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Abstract: The flow-field of a propane air diffusion flame combustor with interior and exterior conjugate heat

transfers was numerically studied. Results obtained from four combustion models, combined with the re nor

malization group (RNG) A€ turbulence model, discrete ordinat es radiation model and enhanced wall treatment

are presented and discussed. T he results are com pared with a comprehensive database obtained-from a series of

experimental measurements. The flow patterns and the recirculation zone length in the'combustion chamber are

accurately predicted, and the mean axial velocities are in fairly good agreement with the experimental data, par

ticularly at dow nstream sections for all four combustion models. The ' mean temperature profiles aré captured

fairly well by the eddy dissipation ( EDS), probability densityfunction (PDF), and\laminar flamelet combustion

models. However, the EDS finite rate combustion model fdils to/provide an_acceptable temperature field. In gen-

eral, the flamelet model illustrates little superiority over the PDF model, and to 'some extent the PDF model

shows better performance than the EBS model.
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Introduction

To provide a benchmark database for the
development and evaluation of various physical
models, a series of-experiments were performed
at National Research Council Canada. With ad
vanced techniques, measurements were made in a
propane diffusion flame combustor, as shown in
Fig. 1. The combustor geometry was relatively
simple compared with practical combustion de
vices, but fundamentally similar and relevant to
the modeling of complex combustion systems.
The comprehensive database includes mean and
fluctuating velocity components, mean tempera
ture, radiation heat flux, as well as species and
pollutant concentrations. The detailed experr
ments and instrumentation will be published sep

arately.

These experimental data have been used ex-
tensively to assess various turbulence, combus-
tion and emission models' . In many combustor
simulations, the computational domain was limit-
ed to the combustion chamber only, while in the
present study, the entire combustor flow-field,
from the fuel and air inlets to the nozzle exit,
was numerically modeled. In addition, the inter-
nal and external conjugate heat transfers from
the combustion products to the flame holder and
insulation walls were also simulated.

Presented and discussed in this paper are
the numerical results obtained from four com-
bustion models, i. e. , the eddy dissipation( EDS),
EDS finit e rate, probability density function (PDF)
and laminar flamelet combustion models. In all
cases, also used are the renormalization group

(RNG) k€ turbulence model, the discrete ordi
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nates radiation model, and the enhanced wall
treatment. The numerical results are _compared
with the experimental database in detail, and-the
advantages and shortcomings of these combus

tion models are revealed.

1 Numerical simulations

Axisymmetric, steady, /turbulent, reacting
flows were considered, and a commercial soft
ware package, Fluent; was used in the present
study. The computational domain, selected phys
ical models, boundary conditions, and solution
methods are described in the following sub-sec
tions.

1.1 Computational domain

Figure 1is a schematic diagram of the model
combustor, including the fuel and air inlets, com-
bustion chamber, disk flame holder and contract
ed exhaust section. Air entered the combustion
chamber around a bluff body, while fuel was fed
through the center of the disk flame holder.

Since the computational domain is axisymr
metric, 2D quadrilateral meshes were generated
over the flow region, and interior and exterior

conjugate heat transfer regions. Fine grids were

laid behind the flame holder in the combustion
chamber to resolve flow recirculation. Fine grids
were also generated in the shear layers between
the recirculation region and fuel and air jets, as
well as the gap between the flame holder edge
and air inlet chamber wall Coarse grids were
used downstream of the combustion chamber and
in the solid stainless steel and ceramic regions. A
total number of 74 100 elements were used for
most of the simulations. The skewness was less
than Q 2 in the flow-field domain and the aspect
ratio was less than 12 for 99 5% elements. Ef-
forts were made to keep the wall parameter, y"
in the desired range (30 to 60). However, there
were local low-velocity regions where they™ val-
ues were well below 30:"A number of meshes
were tested to ensure the mesh independence of

the numerical solutions.
1.2 Tuarbulence modeling

The-governing Favre averaged conservation
equations for-mass, species, momentum and ener-
gy are not reproduced here. They can be readily
found in many-¢classic literatures, such as Refer-
ence| 3]. For closure of the basic equations, the
RNG k€ turbulence model derived from a re
normalization group theory was used to model
turbulent transfers in the reacting flow'". This
model has shown an excellent agreement between
the numerical and experimental results for an iso-
thermal flow over a backward facing steplsj.

According to this model, the turbulent vis-
cosity for high Reynolds number flows is ex-
pressed as

W= PCuk’/€ (1)
where Cu= 0. 0845, derived from the RNG theo-
ry. It is very close to the empirically determined
value of 0. 09 used in the standard A€ model
The quantities of the turbulent kinetic energy, &,
and dissipation rate, § are found from the follow-
ing pair of quations

Ve (PVk)= Ve (wla VE)+ Gi— PE(2)

V(P = Ve (ot VY + Cie kiak— Che %

(3)

In the above equations, Her is the effective viscos-
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ity, ax and ae are the inverse Prandtl numbers,
and Gr= WS® stands for the turbulence produc
tion with B the turbulence viscosity and S the
modulus of the mean rate of-strain tensor, de
fined as S = JZSy—Sy

The main difference between the RNG and
standard k€ models is that the coefficient of the
destruction term, C2 in Eq. (3),is no longer a
constant, but a function of flow mean strain rate
and turbulence field (& and €). It is defined by

the following expression

* _ 3 —_—
Cio = Caee GLO=IDL gy

where N1=Sk/€ Th= 4 38, B= 0. 012. As a result,
the RNG model is more responsive to the effects
of flow strain rate and thus improves the accura
cy for rapidly strained flows. The model corr
stants, Cie= 1. 42 in Eq. (3) and Ce= 1. 68 in
Eq. (4) .

In addition, the RNG model provides an arr
alytical formula to account for variations.of tur
bulent Prandtl and Schmidt numbers-in-the flow
for the energy and species equations ™

- 1.392

1“]A'm)]

ao+ 2. 392 Ty
()
where Hwo is the laminar viscosity, and-@ = 1/
Prw or 1/ Scwe ( the)inverse of the laminar
Prandtl or Schmidt number). However, it should
be mentioned that the inverse Prandtl numbers,
a= ce= @ in Eqs.(2) and (3) are determined by
simply setting = 1.
1.3 Combustion modeling

Four combustion models used in the present
study are the eddy dissipation ( EDS), EDSfr
nite rate, probability density function ( PDF),
and laminar flamelet models. The EDS model is
based on the work of Magnussen and Hjertag
er!”" which has been widely accepted in diffusion
flame modeling[g]. For this model, a onestep
global chemical reaction is assumed,

CsHs+ 5(02+ 3. 76N2) =
3C0O2+ 4H-0+ 5 x 3.76N: (6)
and the reaction rate is governed by turbulent

mixing, or the large eddy mixing time scale, k/ &

The net reaction rate of species “i” is given by
the smaller of the two following expressions in
l<g/m3 * s,
Ye Y
ot ] 7
3H8 L3H8 2 02

Ri= VMiApkimin[

€ (Yo, + Yn,0) g
k (Mo,Mco, + MiyoMu,0) (8)

Ri = VM.ABP

where Y is the mass fraction, V stands for the
stoichiometric coefficient, M represents the mo-
lecular weight, and the empirical constants, A =
4 0 and B= Q5.

For the EDS finite rate model, an additional
constraint was included to the propane air com-
bustion, a global chemical reaction rate from
Westbrook and Dryer[g] in-kmole/m’ * s,

Ren, = Aexp(=E/RT)€Hs ]! [02]"%
(9)
whére thepre=exponential factor; 4 = 4. 836 x 10’
and (the activation_energy, £ = 1. 256 X 10° J/
kmole. T he net reaction rate at each point in the
flow=Tield is determined by the smallest one a
mong thethree expressions (7),(8) and (9).

Thethird combustion model is based on the
mixture fraction approach with an assumption of
fast chemistry[ ' Tt offers many advantages over
the EDS and EDS finite rate models. It allows
intermediate (radical) species prediction, dissoci-
ation effects, and more rigorous turbulence
chemistry coupling. The mixture fraction can be

written in terms of atomic mass fraction as

Li— Ziox
f - Zi.fuel— Zéox (10)

where Z: stands for the elemental mass fraction

«© »

of element, “i”, Z; « and Z: e denote the elemen-

“

tal mass fraction of “i” at the oxidizer and fuel
inlets respectively. It is a common practice to as-
sume that all species have the same diffusivity in
turbulent flows. As a result, the mixture fraction
becomes a conserved quantity, and the transport
equations for the mean mixture fraction and its

variance may be simplified as

V(0 )= V'[%Vf] (11)

and
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ve ()= v [%vﬁ}
Colhi( V2f ) - cdpff7 (12)

where [/ = f - ]7, and the constants 0, C; and Ca
take the values of O 85,2 86 and 2 O respectively.

With the fast chemistry assumption, the
chemical equilibrium calculation based on the
minim ization of Gibbs free energy can be used to
determine the combustion system. For a defined
combustion system, the instantaneous mole frac
tions of individual species, density and tempera
ture at each point in the flow-field can be exclu
sively determined from the instantaneous mix-
ture fraction in the adiabatic condition. When
heat loss is concerned, as in the present study,
the relationship may be generalized as

b= b(fH) (13)
where ® represents the instantaneous species
mole fraction, density or temperature, and H is
the instantaneous enthalpy.

As pointed by Bilger'”, full chemical equr
librium gives considerable ertors in-temperature
on the rich side of hydrocarbon flames. To aveid
this, a partial equilibrium approach was applied
in the rich flame region. When the instantaneous
equivalence ratio exceeded L 75,\the combustion
reaction was considered extinguished and urr
burned fuel coexisted with-reacted products.

The turbulence-chemistry interaction is ac
counted for by the Bfunction probability density
function (PDF), p (]7, f—z), which is determined
solely by the mean and variance of mixture frac
tion. The time averaged values of species mole

fractions and temperature are computed as
1

@ = Jp F IR H)E (14)

Eighteen species were considered for the PDF mod
el, including CsHs, CO2, H20, O2, N2, CO, HO, H,
0, H2, C3Hs, C2Hs, C2 H4, CH4, CH3, CH2, CH, and
C(s). The selection of these species was based on
the propane air chemical kinetics'" and the require
ments for emission modeling.

The last combustion model is a laminar

flamelet combustion model. This model views

the turbulent flame as an ensemble of laminar
flamelets. For diffusion flames, it approximates
the unsteady distorted turbulent diffusion flame
using a steady laminar counterflow diffusion
flame' . With this approach, a coordinate free
formation of the flamelet structure can be de-
rived. T he species fractions, density and tem pera-
ture in the flamelet can be uniquely determined
by two parameters, namely the mixture fraction,
/ and the scalar dissipation rate, X in the adiabat-
ic case. The later parameter is equivalent to the
strain rate, which quantifies the departure of
flame from chemical equilibrium.

A major advantage of the flamelet model o-
ver other combustion models is that detailed, re-
alistic, chemical kinetics“can be incorporated into
turbulent reacting flows. In the present study,
the chenrical reaction mechanism for propane air
flames used by Stahl and\WarnatZ "' was em-
ployed. It consists-of 228 chemical reactions and
31 species. Four chémical reactions ( 86, 87, 177
and 178) in the mechanism were replaced by the
corresponding ~ones from the GRI-Mech 3 0
mechanism because their pre exponential factors
are too large.

The coupling between norrequilibrium
chemistry and turbulence is accounted for by the
probability density function, p (f, X), as in the
PDF model case. The mean flow parameters are

computed according to the following expression

¢ = ff(f,x)dz(f,x,ﬂ)dfdx (15)
where ® represents the instantaneous species
fraction, density or temperature, and H is the in-
stantaneous enthalpy. The flamelet library is
preprocessed and tabulated, which offers tremen-
dous computational savings.

To account for the radiation heat transfer
between the gas mixture and combustion cham-
ber walls, the discrete ordinates radiation mod-
el was employed. The absorption coefficient of
gaseous mixture was determined from the local
species mass fractions in the mixture. An en-
hanced wall boundary treatment was applied at

the walls. In this approach, an enhanced tw o lay-
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er model is combined with enhanced wall func
tions, and the viscous and fully turbulent regions
are smoothly blended.

Polynomials were used to calculate the spe
cific heat of species as a function of temperature.
These polynomials were determined from the
JANNAF tables. In the case of the EDS and
EDS finite rate models, the polynomials from
Reference [ 15] were used, where the chemical
dissociation was considered. For other thermal
properties such as molecular viscosity, thermal
conductivity, diffusivity and absorption coeffr

cient, the values at 900 K were used.
1.4 Boundary conditions

The fuel mass flow rate was 16 2 g/ s, the air
flow rate was 550 g/s, and the corresponding global
equivalence ratio was Q 46. A turbulence intensity of
10% and hydraulic diameters were used at the fuel
and air inlets to estimate inlet turbulence kinetic err
ergy and dissipation rate. An inlet temperature of
293 K was used for both flows.

The boundary temperatures- were “defined
based on the experimental measurements. A
room temperature of 293 K was assigned.to the
inlet section walls, and the upstream'\edges of the
combustion chamber and\ ceramic insulation
walls. A linear temperature profile frem 293 K to
405 K was specified at'the outer boundary of the
ceramic insulation in-the axial direction. The
temperature of the outer boundary of the exit
nozzle was set to 823 K. The same temperature
was assigned to the downstream edge of the
combustion chamber wall since its heat resist
ance was much smaller than the ceramic insule
tion ( the thermal conductivity is 25 W/m * K for
the stainless steel, while only 0. 10 W/ m * K for
the ceramic insulation). A linear temperature
profile from 823 K to 405 K was assigned to the
downstream edge of the insulation wall. The
pressure at the combustor exit was set to the at

mospheric value.
1.5 Solution method

A segregated solver with a second-order ac

curate scheme was used to resolve the flow-field.

At convergence, the normalized residuals of flow
variables were less than or approximately equal
to 107 for all test cases. Monitored axial veloci-
ties at two points in the shear layer downstream
of the flame holder remained unchanged at least
for the first four digits. A LINUX PC server
with two Pentium 2 8GH CPUs and 4GB

RAM was used to perform all simulations.
2 Results and discussion

2.1 Velocity distributions

The axial velocity contours and flow path
lines obtained from the flamelet model are shown
in the upper half in Fig. 2, while the experimen-
tal data are presented in the lower_half, with the
zero axial velocity limes specified. The contour
plot provides an‘\overall pictute of /comparison
between the numerical and experimental results.
The flow patterns in'the combustion chamber are
well\captured by the numerical simulation. Two
recirculation-zones are formed behind the flame
holder although, in the experimental case, the
central recirculation zone is not completely re-
solved and no flow path-lines are drawn due to
the limited data points. The central recirculation
zone created by the fuel jet is completely con-
fined within the annular recirculation zone crea
ted by the annular air jet. This implies that the
transportation of fuel into the flow-field, via the
annular recirculation zone, is realized by diffu-

sion only.

R/mm

L L L L
0 50 100 150 200 250
X/mm

Fig. 2 Axial velocity contours and flow patlr lines

More remarkably, the reattachment point or
the length of the recirculation region is accurate-
ly predicted by the numerical results. It is about
110 mm long. As expected, another separated

flow zone is observed at the upper left corner in
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the combustion chamber.

The axial velocity contours and flow pathr
lines for the PDF and EDS models are similar to
those for the flamelet model. T his is also true for
the case of the EDS finite rate combustion mod
el, except that the annular recirculation zone is a
little larger than the other three cases. Due to
the limited space, contour plots for the PDF,
EDS and EDS finite-rate models are not illustra
ted here.

Figure 3 presents the axial velocity profiles
along the combustor centerline for the four comr
bustion models and compared with the experr
mental results. From x 80 mm, where the nega
tive axial velocity is close to its peak value (&
bout = 10 m/s),up to x= 360 mm, the predicted
axial velocities agree well with the experimental
data. Discrepancies are observed at x = 55 mm.
The predicted axial velocities are lower than the
measured values, and the velocity deficit region is
wider than the experimental observation:T his is
consistent with the observation in Fig:2, where
the central recirculation région is under predic
ted. In general, the EDS finite rate-model has

less agreement than the other'\three:

60 T
——— PDF model {
50+ EDS model f
EDSHfinite—rate model /
40F *— Expf data /
—=TFlamelet /
_30f '
2 i
£ 20p ==y v
~ ‘. ';/
10k ie
7
10} b/
1 1 1 1

_204 L 1
=100 0 100 200 300 400 500 600

x/mm

Fig. 3 Axial velocities along the centerline

Figures 4 and 5 give the axial velocity pro-
files at crosssections from x = 30 mm to 360
mm. A gain, the trend and magnitude are fairly
well captured, except for the upstream section
x= 60 mm. T he axial velocity magnitudes dowr
stream of the recirculation region (¥ 2120 mm)

are in good agreement with the experimental de

ta. The flamelet and PDF results are close to
each other, and show little improvement over the
other two models. Considerable discrepancies at
sections x= 30 mm and 60 mm are attributed to
the disagreement between the predictions and

measurements near the entral recirculation zone.
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The fairly good agreement between the nur
merical results and experimental data suggests
that the RNG turbulence model, combined with
the enhanced wall treatment, is capable of pre
dicting the flow separation and recirculation be
hind the axisymmetric bluff body. Moreover, the
momentum mixing between the central wake and
annular air can also be adequately predicted for

similar practical combustion systems.
2.2 Temperature distributions

The temperature contours behind the flame
holder obtamed from the flamelet model (top)
are compared with the experimental data (‘bot
tom) in Fig. 6. As an overall picture, the predic
ted temperature distributions are fairly well cor
related to the experimental data, except for the
downstream portion in the annular recirculation
zone. In this region, the predicted temperatures
are higher than the measured values. This is «
gain due to the fact that the size of the central

recirculation zone is underpredicted.

300 KOO 90N 1200 1580 1800 210

0 50 < 100 150 200 250

v/mm

Fig.6 Temperature contours behind the flame holder

Similar temperature distributions are obr
served for the PDF and EDS models. However,
the results from the EDS finiterate model sub
stantially weaker than the other three models
(not shown here). The high temperature region
is shifted about 125 mm upstream and the ther
mal wake region becomes shorter and narrower
in comparison with the experimental results and
the other three cases. It should be mentioned
that the EDS finite rate results were verified by
switching the combustion model from the EDS to
the EDS finiterate and iterating based on the

converged EDS solution with the fuel mass frac-
tion patched in the flow-field, and vice versa.
The detailed comparisons of temperature
distributions are given in Figs. 7~ 9. Figure 7
shows temperature profiles along the centerline
of the combustor. In the range of measurements
(50 mm to 350 mm), the predicted temperatures
from the flamelet, PDF and EDS models agree
fairly well with the experimental data, although
the predictions do show peaks in the middle,
while the measurements tend to be flat. Among
the three models, the flamelet case is slightly su-
perior to the PDF case, and the PDF profile dis-
plays better agreement than the EDS profile. The

maximum temperature reaches 2 098 K for the

flamelet model, 2 120 KAor the PDF model, and
2 147 K for the EDS model, while the experi
mental value 15 1 950 K.
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Fig.7 Temperature along the combustor centerline

Poor agreement is observed for the EDS fi-
niterate case. T he temperature is over predicted
in the upstream region and under predicted in
the downstream region. The maximum tem pera-
ture reaches 2 201 K.

Figures 8 and 9 present the temperature
profiles at cross sections from x= 52 mm to 353
mm. Again, the results from the flamelet, PDF
and EDS models agree fairly well with the exper
imental data, except for the most upstream sec
tion and the region near the combustor wall
Poor agreement of the EDS finite rate model is

also observed, particularly at two upstream sec
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At upstream sections (x = 52~ 142 mm)
where chemical reactions are intense, the flame
let and PDF results illustrate slightly better o
verall performance than the EDS results. The
EDS finite rate model excessively overpredicts

the temperature at sections x= 52 and 82 mm. At

downstream sections (x 2172 mm) , the results
from the flamelet and PDF models are close to
each other, and the maximum difference is about
40 K at section x= 202 mm and R = 13 mm. At
these downstream sections, the EDS results are
higher than the results from the flamelet and
PDF models. The maximum difference reaches ~

160 K at sectionx= 172 mm and R =30 mm. The
difference decreases gradually downstream and
moves towards the combustor centre. In the
EDS finite rate case, the predicted temperature
profile is lower than the measured values from
section x= 172 mm. The deviation increases fur
ther downstream, exceeding 230 K at the centre
of section x= 293 mm.

From Figs. 6~ 9,it-is found that the predic-
ted temperatures: from ~the flamelet, PDF and
EDS models are higher than the measured values
in‘the centre region from\x =140 mm to 250
mm.The maximum difference is about 140 K in
the flamelet model case\and alittle larger for the
PDF and EDS/ cases. The reasons for this are
two-fold.-First, the temperature was measured by
a 025-mm thermocouple. Owing to the radiation
and conduction losses from the thermocouple,
the measurement error could exceed 100 K over
regions where the gas temperature is high and
the flow velocity is low''. The second reason is
that the predicted thermal spreading is some-
what less than the experimental observations.
This leads to the temperature near the combus-
tor wall being underpredicted, as observed in
Figs. 8 ~ 9. The results suggest that different
turbulent Prandtl and Schmidt numbers should
be used in order to more accurately predict the
thermal mixing.

In general, the flamelet model proves to be
the best among the four tested. T his is due to the
flamelet model taking into account the effects of
the detailed, relatively realistic, norrequilibrium
chemistry. As mentioned earlier, the PDF model
offers intermediate species prediction, dissocia-
tion effects, and statistical turbulence chemistry
coupling. Consequently, it offers a better per

formance than the EDS model that assumes the
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combustion process being controlled by turbu
lent mixing only. However, these improvements
are limited since most diffusion flames are mairr
ly controlled by the turbulent mixing[g] . Moreo
ver, for the PDF model, the potential errors in
temperature on the rich side of the flame are
minimized with the chemical partialequilibrium
approach. In the case of the EDS model, the well-
known problem of temperature overshoot is alle
viated using the specific heats where the chemr
cal dissociation is considered. For the EDS finite
rate model case, the turbulent mixing control
mechanism is combined with a global finite
chemical reaction rate that is calibrated by lamr
nar flame speedslgj. T he present study indicates
that this combination is not suitable to predict
diffusion flames where complicated turbulence
chemistry interactions are involved.

The comparisons between the numerical and
experimental temperature fields indicate that the
flamelet, PDF and EDS combustion meodels, in
conjunction with other selected physical-models,
can provide adequate simulations for—diffusion
flame combustors~stabilized by a~bluffbody
flame-holder\T his“provides a ‘reliable base toe

valuate NOx emission models in\the near future.

3 Conclusions

A propane diffusionflame combustor with
the interior and exterior conjugate heat transfers
was numerically studied with four combustion
models, i. e., the laminar flamelet model, the
PDF model, the EDS model and the EDS finite
rate model. Also used were the RNG k€ turbu
lence model, the discrete ordinates radiation
model and the enhanced wall treatment.

In comparison with the comprehensive ex
perimental measurements, it is found that the
flow patterns and the recirculation length are ac
curately determined. The mean velocity profiles
are fairly well captured by all four combustion
models. For the temperature field, the results olbr
tained from the flamelet, PDF and EDS models
show fairly good agreement with the experimerr

tal results. However, the EDS-finite rate model

fails to provide an acceptable temperature field.
The comparisons between the numerical and
experimental results suggest that the flamelet,
PDF and EDS combustion models combined with
other selected physical models are capable of
providing adequate simulations for diffusion

flame combustors with similar configurations.
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