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Influence of Turbulence Modeling on Predictions
of Turbulent Combustion

Inge R. Gran,*Ivar S. Ertesvag,” and Bjern F. Magnussen®
Norwegian University of Science and Technology, N-7034 Trondheim, Norway

Computations of an axisymmetric bluff-body stabilized turbulent diffusion flame are presented. The effects of
turbulence modeling on turbulent combustion predictions are studied. The test case is simulated using k- and
Reynolds-stress-equation turbulence models with and without extensions for low Reynolds numbers. Turbulent
combustion is modeled by two different combustion models with fast chemistry. Effects of chemical kinetics are
studied by including detailed chemistry in one combustion model. The combustion predictions are considerably
affected by the choice of turbulence model. The nonpremixed flame is stabilized by a recirculation zone behind
the bluff body. In isothermal, nonreacting flow, the predictions of the recirculation zone are quite similar for the
four models. With combustion, a Reynolds-stress-equation closure predicts a significantly weaker recirculation
compared with the k-£ results. This allows a larger spreading of the fuel and better mixing in the bluff-body wake.
When finite-rate chemistry is introduced, the k- model predicts blow out, whereas the Reynolds-stress-equation
model does not. This is due to the larger spreading and mixing by the latter model. The low-Reynolds-number
extensions gave a much too strong recirculation, which reduced the spreading of the fuel jet.

Introduction

OR numerical simulations of turbulent reacting flows, one has

to choosea model forthe turbulentfluid flow, a model forthe in-
teraction between turbulenceand combustion, models for chemistry
and thermodynamics,numerical procedures,and so on. A successful
prediction depends on all of these factors.

The objective of this study is to investigate the influence of the
turbulence model on combustion calculations. We want to see how
the combustion prediction is affected when a turbulence model is
replaced by another.

Turbulentjet diffusionflames have been studied at length because
they are simple enough to represent by eddy-viscositymodels, to be
described by the parabolic form of the governing equations, and to
permit advanced laser-basedspectroscopicmeasurements.! A major
drawback of the jet flames is the low turbulence level that can be
achieved before the flame is blown off for laboratory-scale flames.
A test case with a more complex flow is desired.

Test Case

In the drive towards experiments with strong turbulence—
chemistry interactions,a bluff-body stabilized CO/H,/N, burnerhas
been studied experimentally by Correa and Gulati. It was possible
to operate this burner in a regime without unsteadiness in the mean
flow. The advantage of this flow is the high turbulence dissipation
rate that can be achieved.

Correa and Gulati® reported measurements of temperature and
major species mass fractions. Values of the mean mixture fraction
f and the normalized fluctuation intensity of the mixture fraction
f1l f were deduced from the species concentrations. The fluctuation
intensity was defined as the rms of the fluctuation f7 = (W)” 2,

Localized extinction was not observed at any axial locationin the
scatter plots. Unfortunately, there are no reported measurements of
the mean or fluctuating velocity or pressure fields for this flow.

The fuel-jet diameter was d = 3.18 mm, the bluff body extended
radiallytor/d = 6, and the computationaldomain extended axially
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to x/d = 55. The fuel-jet velocity was 80 m/s, and the air inlet
velocity was 6.5 m/s. The burner pressure was 101 kPa, and the inlet
temperatures were 300 K. The syngas fuel consisted of 27.5% CO,
32.3% H,, and 40.2% N, by volume. The inlet Reynolds numbers
based on diameters were 5.8 y¢ 103 for the fuel jet and 4.77 X 104
for the coflowing air.

The mixture fraction was defined as one in the fuel stream and
zero in the coflowing air. The stoichiometric mixture fraction for
this mixture was fy = 0.323, and the stoichiometric equilibrium
temperature was 2181 K.

Figure 1 shows the burner with predicted temperature contours
and streamlines of the flow. The fuel, syngas, is injected as a central
jet in a wind tunnel. An important region of the flow is the base of
the jet where the flame is stabilized by a recirculation bubble.

The paper by Correa and Gulati® also reported predictions based
on an assumed probability density function (PDF) model and the
k-&turbulence model. Simulations of the flame have also been con-
ducted by Correaetal.’* They employed a hybrid model, which com-
bined the k-emodel and a joint scalar-velocity PDF transportmodel.

Turbulence Models

The system of Favre-averaged transport equations is closed by
four different turbulence models: 1) the standard k-& model* for
flows at high Reynolds numbers, 2) the Reynolds-stress-equation
(RSE) model for flows at high Reynolds numbers (Basic Model),’
3) the low-Reynolds-number k-& model by Launder and Sharma,’
and 4) the low-Reynolds-number RSE model by Kebede et al.”

The first two models are in widespread use and can be regarded
as standard models for industrial-flow calculations. The latter two
contain easy-to-implement extensions and also have been used in
many cases, especiallythe k-gversion. More advanced models exist,
but they are still under development and have not been tested for so
many types of flow.
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Fig.1 Temperature contours and streamlines.
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For all models, wall functions are used at the solid surfaces. The
low-Reynolds-numbermodels have also been tested with full inte-
gration onto the bluff body. For the scalar transport, the gradient-
diffusion model is used. The turbulence models are the same as
used for constant-density flows, except that the divergence term
is nonzero in the turbulence-viscosity stress model and in the
turbulence-energy production term.

A known weakness of the k-& turbulence model is the prediction
of recirculation zones. RSE models generally predict recirculation
with better accuracy. The jet flame in the test case is stabilized by a
recirculation zone. It is therefore interesting to study the predicted
flow pattern in the wake behind the bluff body. These models, with
standard values for model constants, are also known to overpre-
dict the spread rate of axisymmetric jets by about 10%. However,
we regard this as a minor issue compared with the prediction of
recirculation zones.

Combustion Models

Since Favre-averaged transport equations are used, closure for
the mean reaction rate in the transport equations for species mass
fractions is needed.

The following models have been employed in this study: 1)
the assumed-PDF method with a fast-chemistry assumption? 2)
the Eddy-Dissipation Concept (EDC) by Magnussen, with a fast-
chemistry assumption, and 3) the EDC with detailed chemistry.

When fast chemistry is assumed, the difficulty associated with
closure of the mean reaction rate can be avoided by relating the
instantaneouscompositionto a conserved scalar such as the mixture
fraction. This has been done in the assumed-PDF method. The PDF
of the mixture fraction is assumed to be a normalized beta function.
The two parameters in the beta function are determined by solving
modeled transport equations for the mean and the variance of the
mixture fraction.

An important assumption in the EDC is that most of the reactions
occur in the smallest scales of the turbulence (the fine structures).
When fast chemistry is assumed, the state in the fine structures is
taken as equilibrium. In the detailed chemistry calculations, the fine
structures are treated as well-stirred reactors. The reactor computa-
tions are carried out using the ordinary differential equation solver
LiMEX by Deuflhard et al.'® The CO/H,/air mechanismis taken from
Maas and Warnatz!'! and consists of 13 species and 67 reactions.

The method for evaluating the temperature depends on which
combustion model is being used. In any case, polynomial fits'?
are employed for finding the temperature-dependert total enthalpy
h;(T) for a chemical species i.

When the EDC model is used, a model equation for the mean
total enthalpy % is solved together with the model equations for
the species mass fractions Y;. When radiation is neglected, the total
enthalpy is assumed to be the same in the reacting turbulent fine
structures and the surrounding fluid. The temperature in each of
these regions is found by solving the equation

ZY,h,(T) =h (1)

for temperatureby using Newton—Raphsoniteration. The mean tem-
perature can then be found from

T=Y*T*+ (1 _YHTo 2)

where Y * is the mass fraction of reacting turbulent fine structure’
and 7'*and T o denote the temperature of the fine structures and the
surroundings, respectively.

In the case of the assumed-PDF method, the temperature is not
needed duringthe flow calculationsand is therefore computed when
a converged solution has been found. By assumption, the instanta-
neous temperature is uniquely determined by the mixture fraction
/. The temperature can then be found from

o 1
7= ] TR 3)

With EDC, the dynamic molecular viscosity is calculated as a
function of the local temperature and the local composition of the

mixture. With the assumed-PDF method, the viscosity is calculated
by

1
fi= ] MRS @

Numerical Solution

The mathematical models described earlier have been imple-
mented in the general-purpose computational fluid dynamics code
SPIDER, developed by Melaaen'? for calculating fluid flow in com-
plex geometries. This programis based on the finite volume concept
and uses a nonorthogonalcurvilinear computational mesh with col-
located variable arrangement. The convective terms are discretized
by the second-order upwind scheme. The pressure field is found
by the SIMPLE algorithm. A close coupling between pressure and
convective velocity is achieved by the Rhie and Chow interpola-
tion method. The RSEs are solved by the method of Obi et al.!4
The set of algebraic equations that results from the implicit time
discretization is solved sequentially with line-by-line tridiagonal-
matrix algorithm. The solution is regarded as converged when the
one-norm of the residuals scaled against a representative flux is
small (typically 10-°) for all variables.

All calculationspresented here are carried out witha 75,75 cell
grid. Grid dependence was assessed by comparing results based on
two different spatial grids. In addition, two different discretization
schemes for the convective terms were compared. The variation
among these different numericalsolutions was negligible compared
with those resulting from the different mathematical models.'®

The results are not significantly affected by the airflow inlet pro-
files and outer wall position. There is, however, some dependence
on the fuel-jet inlet profile for turbulence quantities. This is not a
serious problem since the fuel pipe length is much longer than its
diameter. Hence, it is likely that the fully developed flow is a rea-
sonable assumption for the fuel jet.!> Various near-wall treatments
(wall functions and full integration) at the bluff body for the low-
Reynolds-number models do not affect the result.

Reacting and Nonreacting Flow

First, the test case was calculated with air also in the central jet.
For this isothermal, constant-density flow, the k-& model and the
RSE model predict recirculation bubbles extending approximately
to 5.0 and 5.2 jetdiameters, respectively. Introducing low-Reynolds-
number extensions gives only small changes. In the literature, the
lengths of recirculation zones are often used as a parameter for
comparingdifferentmodels. The modelstestedhere are quite similar
in this instance.

For the isothermal mixing of fuel and air without reaction, the
predicted bubbles are approximately 5.5 and 5.6 jet diameters long.
The predicted streamlines for the mixing calculationsare shown in
Figs. 2a and 2b. Low-Reynolds-number extensions of the models
give only moderate changes to these results. Now the recirculation
bubblesextendto 6.2and 6.3 jet diameters. The predictedturbulence
Reynoldsnumber, Ry = pk?/ (&), is high in most parts of the flow.

All experimental data are for reacting flow. There are no corre-
sponding measurements for non-reacting flows.

For the reacting flow two important differences appear in the
predictions.

1) There is a substantialdifference between k- and RSE models
(see the following text).

2) The turbulence Reynolds number Ry is reduced. This leads to
large changes when low-Reynolds-number extensions are applied
to the models.

Results with Fast-Chemistry Assumption
Combustion Models
In the following, results from the EDC predictionsare presented.
Results from the assumed-PDF method were very close to the EDC
results for all of the different turbulence models and are not shown.

High-Reynolds-Number Turbulence Models
In the predictions, the recirculation bubble extends to 8.5 jet di-
ameters (x/ d) downstream from the inlets. The recirculationbubble
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Fig.2 Predicted streamlines and temperature contours in the vicinity of the bluff body. Streamlines are not equidistant but have the same values in

all panels.

establishesa hot region at the fuel-jet entrance. Close to the wind-
tunnel wall, however, the flow is largely unaffected by the bluff body
and the flame. For example, the computed mass fraction originating
from the fuel jet at the exit of the computationaldomain (x/ d = 55)
is zero less than halfway from the centerlineto the wind-tunnel wall.
Figures 2c and 2d compare the streamlines predicted by the two tur-
bulence models.

The predicted recirculationbubbles have approximately the same
sizeand shape in the k-gand RSE results. Further, the predictededdy
viscosity in the shear layer between the fuel jet and the recirculation
bubble is approximately the same for the two models. However,
the circulating flow rates within the recirculation zone, which can
be determined from the distance between the streamlines, are far
greater in the k- modelresults. This strongly influences the amount
of matter originating from the fuel jet that is able to diffuse into the
recirculation bubble. This can be clearly seen in the temperature

contours shown in Figs. 2g and 2h. These contours also represent
the spreading of combustion products. Because of the much lower
flow velocitiesin the RSE results, a significantly highertemperature
level is predicted in the wake behind the bluff body.

InFig. 3, axial profiles of the (Favre) mean and normalized fluctu-
ation intensity of the mixture fractionare shown. The predictedaxial
development of the mean mixture fraction based on the k-& turbu-
lence modelis very similar to previous calculationsbased on the k-&
model and an assumed-shape PDF.2 As expected, the jet decays too
fast in the k-g model predictions. The mean mixture-fractionprofile
based onthe RSE modelis in better accordance with the Raman data,
but also here a too rapid decay of the jet is predicted. The difference
in spreading rate is due to different influences from the recircula-
tion zone. The normalized mixture-fraction fluctuation intensity is
almost twice the measured value at x/d = 20 in the k-¢ calcula-
tions. This is mainly because the mean value is underpredicted by
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the k-& model, but in addition, the calculated variance (not shown)
is higher in the k-& results than in the RSE results up to an axial
position of x/d = 25. On the other hand, the RSE results predict
too low values for the fluctuation intensity farther downstream.
Figure 4 shows predictedradial profiles of mean mixture fraction
and normalized rms of the fluctuating mixture fractionat axial loca-
tions of x/d = 10, 20, and 40. At x/d = 10, the k- model and the
RSE model results are quite similar for the mean mixture fraction.
Also here, we see that both models predict a too rapid spread of
the jet. The measured mean values are lower than the RSE results
at all radial positions and outside r/d = 0.6 for the k-& results.
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Fig.3 Axial profiles of mixture fraction. Comparison of predicted re-
sults based on the k-¢ model and the RSE model with Raman data of
Correa and Gulati.2

Between r/d = 2 and 5, the k- model is in relatively good agree-
ment with the measured mean mixture fraction, whereas the RSE
model overpredictsthe spread rate. This discrepancyis attributed the
significantly different flow velocities in the recirculation zone pre-
dicted by the two models, which we observed earlier from Figs. 2¢
and 2d. The mixture-fractionprofiles predicted by the k- model are
in quite good agreement with the previous calculations of Correa
and Gulati.> The normalized fluctuation intensity of the mixture
fractionat x/d = 10 is significantly different in the k-gand RSE re-
sults. The reason for this is mainly the lower mean values predicted
by the k-& model outside 7/d = 2. The agreement between the
measured and calculated values is good up to r/d = 3, especially
in the RSE results. Outside this radius, the results are very sensitive
to the mean value. Radial mixture fraction profiles at axial position
x/d = 20 are shown in Figs. 4c and 4d. Here, the predicted mean
values differ significantly between the k-£ and the RSE model. The
k-gmodel predicts a too rapid spread of the jet. Also the RSE model
overpredicts the spread rate but to a much lesser extent. There are
no available measurements of the normalized fluctuation intensity
at this axial position.

Figures 4e and 4f show predicted radial profiles of mean and
normalized rms of mixture fraction at axial location x/d = 40.
At x/d = 40 there are no measured values for the mean mixture
fraction. In the calculation, the k-& model still predicts a higher
spreadrate thanthe RSE model. The normalized fluctuationintensity
is well predicted by the RSE model. The difference between the k-&
and RSE results is mainly due to the difference in predicted mean
value.

Low-Reynolds-Number Turbulence Models

Contrary to the nonreacting case, the low-Reynolds-number ex-
tensions have a large influence on the combustion results. The
streamlines are shown in Figs. 2e and 2f for k-& and RSE models,
respectively. The recirculation bubble now extends to more than
13 jet diameters downstream. In Figs. 3 and 4, it can be seen that
the decay and spreading of the central jet are much slower.

In the hottest part of the flame, the dynamic viscosity is increased
3 to 5 times compared with the cold fluid. The density is reduced by
a factor of 3 to 4. That is, because of the temperature, the kinematic
viscosity is increased, at the most by a factor of 10 to 20. The
turbulence Reynolds number Ry is decreased by the same factor.

The low-Reynolds-number models contain an extra production
term in the g&-equation. This term is proportional to the square of
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Fig. 4 Radial profiles of mixture fraction at axial locations x/d = 10, 20, and 40. Comparison of predicted results based on the k-¢ model and the

RSE model with Raman data of Correa and Gulati.2
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the second derivative of the mean velocity. The increased dissipa-
tion reduces turbulence velocities. Turbulence transport is modeled
proportionalto the time scale k/ € and is reduced by the extra & pro-
duction. Furthermore, the turbulence Reynoldsnumber is decreased
by the reduced k and enhanced &.

The reduced shear allows the recirculation against the jet to be
stronger. The reduced transport also causes less fuel and combus-
tion products to be brought into the airflow. The spreading of the
fuel and combustion products, and thus the spreading of the tem-
perature field, is less than shown for the standard k-& model in
Fig. 2g.

The introductionof the low-Reynolds-numberextensionsshowed
very poor results for the present test case. The models are devel-
oped for nearly isothermal, constant-density flows. The results in-
dicate that such models cannot necessarily be used in combustion
calculations.

Results with Finite-Rate Chemistry

The absence of local extinction in this flow limits the errors asso-
ciated with the fast-chemistryassumption. Nevertheless, the temper-
ature mixture-fraction scattergrams from the measurements’ show
departure from equilibrium at axial positions x/d = 5 and 10. In
addition, the measured temperature profiles at both x/d = 10 and
20 do not fit the measured H,O profiles if fast chemistry is assumed.
The effects of finite-rate chemical kinetics in this flame have been
studied by computing the fine structures in the EDC model with
detailed chemistry.!®

Predictions are performed based on the k-& model and the RSE
model. The k-& model predicts blowout, whereas the RSE model
does not.

This can be understood by lookingat the fast-chemistryresults in
Figs. 2¢, 2d, 2g, and 2h again. The predicted recirculation zone be-
hind the bluff body does not transport enough combustion products
back to the base of the fuel jet to anchor the flame when finite-rate
chemistry is introduced in the k-& calculations. In the RSE calcu-
lations, however, the temperature behind the bluff body is much
higher, and the flame is stabilized. This is a remarkable finding,
which underscores the importance of turbulence modeling in the
study of chemical kinetics in turbulent combustion.

Concluding Remarks

An axisymmetric bluff-body stabilized turbulent diffusion flame
is studied. Measurements of major species mass fractions and tem-
perature have been reported in the literature. Local extinction was
not observed in the measurements.

Predictions of the flame are carried out using two different turbu-
lence models with and without low-Reynolds-numberextensions.

The RSE model predicts a spread rate of the fuel jet in better
accordance with the measurements than the k-& model.

In nonreacting flow, low-Reynolds-numberextensions do not af-
fect the calculations very much. Combustion calculationsare, how-
ever, strongly affected. Low-Reynolds-number extensions to the
turbulence models cause turbulent transport to be underpredicted.
This gives too slow decay and too weak spreading of the jet and the
flame.

Fast-chemistry calculationshave been carried out with two differ-
ent combustion models: Magnussen’s EDC and the assumed-PDF
method. For the different turbulence models, there are only small
differences between the results from the two combustion models.

The effects of chemicalkinetics are studied by including detailed
chemistry into the EDC model. The flame is stabilized when the
RSE model is employed, whereas the k-& model predicts blowout.
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