Robinson equation of statgalith an appropriate modeling of the trans-
port properties. The results indicate that the impact ofd¢laéfluid treatment on the local flame structure is
limited, although strong property variations take placéhmtranscritical regime. However, ifféérential
diffusion processes are taken into account, a considerab&aein the flame thickness and a shift of the
flame zone towards the oxygen inlet can be detected.

1. Introduction

Modern high performance rocket combustion engines likditeestage engine of the Ariane 5, Vulcain Il, are run at
high pressures up to 10 Pa while the propellants, usually hydrogen and oxygen, arecteid at very low tempera-
tures. For hydrogen, pressure and temperature in the coimbatamber are supercritical, whereas for oxygen, only
the pressure is above its critical value. The injection terapure, however, is often significantly below the crititeath-
perature of oxygeKiTeit. o, = 1546 K). Under such conditions the mean free path between the neteruthe fluid
becomes small enough to allow molecular interactions totmecimportant. This leads to significant deviations from
the ideal gas assumption, which entirely neglects inteemdar attraction and repulsioffects. Due to this reason,
proper real gas relations for thermodynamic and transpopegties as well as for the combustion model need to be
incorporated into a CFD simulation.

A very common method in modeling turbulent combustion isftaeelet approach developed by Peters [2].
A counterflow difusion flame serves as a basis for this combustion model. Bhiguration is therefore analyzed
in here. Particular emphasis is placed on transcriticatlitimms which are typically encountered in rocket thrust
chambers. Due to the one-dimensional character of the edlovw configuration, the resulting flame structures and
extinction rates can be assessed without mufdrteand detailed chemical kinetics can be considered déeddigppm
the flow field.

Several analyses of counterflowfdision flames have been performed focusing on low as well agjbrphessure
conditions. Urziceet al. [3] for example investigated laminar flame structures dfedent methane combinations at
both, atmospheric and high pressures. It was found that&sspre as well as the strain rate have a signifidéatteon
flame structure and flame extinction. Pressufeats on non-premixed strained flames were also analyzed tye®o
al. [4] who confirmed that the flame thickness is inversely prtpoal to the square root of pressure. Balakrishegan
al. [5] examined flame structures, extinction and ignition tarfior H,/Air flames at pressures from23 — 10 atm
for detailed and reduced reaction mechanisms. Especkaiyral difusion was found to be an importarffext for
these propellants. Transcritical injection conditionsdaygerimethane flames were studied by Petsl. [6] using
the Peng-Robinson equation of state. A modified Soave-&e#livong equation of state and consistent real gas
thermodynamics have been applied by Riledral. [7] and Kim et al. [9]. Ribert et al. examinedH,/O, diffusion
flames in physical space for subcritical and supercriticairenments. Significant realfiects due to steep property
variations were found in the transcritical regime. The Hasyinfluence on the flame structure, however, seems to be
limited since the oxygen heats up very rapidly and behakesdi ideal gas when entering the flame zone. Kiral.
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in contrast used the flamelet equations formulated in mixtaction space. Among other things, his study focused on
the impact of diferential difusion dfects at supercritical pressures.

Within the present study, the influence of real gisas on the local structure éf,/O, counterflow difusion
flames is investigated at supercritical pressures and werpfopellant temperatures. For this purpose, threlmastion
simulation latloratory COSILAB [1] is extended by implementing generaleltnermodynamic and transport theories.

2. Theoretical formulation

The physical configuration employed within this study is &xésymmetric counterflow flame shown schematically in
figure 1. Two opposing jets of fuel and oxidizer create a sttign plane with a laminar ffusion flame stabilized at the
location of stoichiometric mixture fraction. To ensure bafgle prediction of the flame behavior over the entire regim
of thermodynamic states, the basic governing equationexdemnded by a real gas equation of state with appropriate
thermodynamic relations and property evaluation schemes.

FIame

/ \m
- /

Stagnatlon
Plane

Figure 1: A schematic view of a counterflowfision flame configuration.

2.1 Governing equations

Along the axis of symmetry, the one-dimensional balancaggus for mass [Eq. 1], radial momentum [Eq. 2], species
mass fraction [Eq. 3] and energy [Eq. 4] which are solved byS@®@B are given in physical coordinatesy as [1] :

gp _ d(pv)

ot dy 206G @

BG o ( 0G aG 2
6t Gy (ﬂa—y) - 6_y -pG™+ P+ooa (2)
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Here, the quantity is defined a& = u/x with the velocity components, vin x andy direction, respectivelyas [s™]
is the prescribed, constant strainrate which can be useetergte all flow conditions from the nearly strain free case
up to flame extinctionp, T, u andA are the mixture density, temperature, dynamic viscositytaermal conductivity
whereasy; denotes the species mass fractions. The evaluation of dogesgpartial specific enthalpyand the mixture
heat capacity, is described in section 2.2 below; is the net mass rate of production of iffespecies.

The species diusion velocityV; is composed of three parts, the ordinarffusion veIocityViD, the thermal
diffusion velocityV,", considered for light specid¢s$ andH,, and a correction velocity [1]:

Di m OX; Di,m 6; 0T Ve (5)

Vi=VP+ VT +Vo=-C1 —
TV TV e E TR Ty T X T oy

Xi denotes the species mole fractiobs,, the mixture averaged flusion codicient and thermal dliusion ratiog; is

calculated according to Chapman and Cowling [8] as giveefierence [18].
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2.2 Thermodynamic properties and equation of state

The thermodynamic properties such as the species paréeifigpenthalpy can be calculated from the chemical poten-

tial y; as follows:
_ o TP(8(u/T)
n e = (M50 ©

Here, y; is defined ag; (T, p, Xj) = Ggi (T) + RnTIn(p/po) + RnT In(Xi¢i), whereGgi is the ideal gas Gibbs free
enthalpy of the'l' species at reference pressure anis$ the fugacity cofficient.

The internal energy as well as the constant pressure spie#iccapacity are calculated as the sum of an ideal
reference value and a departure function accounting foigeesadtects.

ap\? (8
Cp (T, Vi) = Oy (T, Vi) = T (ﬁ)v/(ﬁ)T 7)

The constant volume specific heat capacity is definew &8, Vi) = (0u/dT)y,, and the internal energy is derived from

0

u(T,Vm)zuo(T)+f p—T(z—_IF_)) ]dVm (8)
Vin

Here, the subscript O refers to the ideal reference statenaptessure which is evaluated from the NASA polyno-
mials [10]. The departure functions on the right hand sidfegf 7, 8] have to be determined using an appropriate
equation of state (EOS). As the Peng-Robinson (PR) equiipr9] [11] is known to be not very accurate in predict-
ing the density in transcritical regions, an additionalwoé-correction method established by Harsttdl. [12] has
been applied within the present work.

RT a(m) )
Vm=b) VZ+2Vpb-—b?
Here, Vp, is the molar volume an® = 8.314472J/ (molK) the universal gas constant. The constan{$§) andb
are calculated from empirical relationa.(T) accounts for attractive forces between the molecules irfltie and

is defined aa(T) = a - @(T). The constangy is calculated from the relatioa, = 0.457235R?TZ2/p, and the
temperature dependent function is given by

a(T) = (1+7(1- VT/T) (10)

wherey = 0.37464+ 1.54226v — 0.26992.2 is a function of the acentric factas. The dfects of the reduction of the
free volume by the particular volume of the molecules is takeo account byo = 0.077796&RT./p.. For the critical
points of all substances, the values published by Rifteat. [7] have been applied. They are summarized in table 1.

P

Table 1: Critical points of all species occurring during teenbustion oH, andO, [7].

H, 0, H o) OH HO, H,0 Hy0,
ToIK] 332 1546 4043 3674 4437 4873 6473 5443
pclbar] 13 504 882 76 854 828 2212 935

Real gas phenomena also have to be considered in the mixingg® of pure components. For this purpose, an
extended corresponding states principle has been applibd present study. The multi-component mixture is assumed
to behave like a pure real gas component but wittffo@ents a, b in the EOS modified appropriately through mixing
rules. The mixture properties are also calculated usin@Eiequation of state with parameters calculated from reaal ga
mixing rules. Here, the van der Waals mixing rules [Eq. 1B] Have been applied. The binary interaction parameters
kij are set to zero as there were no values available.

a= > 3 XX vag(l-kj) . b= Xb (11)
i i i

A comprehensive validation of the real gas relations surm@drabove has been perfomed by Poschner [14], [15] in
previous work.
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2.3 Transport properties

Close to the critical point, small changes of state evolangtvariations of the transport properties such that gtiesti

like the thermal conductivity and the dynamic viscosity esience steep gradients. Due to this reason, an accurate
evaluation of the transport properties for both, the pureonents and the mixture is of vital importance for a regabl
prediction of real gas flows. Within this work, the dynamiscadsityn as well as the thermal conductivity are
estimated based on an approach established by Chung [té]cltiates the dynamic viscosity for dilute gaggfrom

(MT)12
Vg/SQ*

whereV, is the critical molar volumeT the temperature and the molecular weight. The correction facteyaccounts
for the polyatomic molecular structure of the fluid whid is the reduced collision integral. For dense fluids, equatio
[Eg. 12] is extended to the correlation [Eq. 13] including Htects of temperature (inddg and pressure (inde)

1o = (4.0785- 107°)

Fc (12)

n=nk+np (13)

with 7, = 36.344- 10 %(MT) 2 /VZ 2 Ary2Grexp(As + Ag/T* + Ao/ T*2) and ny = 1o[1/G + Asy]. This model has
been validated for pressures up to 3436f and temperatures ranging from R0to 973 K. All parameters which
are not explicitly given here are calculated as describedfarence [16].

Similarly to the dynamic viscosity, the thermal condud{ivfor dense fluids is evaluated from

A=A+ Ap (14)

where the temperaturdfects are taken into account Ry = Ao[1/H; + Bgy] and the pressurefiects are given as
Ap = [3.039- 104(Tc/M)Y2/VZ3B7y?H,TH2. T, denotes the critical an@, the reduced temperature. The thermal
conductivity for dilute gasegy is estimated from equation [Eq. 15] with the correlatiBias given by Chung [16]:

o = 7.452%\11 (15)

This method has been validated for pressures up to tkadand temperatures from 80to 973K. For both properties,
the appropriate mixing rules recommended by Cheingl. [16] have been applied.
For the binary dfusion codicients, the approach proposed by Fuller [17] is used as giveaference [13].

D 0.00143r17
ij =
PMIZ(5 )72 + (£,)13P2

Here, Mjj can be calculated frorvii; = 2/[(1/M;) + (1/Mj)] and %, is the sum of the atomic flusion volumes for
each component. The mixture averageffugion codficient of one component into the mixture is estimated using
Bird’s law given in reference [18]. To circumvent mathemalidifficulties in the limit of the mixture becoming a pure
species, equation [Eq. 17] is applied along with adding alsmianbers = 10712 to the acutal species mole fraction.
M denotes the mean molar mass of all species.

(16)

D - PIEEN (XJMi)
im= —

M- 201 i (Xi/Dif)
Pressure feects are taken into account by an approach recommended b dstki [19]. Here(Dp)g is the product

of diffusion codficientD and pressur to its product at low pressureBp)r = (Dp)/(Dp)o. The indexr indicates
reduced quantities. Model uncertainties may arise whemiktire temperature is smaller than unity [7].

(Dp)r
(Dp)g;

Species dtusion caused by a temperature gradient (Sdfiect is taken into account as described in reference [1]
and [18] for the light specied andH,. Again, 6; denotes the thermalfiiusion ratio which is given in Chapman and
Cowling [8]. Heat difusion due to concentration gradients (Dufotfieet), however, is neglected in this study.

Yi
%Di,mgi (19)

17)

= f(Tr, pr) (18)

Dl =p
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2.4 Boundary conditions and numerical method

The general boundary conditions which are applied in CORér a counterflow dtusion flame problem formulated
in a stagnation point flow are listed in table 2 [1]. The stadigmeplane is defined by,-¢ = 0.

Table 2: Boundary conditions used in COSILAB [1].

Boundary G/ag T Y
y = -0 (p+00/p—00)1/2 T—oo Y—oo
Y = +o0 1 T+oo Y+oo

The governing equations presented in section 2.1, sulgi¢hetabove boundary conditions, are discretized on a mesh
of grid points, and the resulting system of nonlinear equmstis then solved by an optimized, mixed transient-steady
Newton’s method to arrive at a steady-state solution. Itiqdar, in applying Newton’s method a damping strategy
is employed which allows the Jacobians to be re—evaluatgdpmmiodically. To resolve the local gradients of the
dependent variables accurately, self-adaptive griddimgplemented into the numerical procedure. For a morelddtai
description of the numerical method, ref. [1] should be citesl.

3. Results and Discussion

Based on the numerical framework established above, ity sinalyzes the influence of modeling real fluid$feati
ential and thermal diusion as well as thefkect of pressure on the detailed structureHpfO, counterflow difusion
flames for trans- and supercritical thermodynamic statesgh& work is performed in the scope of the development of
a real gas laminar flamelet combustion model for the apjdicatithin CFD simulations, special emphasis is placed
on calculations with the conditions used for the RCM-3 testecfrom the Mascotte test rig VO3 operated at ONERA
[20], [21]. With a temperature Ofy, = 287 K and at a combustion chamber pressurg@cef 60 bar, hydrogen is
injected here at a supercritical state. The state of oxylgewever, is transcritical due to an injection temperatdre o
To, = 85K.

The presentation of the results is subdivided into threé¢spaFirst, the validation of the real gas treatment
is reviewed for the thermodynamic and transport properdfgsure oxygen. Secondly, the detailed structure of the
counterflow difusion flame is investigated for typical rocket combustionditions. Especially, dierential ditfusion
effects and their impact on the flame structure are examinedprgssure influence as well as the influence of thermal
diffusion is finally assessed for the real fluid approach in theskdion.

3.1 Validation of thermodynamic and transport properties

An accurate modeling of the thermodynamic and transpopgat@s is crucial for a reliable prediction of real gas flows
It provides the basis for analyzing the detailed structditd® counterflow diusion flame. The real gas formulations
outlined above for the thermodynamic and transport pragehave already been validated against NIST data [22] as
published in previous work performed by Poschner [14], [T4le main results for pure oxygen are reviewed again in
figures 2 and 3 for the supercritical pressured80and 100bar. However, the injection of hydrogen into the rocket
combustion chamber typically occurs at pressures and tetyses which are above their critical values and thus at
a supercritical state. Comparing the ideal and the reallgasiophysical properties of hydrogen at these conditions,
only small diterences were found [14]. The validation of the hydrogen eriigs is therefore not included here.

For the calculation of the oxygen density, the Peng-RoliiS0S with volume correction fits the NIST data very
well. Particularly the application of the volume correctiprevents the over-prediction for subcritical tempergur
T < Teit, 0, = 1546 K which has been encountered for the simple Peng-Robinsatiegyl4]. The ideal gas EOS,
however, is not able to predict the transition from trarigmi to supercritial conditions correctly. At the injemti
temperature of oxygeiip, = 85 K the density is underestimated by a factor of about 4 aBddt the 60bar and
the 100bar case, respectively. Likewise, the Peng-Robinson EOS gisetlie heat capacity at constant pressijre
suficiently well . By defaultc, is evaluated from the NASA polynomials [10] for the ideal gaproach. Since these
polynomials only depend on the temperature, the pressfioeinte cannot be captured here.

The validation of the transport properties is shown in figdirelere, Chung’s formulation for dense fluids is used
for the real gas approach [Eq. 13, 14] while his correlatmmdilute gases is applied for the ideal gas assumption [Eq.
12, 15]. Of course, the pressure influence cannot be repeddoy the ideal gas approach, neither for the dynamic
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viscosity nor for the thermal conductivity. For the real gasdel, the fects of pressure as well as the transition from
sub- to supercritical temperatures is predicted in closeeagent to the NIST [22] data.
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Figure 2: Validation of predicted thermodynamic propertigainst NIST data [22] for supercritical pressures.
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Figure 3: Validation of predicted transport propertiesiaglaNIST data [22] for supercritical pressures.

3.2 Structures of counterflow dffusion flames

In order to analyze the influence of real fluid modeling on t&al structure of hydrog¢oxygen counterflow dif-
fusion flames, the reaction mechanism develope®igonaire [23] is employed. It contains the 8 reacting species
H, H,, O, Oy, OH, H,0, HO, andH,0O, with 19 reversible reactions. The validation against eixpental data has been
performed successfully for temperatures ranging from R38 2700K and pressures from@ — 87 atm[23]. The
influence of applying dferent detailed reaction mechanisms was tested by RiberfErihe results were found to be
almost identical for all applied mechanisms, only @€onaire mechanism is considered here.

Within the present work, the 4 filierent approaches listed in table 3 were used for a detailelysis of the
counterflow dffusion flames. The first of them use the ideal gas equation t&f €&®S) along with an ideal treatment
of thermophysical propertiesdeal 1, 2), whereas for the remaining two, the volume corrected FRolginson EOS
has been applied together with an appropriate modelingeoftbdynamic and transport properti&egl 1 2). In both
cases, one simulation is carried out with unity Lewis numeite the other includes fferential difusion dfects. The
Lewis number is defined as the ratio of thermal to mafssivity [Eq. 20]. The Soret{féect is considered only for the
real fluid approachReal 9 by applying equation [Eq. 19].

4

Le (20)
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Table 3: Simulation settings used to analyze the countedifiwsion flames.

Approach Ideal 1 Ideal 2 Real 1 Real 2

EOS ideal gas ideal gas vol. corr. PR vol. corr. PR

Cp, hi NASA polynom. NASA polynom.  real fluids: real fluids:

[Eq. 6, 7] [Eq. 6, 7]

A,n dilute gases: dilute gases: dense fluids: dense fluids:
[Eqg. 12, 15] [Eqg. 12, 15] [Eq. 13, 14] [Eqg. 13, 14]

Le 1 Le 1 Le

Di,; A/(pCp) Fuller A/(pCp) Fuller + p. corr.

[Eq. 16] [Eq. 16, 18]
D/ - - - [Eqg. 19]

The results are presented in figures 4 and 5 as function okihbdistancey [mn]. On the left hand side, the profiles
resulting from the approachédeal 1andReal lare given for a Lewis number equal to unity. On the right hadd,s
differential difusion efects are considered (approachdesal 2andReal 9. The strain rate is set to 108¢. As stated
above, the pressure as well as the inlet temperature of fuebzridizer are set according to the Mascotte RCM-3 test
conditions withp = 60bar, Ty, = 287K andTo, = 85K. All diagrams are based on the stagnation poipiy(= 0) as

the common reference position.
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Figure 4: Distribution of major (top) and minor species niaastion (below) for the settings listed in table 3.
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Comparing the ideal and the real treatment for the unity sewimber approach first (figure 4, 5 left), only small
differences are found for the species mass fractions and thetetage distribution. As expected from the analysis
of the oxygen thermodynamic properties above (figure 2)othayen density is highly underestimated applying an
ideal gas equation of state. Thefdsion codicients calculated with equation [Eq. 20] abel= 1 are identical for all
species. They are shown for both approaches in figure 5 b&aw.to the diferent modeling of thermodynamic and
transport properties, the profile of the real gadudion codficient (Real J) is shifted slightly towards the oxygen side.
Similarly, this causes the species mass fraction and teahperdistribution also to move towards same side. However,
the overall influence of the real gas treatment assuming asLiwnber of unity seems to be limited.

On the right hand side of figure 4 and 5, the same quantitiescem@ared including dierential difusion dfects.
Here, the shift of species mass fraction and temperatutrdadison towards the oxygen inlet is much more evident than
for the unity Lewis number cases. Larger deviations can ladsdetected for the density gradient and the temperature
profile in the cold oxygen rich region. When the oxygen heatsailrpost identical profiles are found for the density
and the temperature distribution within the flame zone.

The major species Lewis numbers are presented in 5 belove, Higinificant diferences between the ideal and
the real fluid approach can be found particularly close toakygen inlet. As a reason, the disability of the ideal
gas approachideal 2 to capture the steep gradients in the species’ thermogddysioperties during the transition
from trans- to supercritical state can be identified. Albe, tewis number of hydrogen is much smaller than unity,
indicating that the massfliision is significantly enhanced over the therm&iudiivity. It varies only slightly around a
value of 025 while the Lewis numbers @, andH,O change rapidly within the high temperature flame zone.
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Figure 5: Density and temperature distribution (top) ad e®difusion codficient and Lewis number (below).
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Finally, the local flame structure resulting from the unitygahe variable Lewis number method are compared to
each other. Two major fierences can be observed from the results: First, the flawless is increased significantly
including diferential difusion dfects. Defining the flame thickness according to Ribert [7]hasftill width at half
maximum of the temperature profile, values d3®mmand 028 mmare calculated for the approachesal 1and
Real 2 respectively. This corresponds to an increase in flamérikigs of about 40% based on the unity Lewis
number approach. Also the maximum flame temperature is a®8&K higher for theReal 2calculation than for
the Real 1one. Secondly, the profiles of all species mass fractionseapdcially those of the minor species ones are
shifted considerably towards the oxygen inlet iffeiential ditusion is considered. This can be explained by the high
diffusivity of hydrogen which causes mok to diffuse towards the oxygen side and finally results in a shift ef th
flame zone and an increased flame thickness. The increase mitior species maximum mass fraction results from
the overall higher temperature predicted by applyirfedéntial diftusion processes.

3.3 Influence of thermal dffusion and pressure

As the mass diusion caused by a temperature gradient, also referred beeanal difusion or Soret-#ect, was found
to be an importantféect for propellants like hydrogen [5], it is examined in fig below. Therefore, for the major
species mass fractions, the density as well as the tempeaifile are presented over the axial distance. Heal 2
approach is used for this purpose with and without modelwegrhal difusion dfects according to equation [Eq. 19].
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Figure 6: Influence of the thermalfflision process on the major species mass fractions (lefteigsvon the density
and the temperature profile (right).
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Real 2modeling.



PP & FUTURE ST3TRR40

Generally, thermal diusion causes light molecules tdidise towards the hot temperature region whereas heavy
molecules are driven into the opposite direction. RiberaJfeady observed that the influence of thermdiudiion is
slightly enhanced on the oxygen rich side since hydrogecttseapidly with other species. This observation is also
reflected in figure 6 where e.g. a moderate change ddghmass fraction profile towards the cold oxygen inlet can be
detected for the calculation including thermafdsion. The maximum flame temperature is abouK2gigher for this
case whereas almost no influence can be found for the flamen#ss.

The local structure of thel,/O, counterflow dffusion flame has also been analyzed for the supercriticad pres
of 60 bar, 100bar and 120bar. The results are presented in figure 7. Again, the inlet teatpees of the propellants
are set according to the Mascotte RCM-3 test case conditithg 'y, = 287K andTo, = 85K. The strain rate is fixed
atas = 1000s™%. As numerical setting, the real fluid approaRbal 2listed in table 3 is employed. With increasing
pressure at constant strain rate, the flame is getting thammeé the maximum temperature is increased. Based on the
60 bar profile for example, the maximum flame temperature is abo@tKLand 160K higher for the 10(ar and the
120bar case, respectively. These results are found to be corsistehservations from other researchers [3], [7].

4. Conclusion

Within the present work, the influence of real gdfeets on the local structure of counterflowffdsion flames has
been investigated. For this purpose, the combustion stiooléaboratory COSILAB has been extended by real gas
relations based on the volume-corrected Peng-Robinsoatiequof state along with an appropriate modeling of the
thermodynamic and transport properties. Special empigaplaced on calculations with the conditions used for the
RCM-3 test case from the Mascotte test rig VO3 operated at RANE0], [21]. Here, the inlet temperatures are
Th, = 287K andTo, = 85 K while the combustion chamber pressur@is 60 bar. The results have been discussed
for supercritical pressures in terms of applying a real fapgroach and usingfiierential as well as thermalfilision.

The real gas thermodynamic and transport theories havevadidlated successfully against NIST [22] experi-
mental data at moderate and high pressures. In partichtanumerical framework established within this study was
able to capture the steep property variations close to thieatipoint. Regarding the local structure of the countevfl
diffusion flame, the species mass fraction profiles as well assth&tgt and temperature distributions were found to be
shifted towards the oxygen side when applying the real fluidieting. Compared to the unity Lewis number calcu-
lations, this &ect was enhanced whenfldirential ditusion processes were included. The ideal gas equationtef sta
failed in predicting the density of oxygen at the transcaitiinjections conditions correctly. As the oxygen heats up
rapidly when entering the flame zone, the overall influencéherflame structure is limited. The greatest deviations
were found comparing the unity and the variable Lewis nunalpproach. Here, the profiles were shifted considerably
towards the oxygen inlet due to the higltfdsivity of hydrogen included in the calculations. For theeawvestigated,
the flame thickness as well as the maximum flame temperatuie mereased, indicating that modelingtdrential
diffusion processedftacts the flame structure significantly. With increasing gues, a decreasing flame thickness
together with a higher maximum of the flame temperature wasrmvied.

Based on the develped method, flamelet libraries includéad gas &ects can now be generated. For their
application, the results have to be mapped into the mixna&tibn space by solving an appropriate transport equation
for a suitably defined mixture fraction. Finally, the flantelierary may be used along with the laminar flamelet
combustion model.
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