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ANALYSIS OF TWO FAST-CHEMISTRY COMBUSTION MODELS AND
TURBULENCE MODELING IN VARIABLE DENSITY FLOW

J. NISBET, L. DAVIDSON and E. QLSSON

Dept. of Thermo and Fluid Dynamics, Chalmers University of Technology, 5-412 96 Gothenburg, Sweden

Predictions have been obtained for the flow field and combustion within a non-premixed, axisymmetrical
combustor without swirl. Two fast-chemistry models have been analyzed : an eddy break-up model, the Eddy
Dissipation Concept (EDC), and a flame-sheet model, the Conserved Scalar approach (C8).

Generally, independent of chemistry madel, the strength of both the mean and fluctuating velocities’ flow
fields was underpredicted in the initial mixing region, where a recirculation zone is formed of the fuel and
oxygene co-flowing streams. However, the C8 model, which account for the effects of turbulence on the concen-
tration fluctuations, was found te give predictions in closer agreement with the measured flow fields than the
EDC model. The discrepancies between calculated and measured flow fields are probably mainly attributable to
the steady state assumption. High-speed pictures of the reacting flow field in the experiments show significant
fluctuations in the turbulent structure, and the presence of large scale motions.

The sensitivity to inlet conditions has been examined, and the calculations show that an increase of the inlet
tarbulent intensity yields a stronger and shorter recirculation zone. This effects was much more pronounced
when the C§ model was used.

The turbulence is simulated by three types of k - £ models. The incompressible & — ¢ model {model 1) is
extended to account for variable-density effects {model 2). A new z- equation, proposed in {ref. 1), to include
the effects of compression on dissipation of turbulent kinetic energy, has been implemented {model 3). The new

model gave significant changes of the predicted flow field in the recirculation zone.

1. INFTRODUCTION

Interaction between turbulence and combustion is
very important in the design process of combustion
chambers, Combustion phenomena and important de-
sign parameters such as wall heat transfer to the com-
bustor lines, pollutant formation, outlet temperature
distribution and combustion efficiency are governed by
this interaction.

In order to avoid the problems involved with com-
plex chemistry, a fast-chemistry assumption is made,
which implies that the turbulest time scale is much
longer than the time scale for reaction, Thus, the re-
action takes place in a one-step, irreversible reaction,
as soon as the reactants are mixed, as follow:

Fuel + Ozydant— Products 1)

As a consequence of the fast-chemistry assump-
tion, almost the whole turbulence spectra remains un-

affected of the chemical reaction. Analysis of two dif-
ferent concepts of combustion modeling are presented:
the Eddy Dissipation Concept (EDC) and the Con-
served Scalar (CS) approach.

In the EDC chemistry model, the fuel consump-
tion rate is determined by how fast the reactants can
be transported from large to small turbulence scales,
where the chemical reaction oceurs if the reactants are
sufficiently heated (ref. 2}. The local reaction rate is
therefore proportional to the eddy break-up time and
the mean cencentrations of the imiting species.

In the CS chemistry model, the reaction is as-
surned to take place in a small, continuous fame sheet,
which separates the reactants (ref. 3), The turbulence
wrinkles the instantaneous flame, and fluctuations in
the composition due to turbulence are handled in a
statistical way, by introducing a probability density
function (pdf}. The shape of pdf is determined from
the mean and variance of species present,
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The turbulence is simulated using three types of
k — & models:

e model 1: the standard & — s-model for incom-
pressibel flow.
e model 2: extended to account for variable-

density effects, such as pressure-density interaction,
which give rise to acceleration effects, and dilation as
the velocity divergence is not equal to zero.

» model 3: a new c-equation, derived in (ref. 1),
is investigated.

The new ¢-equation accounts for the effects of the
additional normal strain rates, owing to dilatation, on
the energy dissipation ¢. It is derived from the expres-
sion for conservation of angular momentum of turbu-
lence during normal deformations,

2
E . const., ¥

and it is assumed that that the angular momentum
of the different eddies is distributed very fast by the
interaction between the eddies.

2. MATHEMATICAL MODELING

2.1 Mean flow equations

The mean flow is assumed to be steady and
with low Mach-number, and for simplicity density-
weighted averaged forms of the equations are used.
As density-weighted statistics (i.e. Favre-averaged or
mass-averaged) are used, correlations involving dea-
sity do not appear and the final eguations will thus
have the same form as the constant-density time-
averaged equations (ref. 4). The equations for conti-
nuity and conservation of momentum, chemical species
and energy may be written as
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The horizontal bar denotes time-averaged values
and the tilde bar density-averaged ones, U; is the ve-
locity vector, p, the turbalent dynamic viscosity, o,
the turbulent Prandtl number, ¥, is the mass frac.
tion, D, the diffusion coefficient and %, the reaction

rate of species a, respectively, S; is the source term
appearing in the energy equation. Furihermore, 7 is
the pressure, 7 the mean density of the gas mixture,
and k is the enthalpy defined as
h=e, T+ YrAHp. (7
Firally, the mixing between fuel and oxydant are
described using the mixing rate, £, defined as the mass
fraction of burnt or unburnt fuel. Consequently, £=1
in the fuel stream, and £=0 in the air stream. It is
assumed, as the flow is highly turbulent, that the dif-
fusion coefficients for the different species are equal
to a single value IJ. Thus, the averaged transport
equations for the mixing rate, £, and its variance, f”2

becomes
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where the constant C,=2.
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2.2 Combustion models

2.2.1 Flame-sheet model; In the present work a novel
way, proposed in {ref. 5), of including the effects of
non-adiabatic phenomena is adopted. With the as-
sumption of fast chemistry, the chemical time scales
are small as compared with the turbulent mixing
scales, This implies that the instantaneous mass frac-
tions, temperature and density are functions of the
instantaneous mixing rate and enthalpy. Hence,

Yo = Ya(&,h), T =T(ER), p=pl& h). (10)

It is assumed that there is a strong correlation
between the fluctuations of £ and k, so that the two-
dimensional pdf P{£, h}, can be reduced to the one-
dimensional P(£). The correlation h(€) is taken as a
quadratic function defined of

fL(O) = fgir infety

A{1) = Bpuel intets (11}

1
Fo= EAPOEAE.
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Now the averaged density, mass fractions, and
temperature are obtained through:

1 1 1 = y
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In the present calculations a F-function pdf is em-
ployed:

5o {a—-l(l - E)b-k
MO= e - E)b-1de” (13

where the coefficients a and b are calculated from

a = €L~ §/E% -1}, b= a1 - §JE. (16)

2.2.2 Eddy break-up model: In the EDC chemistry
model, the purpose is to model the transport of reac-
tants to the fine structures, i.e. to the smallest seales
in the flow, where, when the temperature is sufficiently
high, reaction occurs. The following expression for the
rate of combustion is proposed in (ref. 2) reads:

(TrlEDC = ~2>”ﬁ1*1~:%;;17m {(17)

where i is the transfer of mass per unit mass and
unit time between the smallest scales in the flow and
the surroundings, and ¥, is the lesser of Vi and Yo/r
where r is the stoichiometric coefficient. Further, v~ is
the volume fraction of fine structure, and & is the frac-
tion of the fine structure which is sufficiently heated
to react.

The fuel mass fraction Y is ealculated from its
own transport equation (equation(5)). The oxvgene
and product mass fractions, Vo and Yp, can now be
obtained through coupling functions, as the mixture-
and the fuel mass fractions are known (ref. 6). As
the EDC chemistry model does not account for the
effect of turbulence on the concentration fluctations,
i.e. the variance of the mean properties, the varfance
of mixture fraction is not calculated {equation(9)).

The mean density is calenlated from the equation
of state:

P e (18)
RT Y (Yo /M)

]

where R is the gas constant of the mixture, and M,
is the molecular mass of species a.
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2.3 Turbulence modeling

'The basic transport equations for k, the turbu-
lence kinetic energy, and ¢, the dissipation rate of tur-
bulence kinetic energy, are

Piga; = 55;{(“ ) za?}
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The Reynolds stresses are assumed to be linearly

related to the rate of strain as
— 2 at, au; 8,
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Three versions of the two-eguation k — ¢ model
are investigated;

¢ model 1 is the incompressible &k — ¢ - model, in
which no terms within the underbraces appears.

» model 2 is the commonly used & — ¢ model in
variable density flow, and it accounis for acceleration
(term 1) and dilatation effects (term 3). The accel-
eration term appear in variable density flow, as fluid
with low density is preferentially aceelerated relative
to fluids of high density by the mean pressure gradi-
ent. The dilatation term is owing to the heat release,
which causes the fluid to expand and accelerate.

¢ model 3 is the c-equation derived from the ex.
pression of conservation of angular momentum during
compression, which, in addition to term 1 and term 3,
yields a new term (term 2). The constant €y is conse-
quently assigned a value so that the turbulent angular
momentum is conserved.

The turbulent eddy viscesity is obtained en di-
mensional grounds from

2

k
pre m O =, {22)
<
and for the turbulent scalar fluxes a gradieat model is
employed
_p: 0%,

o TI_M—H o
Pl = - i (23)
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The turbulence contants have been assigned the
following values:

Cy =009, Cy =144, Cyo =192, (3= 1.25,
Cy =-0.333, 0, =10, 0. =13, o, = 0.7.

3. COMPUTATIONAL DETAILS

3.1 The solution procedure

In this study a modified TEACH-T (ref. 7) code
is used, where the SIMPLE algorithm is employed
to solve the differential equations outlined in Sec-
tion 2 (ref. 8), The equations are discretisized us-
ing a hybrid central/upwind finite difference formu-
iation, where the upwind scheme is used when the
local Reynolds mesh number is greater than two for
the convection terms, and the central scheme other-
wise. Staggered grids are used for the velocities, and
the continuity equation is rewritten into an equation
for pressure correction, which is used to correct the
pressure and the velocities.

3.2 Experimental setup and boundary condi-
tions

As a test case, a two dimensional model combus-
tor geometry has been chosen, and the predictions
are compared with experimental data {ref. 9). The
lenght, L, of the combustor is 1.7m, and the diame-
ter, 17, is 0.1223m, The fuel (taken as pure methane
in the caleulations) enters the cylindrical combustion
chamber in a central jet stream surrounded by a faster-
moving coaxial air stream (Fig. 1). The inner radius
of the fuel, Ry,.r, and air, R,,,, inlets are 0.0295m and
0.0465m, respectively. The mass flow rates are 7.2g/s
in the fuel stream and 137.0 g/s in the air stream,
which yields an air/fuel velocity ratio of approximately
20:1.

The configuration is axisymmetric and therefore
the cylindrical form of the conservation equations is
employed. A 60x60 non-uniform grid is used, with a
higher node concentration in the axial direction near
the inlet. In the radial direction special attention
has been paid to the mixing region between the fuel
and the air stream, where an annulus mixing layer is
formed. To ensure that afl radial gradients are re-
solved, the grid has been made highly dense in that
particular area. The calculation domain has been ex-
tended upstreams into the air and fuel ducts, as the
measurements indicate that the recirculation zone pro-
duced downstream of the fuel injector duct may pen-
etrate up into it.

At the inlets uniform profiles are prescribed as,
in the experimental setup, porous-metal discs were in-
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Fig. 2 Vector plot of the axial velocities in the initial
mixiag region.

stalled in the foel injector and in the air entry sections
to provide uniform inlet flows.

As no information about the turbulence quantities
were obtainable from the experimental data empirical
expressions have to be given:

kg = AUZ, (24)

i = O,k /(0.031). (25)

The constant A has been assigned two different
values at the air and fuel inlets to examine the ef-
fects of the inlet turbulence intensity on the combus-
tion models, and the turbulence intensity, T {taken as
VE/U in the calculations), has been set to 7 % and 17
% in the calculations. The length scale I in equation
{25) is taken as the radius of the fuel inlet, and as the
annular height of the air inlet. The variance of the
mixture fraction is set to zero at both inlets.

The combustor walls are water-cooled, and
the temperature is taken from the experiments as
T, =500K. Standard wall functions are used to treat
the near-wall regions.

At the axis of symmetry, zero gradients are im-
posed except for the radial velocity which is set to
zero. The outlet condition is that axial gradients for
the dependent variables should vanish.

4. RESULTS AND DBISCUSSION

Steady calculations of a turbulent reacting flow
have been carried out. Two fast-chemistry combus-
tion models have been analyzed, and three different
& — ¢ turburbulence models are investigated. The
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Fig. 3 Axial velocity distribution at symmetri axis.

caleulations have been compared with temperature,
mean and turbulent flow fields measurements in a non-
premixed, axisymmetric combustor without swirl.

Flame stabilization was achieved by a high mo-
mentum flux ratio of the air and fuel streams, which
produces a recirculation zone immediately down-
stream the fuel inlet (Fig. 2). Another zone of neg-
ative velocities appears near the outer wall owing to
the sudden expansion of the combustor.

Generally, independent of the chemistry model
used, the length of the recirculation zone is overpre-
dicted, and the negative velocities and the strength
of the recirculation zone are underpredicted. Fig. 3
shows the axial velocity distribution at the symmetry
line, and it is seen that when using the EDC chem-
istry mode] the maximum negative velocities that ap-
pear in the recirculation zone are underpredicted by
more than a factor of two in the combusting calcula-
tions. The C8 chemistry model is in better agreement
with data: here the maximum value of the negative
velocity is about 75 % of the measured value. The
length of the recirculation zone is overpredicted by &
30 % with the EDC model and by = 50 % by the CS
model. Some of these discrepancies between predic-
tions and measurements could be related to numeri-
cal errors and to the turbulence model, but they are
probably mainly due to the steady state assumption.
High-speed pictures of the reacting flow field in the ex-
periments show significant fluctuations in the turbu-
lent structure, and that large scale motions, originat-
ing from the unsteady mean flow, are present. These
unsteady large scale motions also have a significant
influence on the velocity fluctuations and the mean
temperature fleld. It should also be noticed that the
mean velocity profiles were measured with the atd of
laser Doppler anemometer, and the experimental er-
rors estimated to 5 %, except in the vincinity of the
recirculation zone where errors increase to 30% .

The effects of heat release or the mean velocity
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Fig. 5 Measured and caleulated fluctuating axial velocity
profiles {I=17% and madel 3).

field are shown in Fig. 4. The heat release causes the
flow to expand and accelerate. For comparison the
cold flow calculations are also included. The volume
occupied by the recirculation zone and the strength are
decreased, as compared with isothermal flow. FEven if
the main reason for the errors probably originates from
the steady state assumption, the turbulence model
fails to predict the turbulence in this region, where
the turbulence is strongly affected by streamline eur-
vature effects,

A comparison of the axial rms values from cold
and hot flow calculations with exprimental at five dif-
ferent axial locations, is shown in Fig. 5. The data
indicate high axial rms values in the central recircula-
tiun zone, but although the peak values oceur in the
shear fayers where the maximum velocity gradients
are, the rms values do not scale with the velocity gra-
dient. Therefore, it is seems that the most of the rms
velocities in the central regions in the experiments pri-
marily arise from the large scale motion. Generally,
the calculated levels of fluctuations in the recircula.
tion zone are much lower than measured quantities.
The CS model again performs better, and the fluetu-
ating velocities in the recirculation zone are = 40 %
of the measured quaniities at x/D=0.052 and increase
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Fig. 6 Measured and caleulated temperature profiles
(1=17% and model 3).

to &~ 50 % at x/D=0.187. The EDC mode} poorly
predicts the fluctuating velocities and the correspond-
ing values are & 10 % at x/D=0.052 and =~ 20% at
%/D=0.187. TFurther downstream, where the effects
of the motions in the recirenlation zone diminish, the
agreement is much better. The energy released has
the effect of lowering the levels of fluctuating veloci-
ties, both in the recirculation zone and in the annular
shear layer, where the peak values are reduced by =
25% in the combusting caleulations, Ozne can also ob-
serve that the strength of the recirculation zone clearly
scales with the levels of luctuating velocities.

The radial temperature distribution for the twa
chemistry models is shown, at four different axial lo-
cations, in Fig. 6. The CS model predicts a higher
temperature at the center line in the recirculation zone
(x/D=0.34 and x/D=0.60) than the EDC model, and
the valuses are closer to the measured ones. This is
associated with the stronger wake in the C8S model
calculations, as more energy released in the chemical
reaction is drawn to the centeline by the fluid in the
recirculation zone. Further downsiream (x/D=1.73
and x/D=1.99), the effects of the recirculation zone
have decreased, and both models predict almost the
same temperature profiles. Both models overpredict
the temperature in the mixing layer, and a very steep
temperature gradient prevails in the calculations com-
pared with the data. Again, this is related 1o the large
scale fluctuations, In the experiments, the mixing is
mainly due large scale motion, and the temperature
gradient is thus much smoother, as the reacied zones
are rapidly mixed with non-reacted. This is not the
case in the calculations, owing to the steady state as-
sumpilion.

The sensitivity to inlet turbulence intensities has
been examined, and in Fig, 7 the distributions of axjal
velocities are shown for both chemistry models, They
show that an increase in turbulent intensity at the in-
lets will increase the strength of the wake, and that the
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length of wake decreases. These effects are more pro-
nounced when the CS chemistry model is used, where
velocities are reduced up to 20%, and the length of
the recirculation zone is decreased about 5 %. The
EDC model does not respond as much: the maximum
negative velocity is almost unchanged, but the length
of the recirculation zone is decreased by 10 % .

A comparison between the three turbulence mod-
els is shown in Fig. 8. It can be seen that the effects
of the additional acceleration and dilatation terms in-
claded in model 2 are very small in the present case:
the velocities are slightly increased in the recircula-
tion zone, and the length of the recirculation zone is
very little increased. However, with model 3 the pre-
dictions of the axial mean velocities was significantly
changed in the recirculation zone. This results in an
improvement of the calculated axial velocities in the
recirculation zone as compared with experiments, with
ap to 20 % increased axial backfow velocities. The



length of the recirculation zone is increased by ~ 8% |

5. CONCLUSIONS

Generally in the combusting calculations, in the
present study, the strengths of the mean and fluctnat-
ing velocity How fields are underpredicted in the inj-
tial mixing region. Agreement js much better further
downstream. These discrepancies are attributable to
the steady state assumption, as the mean fow in the
experiments has been found to be unsteady, and as
large scale structures are present in the initial mixing
region.

Significant differences in the predictions were ob-
tained in the initjal region, where large velocity fluctu-
ations prevail, depending on whether the CS model or
the EDC model was used. The overall performance of
the CS model was much better than that of the EDC
model. & could therfore he concluded, when calcylat-
ing highly turbulent reacting fows, that it is necessary
to account for the effect of turbulence on concentra.
tion fluctuations, This is especially important when
the mean density is determined, as it couples the ther-
mochemical aspects of the flow to the fluid-mechanical
ones.

Sensitivity to changes in the inlet turbulence in-
tensity was examined. It was found that an increase in
inlet turbulence intensity yielded & stronger wake, and
that its volume decreased. These effects were much
more pronounced for the CS model. This, again, indi-
cates the need of including the effects of coneentration
fluctuations in the calculations.

Three types of k — ¢ models have been examined.
When the incompressible turbulence model {modet 1)
was extended to include effects of acceleration and di-
latation (model 2) owing to variable density, the pre-
dicted flow field was altered very little, A pew =
eqnation, derived from the expression for conservation
of turbulent angular momentum (model 3), resulted in
an improvement of the calculafed recirenlation zone
as compared with experiments, with increased axial
backflow velocities with up to 20% .
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