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Computation of Flame Base Height of a
Turbulent Diffusion Flame Resulting
from a Methane Jet*

A.S. KHEIREDDINE**, S. K. CHATURVEDI**
and T. O. MOHIELDIN***

This work summarizes numerical results for a diffusion flame formed from a
cylindrical tube fuel injector, issuing a gaseous methane jet vertically in a quiescent
atmosphere. The primary objective is to predict the flame base height and other flame
characteristics as a function of the fuel jet velocity. A finite volume scheme is used to
discretize the time-averaged Navier-Stokes equations for the reacting flow resulting
from the turbulent fuel jet motion. The turbulent stresses, and heat and mass fluxes
are computed from a Reynolds stress turbulence model. A chemical kinetics model
involving two-step chemistry is employed for the oxidation of methane. The reaction
rate is determined from a procedure which computes at each point the minimum
(process limiting) rate from an Arrhenius (kinetically controlled) expression and the
eddy dissipation (turbulent mixing controlled) model. The Reynolds stress model
(RSM), in conjunction with the two-step kinetics and the eddy dissipation model,
produces flame base height and other flame characteristics that are in good agreement
with experimental results. Numerical results are also in agreement with the hypothe-
sis of Van Quickenbourn and van Tiggelen concerning the stabilization mechanism of
lifted diffusion flames. The present results show the existence of the condition of
tangency, as postulated by Van Quickenbourn and Van Tiggelen, between the jet axial
velocity and the flame velocity profiles at the flame base. Furthermore, the burnout
rate calculations indicate a high degree of premixing of air and fuel upstream of flame
base for moderate to high fuel jet velocity cases.

Key Words: Turbulent Diffusion Flame, Lift-Off Height, Flame Stabilization
Mechanism, Cylindrical Injector, Burnout Rate, Eddy Dissipation

Model, Finite Rate Chemistry

efforts have directed towards developing theories to
analyze the lift-off phenomenon in diffusion flames.
Prediction of flame base height is important in design

1. Introduction

Diffusion flames have been studied extensively

due to wide ranging applications in industrial and
residential gas furnaces and jet engine combustors.
Characteristics such as flame length and width have
been measured and analyzed by many previous
researchers. In recent years, considerable research

* Received 24th December, 1996
** Department of Mechanical Engineering, Old Do-
minion University, Norfolk, Virginia, 23529, USA.
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of combustors, and in determination of thermal loads
on flame holders and other combustor surfaces. A
review of various models for prediction of flame lift-
off phenomenon in diffusion flames has been given by
Pitts®™. Two distinct approaches have been pursued to
explain the observed flame lift-off phenomenon. The
classical approach, due to Van Quickenbourn and van
Tiggelen®, assumes the existence of a premixed fuel-
air mixture zone near the flame base. The propaga-
tion of flame, with the turbulent flame speed, into the
oncoming flow results in a stably lifted flame at a
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location where the flame speed equals the local veloc-
ity. Other studies subscribing to the premixed flame
base concept include the works of Annushkin and
Sverdlov®, Hall et al®, Giinther et al® and
Kalaghatgi‘®.

The concept of pre-mixed flame base has been
challenged by others who contend that it is unlikely
that, based on characteristic diffusion length and time
scales, sufficient mixing of fuel and air would occur at
molecular level near the flame base. A recent develop-
ment has been the emergence of the flamelet concept
to predict the flame lift-off height in turbulent
diffusion flames. Although several related ideas have
been proposed, the central thesis is that the absence of
flame near the fuel injector point is due to extinction
of laminar flamelets. Prominent studies following this
approach are due to Janicka and Peters™, Peters and
Williams®, Peters®, Bradley et al.*® and Sanders and
Lamers®V. Peters and Williams® have used the scalar
dissipation rate as the stretch parameter while San-
ders and Lamers have used the strain rate of the

“smallest eddies as the parameter describing the flame
stretch. Once the stretch parameter exceeds a critical
value quenching of the flamelets occurs. These
models generally involve additional empirical con-
stants which do not have universal values and are
determined by calibrating theoretical predictions
against the observed results for the flame lift-off
height. For example, Sanders and Lamers®? report
good agreement for flame base height with fuel exit
velocity if the strain rate of the smallest eddies is
used. However, the constant Cs,: in their model does
not have a universally accepted value. Values of Cs1=
0.27 for the flame lift-off case, and a value of Cs1=
0.116 for the isothermal case are suggested. In contrast
Bradley et al.®® use a value of Cs1=0.081 in their
mixedness-reactedness flamelet model. Sanders and
Lamers also report uncertainty in numerical value of
the critical strain rate used for the flamelet quenching
criterion, and in the value of percolation threshold
used in the criterion for locating the flame base.
Despite these uncertainties, their results do point to
the fact that strain rate of small eddies is the proper
flame stretch parameter as compared to the scalar
dissipation. Although many observed features of
diffusion flames are adequately predicted by flamelet
models, some discrepancies still remain. For example,
Sanders and Lamers®? report that the axial location
where temperature begins to increase on the axis is
about four times greater than in the study by Bradley
et al.%9 It should be also noted that one of the basic
premise of the flamelet models, e.g., no substantial
mixing of fuel and air upstream of the flame base, has
been questioned by many authors including Eickhoff
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et al."? and Sobiesiak and Brzustowski®®. Experi-
mental results reported by Pitts®” also indicate sub-
stantial premixing in region upstream of the flame
base. Pitts®® has also shown that the lift-off height as
a function of jet velocity can be predicted by consider-
ation of the isothermal concentration and velocity
profiles in the turbulent axisymmetric jet upstream of
the flame base.

In the present study, the diffusion flame lift-off
problem is addressed by using the eddy dissipation
model for turbulent combustion. This model, first
proposed by Magnussen and Hjertager'?, calculates
the reaction rate in the mixing controlled combustion
by determining the rate of mixing on a molecular
scale in eddies containing fuel and oxidizer. This
model is in some respect similar to the Spalding’s eddy
break-up model®®. However, an important difference
is that unlike the eddy break-up model it does not
require prediction of fluctuation of reacting species.
The eddy dissipation model (EDM) also takes into
account the intermittency of concentration of reacting
species by considering the dissipation of eddies
containing different species that can be rate determin-
ing for different conditions. This feature is important
in the present study since the base of the flame may lie
in the region characterized by the intermittency of
fuel and oxidizer concentration (Pitts®*?). The eddy
dissipation model has been used by others, including
Bai and Fuchs"”. Although this model is heuristic in
nature, and lacks the theoretical foundation of the
flamelet models, it does offer a simple way of treating
combustion in turbulent flows. In regions away from
the injector point, its predictions, as reported by
Magnussen and Hjertager®®, and Mohieldin and
Chaturvedi"®, are in reasonable agreement with
experimental results. The success of this model in
predicting near field phenomenon such as the flame
base height has not been documented in the literature.
Although, some previous researchers, for example Bai
and Fuchs®?, have reported the need to adjust con-
stants in the eddy dissipation model to obtain results
that are consistent with experimental results, the
present study on the contrary establishes the fact that
universal set of constants can be used in the EDM for
variety of fuels and jet velocity conditions provided
the Reynolds stress model is used for turbulence
modeling instead of the %.-€ model. In the present
study, we have used the eddy dissipation model in
conjunction with a Reynolds Stress Model (RSM) to
predict the flame base lift-off distance of a methane-
air turbulent diffusion flame. The effects of fuel jet
velocity on the flame base height and other flame
characteristics are examined for a circular tube fuel
injector operating in a still environment,
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Fig. 1 Schematics of the lifted turbulent diffusion flame

Nomenclature

Cy, Gy, Cs, Cy, Cp: constant in turbulent model
d : fuel jet diameter, m
g: . gravitational accelerations, ms~
ki lift-off height, m
ks . specific enthalpy of species 7
k. turbulent kinetic energy
m;: mass fraction of species 1
R;: reaction rate
» . radial direction, m
T : temperature, %
u : axial velocity, ms~
u: . fluctuating component of velocity vector,
ms™!
x : axial direction, m
di; . Kronecker delta
: turbulent kinetic energy dissipation
: molecular viscosity, kgm™'s™?
: fluid density, kgm™
: kinematic viscosity, m’s~
On, Om, : turbulent Schmidt/prandtl numbers
@ : generalized scalar quantity
Subscripts
eff . effective
¢t : turbulent

2

1

1

T OR o

2. Physical Model

The schematics of the physical system analyzed
in the present study is shown in Fig. 1. A circular tube
of 0.46 cm inside diameter, and 0.1 meter in length is
used as the fuel injector. The tube has a wall thick-
ness of 0.089 cm. Methane is the fuel used in the
present study, and it is injected vertically in a quies-
cent atmosphere. The gas jet entrains the surrounding
air, and the combustion ensues at a short distance
form the bube opening. The flame base height (%),
measured as the axial distance between the tube
opening and the base of the flame (Fig. 1), depends on
several parameters, namely the type of fuel, fuel jet
velocity and the tube diameter. In order to assess the
effects of these parameters numerically, a
computational domain 0.29 meter in diameter and
0.58 meter in length was chosen.

Series B, Vol. 42, No. 1, 1999

Table 1 Conservation terms corresponding to Eq. (1)

Cons. of ¢ Ty Sy
Mass 1 0 0
x-Momentum u 9,
# -2is,
Oz
r-Momentum v
# Pys,
ar
Energy h k Zh;R;
Sp
Mass Fraction m; L R;
Se

3. Governing Equations

The jet Reynolds number in the present study
ranged from 6 000 to 15000, indicating that flow is
essentially turbulent®®. The theoretical treatment of
turbulent flows ranges from direct numerical simula-
tion (DNS) to the solution of averaged Navier-
Stokes equations. The former approach, due to pro-
hibitively large computational requirements, is
restricted to very simple geometries with small
Reynolds number. In most practical geometries
involving reactive flows, one uses either the density
weighted (Favre) averaging or the density unweight-
ed (Reynolds) averaging. In a recent paper, Soong et
al.®” have compared the numerical results obtained
from the Reynolds and Favre averaging procedures
for a turbulent diffusion flame in a coaxial sudden
expansion combustor. Their results, although not
conclusive, indicate that the Reynolds averaging pro-
cedure yields results closer to the observed results for
the chosen geometry as compared to those obtained
from the Favre averaging procedure.

In the present study, the Reynolds averaging
procedure is adopted for obtaining the averaged gov
erning equations for the transport of x-momentum, »-
momentum, energy and species. These equations can
be expressed in a general form as:

a—i (oug) +-1; (novcé):% [r,,,%— ou' ¢
L5 -y |+, (1)

The variable ¢ represents u«, v, # and m;, and expres-
sions for T'y and Sy are given in Table 1. The turbu-
lent stress terms —ou'u, —pu'v’ and —pv'v are
predicted by employing a Reynolds Stress Model
(RSM), described by Launder and Spalding®”. The
governing equation for u:u; can be expressed as

0 9 [yt 9 —} )
Uk (wiuy) P [Uh o (uius) |+ Py

JSME International Journal

NII-Electronic Library Service



~CsS (u;u;- -—%6“-) - a(a-,-—%aﬁp)
2
__3‘5@'6 (2)
where P can be expressed as

Pi=uiui—== g + wun gu’

(3)

The turbulent viscosity u: is given by the following
expression

PR o
,kAEZuzul

The governing equation for dissipation (€) can be
expressed as

k2
MHe= Pcu?

Heff aE >

EXPRETR TP

1 0 [ Her O€)\, € _
T e (7 0e ar>+K(C‘S€ Ceoe) (4)
where

Semua o Q) 4o )2l (B 2]

and,

Herr= pet 1t

In the present version of RSM, the turbulent
fluxes for enthalpy and species are not obtained from
separate transport equations. Instead, gradient
hypothesis is used, along with appropriate turbulent
Prandtl numbers to express turbulent fluxes in terms
of appropriate gradients of properties.

_ — M 0P
ou: h On axz ( 5 )
and
— puim; =~gj% (6)

The turbulent Schmidt and Prandtl numbers (o» and
0») are taken as 0.7. Various constants, used in the
Reynolds stress model identical to those reported by
Launder and Spalding®”. No attempt was made in
this study to modify the universally accepted set of
constants used in the Reynolds stress model.

The set of Egs.(1)-(6) describe mathematically
the turbulent combustion problem considered here.
The combustion model discussed in a subsequent
section determines the source and sink terms, Sy, in
Eq.(1). Equations (1)-(6) are solved numerically
subject to specified boundary conditions.

4. Boundary Conditions

The constant pressure boundary condition was
applied on the open boundaries. On the solid surface,
the no slip condition was applied. On the fuel side, a
known inlet axial velocity profile, obtained from a
separate calculation of the flow field inside the tube,
was used. Turbulent intensity of 99 was used at the
fuel inlet section. Calculations with the inlet turbu-
lence intensity of 159 showed that increasing the

JSME International Journal

81

intensity results in thinning of the flame base due to
reduced base width. However, the effect of turbulence
intensity on the flame base height was negligible.
Consequently, all calculations were performed with
99 inlet turbulence intensity. The inlet fuel tempera-
ture of 305 K was used so that results can be compared
with the experimental results obtained at the same
inlet temperature. The £ and € values at inlet were
obtained from the specified values of turbulence inten-
sity and the characteristic length scale of the tube.
For the RSM, the inlet values of Reynolds stresses
were also calculated from the specified turbulence
intensity or the k-value.

5. Combustion Model

The chemical reactions rates are determined
from a combination of the eddy dissipation model and
a two-step chemical kinetics model. The eddy dissi-
pation model relates the mixing controlled reaction -
rate to the mean concentration of species and a char-
acteristic time (k/e) for the dissipation of smallest
turbulent eddies to molecular levels where chemical
reaction takes place. In this model the rate of reac-
tion is given by the smallest of the three expressions
given below

(RJ‘J«!)mixz‘ng:min[/l E%quez ; Aﬁ%moxygen ;

Vj,ijABﬁ%%} (7)
where v;,. is the molar stoichiometric coefficient for
species j in reaction £, A and B are empirical con-
stants equal to 4 and 0.5 respectively, as recommend-
ed by Magnussen and Hjartager®®. Subscript p
denotes products, and M is the molecular weight of
each species.

In regions where kinetics effects may be impor-
tant, the reaction mechanism is approximated by a
two-step kinetics model. The first step oxidizes
methane to CO while the second step converts it to
CO:. As expected the two-step model produces higher
flame base heights as compared to the single-step
global reaction model. This is primarily due to the
fact that the formation of CO is the rate limiting
reaction which results in a slower temperature rise.

Table 2 Two-step model for methane/air reaction

Constant ch, Reo

k 1 2

A, 5.28x10" 1.60x10"

E, 2.2403x10° 1.03716x10°
a, 0.5 1.0

B 1.0 1.0
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Fig. 2 Prediction of Reynolds stresses at axial location of 0.37 m.
Experiment results from (Wygnanski & Fieldler)

The reaction rates for both steps are given in Egs.( 8)
and (9).

CH4+%02 — CO+2HL0 ; (Rewy)

= — Mon A1 C&, Clie ™7 (8)
CO+50,— COx & (Reo)=— Meo A CE Clie ™7
(9)

The constants A1, &, @&, 51, B2, E1 and E: are given in
Table 2.
The source terms in the energy and mass trans-
~port equations depend on the reaction rate which in
turn depends on whether the reaction is kinetically or
diffusion controlled. In the combustion model used
here, the reaction rates at any point in the flow field
are calculated from the Arrhenius expressions
(Egs.(8)-(9)) and the eddy dissipation model (Eq.(7)).
The lowest of these rates determines the process
limiting rate. The constants in the eddy dissipation
model and the Arrhenius model are taken respectively
from Magnussen and Hjartager®® and Westbrook and
Dryer®. No attempt was made in this study to vary
these universally accepted constants to obtain better
agreement with experimental results.

6. Computational Procedure

In the present study a general purpose CFD code,
known as “FLUENT”, was used to obtain the flame
lift-off characteristics. The “FLUENT” code® uses
a finite volume method to discretize the governing
transport equations into algebraic equations. The
quadratic interpolation (QUICK) scheme has been
used to discretize convective and diffusion terms in

Series B, Vol. 42, No. 1, 1999

@ ®)

Fig. 3 Flame structure for jet exit velocity of 34.7 m/s
predicted by (a)%-¢ model (b)RSM Model

the transport equations®”. The coupled algebraic
equation for flow, temperature and concentration
variables are solved by a semi-implicit method known
as the “SIMPLE” technique®®.

Calculations were performed for both reacting
and non-reacting flows by utilizing the (£-€) model
and the RSM. It should be noted that the RSM could
not be executed directly without first implementing
the k2-€ model due to divergence of the calculation
procedure. Two approaches have been used success-
fully to obtain the reacting flow solution with the
RSM. In the first approach, the cold flow £-€ simula-
tion is used as the initial field to obtain the cold flow
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results with the RSM. Subsequently, with the combus-
tion model included, the reacting flow results are
obtained with the RSM. Alternatively, one can also
directly employ the reacting flow solution from the

Experimental Results
(a) jet velocity of 34.7 m/s

Numerical Results

Experimental Results
(b) jet velocity of 62.5 m/s

Numerical Results

Fig. 4 Flame shape predicted from the present model as
compared to experimental observations by Comer
et al.

x (m)

o
o

0.4 5%

0.3

0.2f

0.1
-0.1 0.0 -0.1
r(m)

(a) (b)
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k-€¢ model as the starting point to compute the
reacting flow solution with the RSM.

For all properties except pressure, the conver-
gence was assumed to be achieved when residuals
were less than 107°. For the pressure variable conver-
gence was assumed when its residual was less than
107", Prior to obtaining final results, three grids with
number of nodes ranging from (70 x41) to (140X 81)
were used. After detailed numerical experimentation
for grid independence, the (151 X 61) grid was used for
detailed results since it yielded grid independent
results for both non-reacting as well reacting cases.

7. Numerical Results for Reacting Flows

Before undertaking detailed combustion calcula-
tions, results predicted from the RSM were validated
for the non-reacting case by comparing them with
results reported in literature for an air jet issuing
from a circular tube®®., The numerically predicted
radial distributions of # % and’ #'v" in Fig. 2 compare
very favorably with results reported by Schetz.

Combustion calculations were first performed
with the %#-€ model. Figure 3 shows the comparison of
flames obtained from the (k-¢) and the Reynolds
stress models in conjunction with the two-step
kinetics and the eddy dissipation model. It is noted
that the k-¢ model produces a flame in which the
flame base height is grossly underestimated compared
to experiments. In contrast, the RSM produces flame
whose base lift-off height is in good agreement
with experimental results of Chen and Goss®?”,
Kalaghatgi®® and Comer et al®® As a result, all

-0.1 0:0
r(m)

(©

Fig. 5 Prediction of temperature field for flames at exit jet velocities of
(a) 19m/s, (b) 47.5m/s and (c) 62.5m/s
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Fig. 6 Effect of extended domain length on the flame lift-off and structure -
predicted by (RSM) model for a fuel jet exit velocity of 34.7 m/s

numerical results presented in this study were
obtained using the Reynolds stress turbulence model
in conjunction with a two-step chemical kinetics
model, and the eddy dissipation model. Results from
the present numerical procedure were compared with
experimental results reported by Comer et al.?® who
measured the flame base height for methane fuel jet by
varying the fuel jet velocity. For numerical results,
the tube diameter, length and wall thickness identical
to those employed by Comer et al. were used.

Figure 4 shows the comparison of numerically
obtained flame shape with the Schlieren photographs
of the flame®® for jet velocities of 34.7m/s and
62.5 m/sec. Both numerical and experimental results for
the 34.7m/s case show a premixed region prior to
establishment of the flame at a distance downstream
of the injection point. The flame shape, base width,
maximum width and base height obtained from com-
putation compared favorably with experimental
results. For the jet velocity of 62.5 m/s, the widening
of flame base, and increase in flame base height are
evident from both numerical and experimental results.

Figure 5 shows results obtained in the present
study for fuel jet velocity ranging from 19m/s to
62.5m/s. Some general observations can be made con-
cerning the numerical flame structure. The first one
relates to the fact that for all jet velocities the flame
is clearly lifted from the injection port. Also, the
flame base height increases as the fuel jet velocity is
increased. One visible effect is that the flame, as
expected, becomes wider and longer in height and the

Series B, Vol. 42, No. 1, 1999

flame base width increases with the increasing fuel jet
velocity. It is noted that in every flame except the one
for 62.5 m/s case there is a conical core region center-
ed around the axis where the unreacted fuel pene-
trates into the interior region of the flame. This
region is characterized by high methane and low
oxygen concentrations, and low temperatures. The
unreacted fuel jet penetration depth relative to the
flame base height decreases with increasing jet veloc-
ity, thus resulting in the flame base flattening shown
for the highest velocity case in Fig. 5. In fact, for this
case the numerical flame exhibits a double dip. The
flame front advances upstream in the axial region,
forming a local flame base, in addition to the flame
base at an off-axis location. This flame base broaden-
ing, also evident in the Schlieren photographs (Fig. 4)
taken from the study be Comer et al.?® is indicative of
premixing in the region upstream of the flame base.
All flames shown in Fig.5 extend in axial direction
beyond the chosen numerical domain. In order to
resolve the question of the truncated computational
domain affecting the flame base height calculations, a
longer axial domain of about one meter length was
chosen in Fig. 6 for the 34.7 m/s jet velocity case. This
calculation produced a full flame in the computational

- domain. The flame base height calculated from the

larger domain differed from the one for the truncated
flame in the smaller domain in Fig.5 by less than
0.5%. This validated the present approach of reducing
the computational effort by wusing smaller
computational domain to calculate the flame base
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height.

Figure 7 shows an expanded view of temperature
contours near the flame base. Also superimposed on
this figure are the numerically obtained contours for
mixture fraction. The 0.097, 0.055 and 0.026 contours
represent for methane the upper flammability (rich)
limit, the stoichiometric case and the lower flam-

JSME International Journal

mability (lean) limit respectively. One observes that
the potentially flammable region, based on the stabil-
ity criterion, expands from a narrow width at the
injection point to a larger width near the flame base.
In this regard, one should also note a remarkable
similarity between this figure and the one given by
Van Quickenbourn and van Tiggelen® who postulated
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anchoring of the lifted diffusion flame in a premixed
region. From Fig. 7, it is clear that the numerical
flame is stabilized in the flammable region, in the
proximity of the stoichiometric methane concentra-
tion contour.

Figure 8 shows the radial variation of axial com-
ponent of velocity and the turbulent flame velocity,
computed from a procedure described by Kalaghatgi®

Series B, Vol. 42, No. 1, 1999

for the 34.7 m/s jet velocity case. Three axial loca-
tions namely £=0.042 m (upstream of the flame base)
2£=0.051 (flame base) and x=0.06 m (downstream)
are considered. For upstream locatons it is apparent
that the flame velocity is lower than the flow velocity
at all radial locations. The profiles at the flame base
exhibit the tangency condition while profiles at down-
stream locations show that the flame velocity is
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NII-Electronic Library Service



0.10
0.08 .
0.08
0.07

0.06

0.05

g F
% 0.04 | i 1
Axial velocity at i | ]
0.03 liftoff height. ] i ;
0.02 f N 8 1
0.01 1 i 1 1
0.00 SN TR R | ‘ ‘ L
0 2 4 6 8 00 05 1.0 15 20

u-velocity (m/s) Temperature (K/10° )
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greater than the flow velocity at several radial loca-
tions. These computed results are remarkably similar
to those described by Van Quickenbourn and van
Tiggelen in their classical paper dealing with flame
stabilization phenomenon. Similar behavior is also
observed for numerical results for other fuel jet veloc-
ities. - At the point of tangency, characterizing the
flame stabilization point, the turbulent flame velocity
equals the flow velocity. This condition has been used
in the present study to determine the location of the
flame base. Since most experimental studies indicate
that the flame stabilizes on the stoichiometric line, this
fact has been used in the numerical calculations to
locate the radial position of the flow base.

Figure 9 shows the comparison of the numerically

predicted values of /—7; /@ for reacting case with the
experimental observations of Eickhoff et al.*® The
agreement between the experiments and numerical
calculations is reasonably good except for the peak

value of x/ﬁ /& which is somewhat overpredicted in
the numerical case. Also, the axial location of the
peak value point is somewhat underestimated in the
numerical calculations. Figure 10 shows the compari-
son of numerically predicted non-dimensional scalar
dissipation from the present study with the experi-
mental data of the lifted methane flame®®. It can be
seen that the present numerical scheme yields results
that are in very good agreement with experimentally
measured scalar dissipation.

Figure 11 shows results from a different method
that uses the fuel burnout rate as the criterion for
predicting the flame stabilization region (Eickhoff et
al.%?), The rate of burnout b(x) at a given axial
location is determined by integration of mass weight-
ed enthalpy fluxes at that section. Eickhoff et al. have
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Fig. 13 Magnified view of velocity vectors and
temperature field at the flame base

argued that the burnout rate is indicative of the
premixing that takes place prior to the flame base.
The numerically calculated burnout rate is shown in
Fig. 11 for three jet velocities. The results show same
trends as the experimentally observed values of &#(x)
reported in Ref.(12). For instance, for the 47.5m/s
case the burnout rate is nearly zero upstream of a given
axial location and it rises steeply to a value of about
0.35 in a very short axial distance. The slope of the
b(x) curve changes abruptly at a point slightly down
stream of the flame stabilization region. This can be
explained by the fact that the substantial premixing of
air and fuel upstream of the flame base results in rapid
combustion that sustains a higher burn out rate in the
vicinity of the flame base. However, the mixing of
ambient air due to entrainment drops abruptly down-
stream of the flame stabilization region, and this
results in a lower reaction rate and a smaller slope for
the burnout rate. For the 62.5m/s jet velocity case,
the slope of the &(x) curve is higher, and it reaches a
higher burnout rate value of about 0.46 before the
abrupt change in slope occurs. Conversely, the 34.7
m/s jet velocity case produces a smaller slope for the
b(x) curve and a value of b(x)=0.22 at the point
where the slope change occurs.

These results reaffirm the validity of models of
many previous researchers®-©®2% who have postulat-
ed premixing to explain the flame stabilization phe-
nomenon. Present results indicate that at moderate to
high fuel jet velocities sufficient premixing of air and
fuel occurs prior to the flame base to justify use of
premixed flame models.

Figure 12 shows the variation of the #~component
of velocity and temperature along an axial traverse at
a radial location of »=0.0165 m, a location coincident
with the flame base stabilization point for the 34.7
m/s jet velocity case. The temperature remains rela-
tively constant in the region upstream of the flame base,
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and then rises steeply as the flame base is approached.
The wu-velocity component first shows a steady
decline along the x-direction, reaches a zero value
and then increases sharply due to the heat release that
causes a sharp drop in density. This feature has been
described by Bradley et al.®? as the thermal expan-
sion zone. This is further illustrated in Fig. 13 which
shows the velocity vector field superimposed on the
temperature field of the flame. The fuel jet entrains
surrounding air which sustains combustion in the
flame. It is also noted that ambient air at off-axis
locations shows a velocity field in which the #-compo-
nent of velocity is quite small. However, in the
premixed region near the flame base, due to thermal
expansion, the wu-component of velocity vector
becomes quite large, and shows a sharp rise along the
x-direction. Figure 14 shows the variation of axial
velocity for the reacting and non-reacting cases. The
non-reacting case shows a sustained decay with the
axial distance while the reacting case shows a bump in
the axial velocity in the combustion zone. Similar

Series B, Vol. 42, No. 1, 1999

behavior has also been reported by Sanders and
Lamers in their numerical procedure. However, as
indicated in their paper, no corresponding experimen-
tal observation has yet been reported in the literature.

Figure 15 shows the variation of the flame base
height to tube diameter ratio with jet velocity to
diameter ratio. Results from the present study are
compared with other existing numerical as well as
experimental results. This figure clearly indicates
that experimental results of various previous studies
do not agree quantitatively with one another. For
example, results reported by Annushkin and Sverdlov
are much lower compared to those reported by

- Kalaghatgi. We note that present numerical results

are in reasonable agreement with experimental
results reported by Comer et al.?® As noted earlier,
and seen from Fig. 15, it is evident that the %&-€ model
grossly underestimates the flame base height.
Although results underestimate experimental results
of Kalaghatgi at low u/d values a better accord with
experimental results is achieved at larger values of
u/d. Current numerical results also reveal a linear
relationship between the flame base height and the
fuel jet velocity. The numerical results of Peters and
Williams®, using laminar flamelet theory, generally
underpredict the experimental results of Kalag-
hatgi. The slope of the flame base height versus jet
velocity curve, reported by Rokke et al.®® using the
Peters and Williams model®, has a value of 1.3X107?
as compared to a value of 1.45X107° obtained in the
present study.

8. Conclusions

The Reynolds stress model was used in conjunc-
tion with a two-step chemical kinetics model and the
eddy dissipation model to predict the flame base
height of a diffusion flame formed by a turbulent fuel
jet issuing in a quiescent atmosphere. The RSM
predicts flame base heights that are in reasonable
agreement with the experimentally observed flame
base height results. The model also successfully
predicts the linear relationship between the flames
base height and the fuel jet velocity. The flame base
widens and flattens as the fuel jet velocity is increased.
At the highest jet velocity, the flame base shows a
double dip pattern in which the flame front at the axis
also advances to an upstream location. It is quite
remarkable that the RSM has yielded reasonable
results with universally accepted constants in turbu-
lence and the chemistry models. In contrast, the
(%-€) model grossly underpredicts the flame base height
when compared with experimental results. Numerical
results using the RSM also reveal that the flame base,
as postulated in a model by Van Quickenbourn and
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van Tiggelen®, is anchored in the pre-mixed flamma-
ble region on the stoichiometric line where #-compo-
nent of flow velocity is in equilibrium with the local
turbulent flame speed. Many other features of
diffusion flames, as observed or predicted by others,
have also been successfully calculated by the present
model. These include the predicted bump in the axial
velocity, the thermal expansion zone near the flame
base and other flame characteristics such as the
maximum width of the flame, and the flame height.
The results also indicate that the position of the flame
base is strongly governed by the turbulent mixing the
fuel jet upstream of the flame base which results in
substantial premixing of air and fuel ahead of the
flame base. This is clearly indicated by the calcula-
tion of burnout rate at moderate to high jet velocity
cases.
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