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Abstract

In the present paper, turbulent jet diffusion flames are investigated numerically using a finite volume method for
the solution of the Navier—Stokes and reaction equations governing the problem. The method is based on a finite
volume discretization and the SIMPLE approach for velocity and pressure coupling. For validation of the modeling
of turbulence and numerical method, results are shown for an inert turbulent jet flow. Different versions of the
standard k—¢ turbulence model including the Rodi correction are compared with experimental results by
Panchapakesan and Lumley. The focus is on the investigation of an axisymmetric turbulent hydrogen/air diffusion
flame using a time-dependent numerical model with a detailed chemical mechanism. The chemical reactions are
described by nine species and 16 or 17 pairs of elementary steps. The transport and thermodynamic physical
properties for each species and gas mixture are obtained from the CHEMKIN-II package. An algebraic correlation
closure (ACC) model is used for the coupling of turbulence and chemistry. The temperature and major species (H,,
0,, H,O, N,) distributions are in good agreement with the experimental measurements. The numerical results
obtained from the detailed chemistry calculations depend on how the turbulent diffusion coefficients are selected for
the species and energy equations. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction understanding of the complex interactions between the
turbulent flow and chemical reactions.

The turbulent round jet of constant-density is a
simple flow that can be used to verify models for
other more complex situations such as combusting

jets. Large amount of existing work about the iso-

Non-premixed (or diffusion) flames have been widely
applied in industrial process systems, such as large-
scale glass-melting furnaces. Both numerical and exper-
imental investigations of turbulent diffusion flames

have been the subject of extensive research during
recent years, because they are very important for the
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thermal circular jets [1-4] can supply valuable ex-
perimental and theoretical data to evaluate the
present numerical model. Wygnanski and Fiedler [4],
Panchapakesan and Lumley [1] (hereafter referred to
as P & L) performed a comprehensive experimental
study of the mean velocity, the turbulence stresses
and even the third- or fourth-moments of the fluc-
tuations. The k—& model is still one of the most
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Nomenclature

Ag pre-exponential factor in the forward

rate constant of the jth reaction

J

B, temperature exponent in the forward
rate constant of the jth reaction

b half-width of velocity

cp mean specific heat at constant pressure

Cpi specific heat at constant pressure of the

ith species
Cy, G5, C, turbulence constants

C; molar concentration of the ith species

d, D nozzle exit diameter

D effective molecular diffusion coefficient
E, activation energy in the rate constant of

the jth reaction

g gravitational acceleration speed

G production term in the turbulent kinetic
energy equation

h mean specific enthalpy of a mixture

h; specific enthalpy of the ith species

h heat formation of the ith species at
reference temperature

ke, forward rate constant of the jth reaction

ke, backward rate constant of the jth reac-
tion

Kc, equilibrium constant for the jth chemical
reaction

M; molecular weight of the ith species

N number of elementary chemical reac-
tions

Ny number of gaseous species

R universal gas constant

Ry, backward rate of progress of the jth
reaction

Ry, forward rate of progress of the jth reac-
tion

S source terms in the general transport
equation

t time

T temperature

u, v mean velocity components

Uin, Uy inflow and centreline mean velocity

X, r cylindrical axial and radial coordinates
Y; mass fraction of the ith species

Greek symbols

r general diffusion coefficient in the gen-
eral transport equation

0 Kronecker delta

k, & turbulent kinetic energy and dissipation
rate of turbulent kinetic energy

A mixture-averaged molecular thermal
conductivity

u mixture-averaged molecular viscosity

Uiy Pogr turbulent and effective eddy viscosity

v stoichiometric coefficient of the ith reac-
tant species in the jth reaction

vy stoichiometric coefficient of the ith
product species in the jth reaction

p density

¢ general variable

W; net rate of creation of the i species by
chemical reaction

of production rate of the i species by
chemical reaction

; destruction rate of the i species by
chemical reaction

05,0y turbulent Prandtl number and turbulent
Schmidt number

Ok, O turbulence constants

Superscripts
) Reynolds average

~ Favre average

" fluctuation
Subscripts

i ith species

j jth chemical reaction

popular turbulence models used for the prediction
of turbulent flows. The major shortcoming of the
standard k—¢ model is that it overpredicts the jet
spreading rate. Rodi [3] suggested a correction to
the standard k—e model for the free jet shear flows.
Reynolds stress turbulence model [5] is a more
advanced turbulence model, but it is more compli-
cated to fulfill as compared to the k—& model and
more empirical constants are involved in it which
may cause some uncertainty.

The global one-step chemical mechanism still

plays an important role in understanding the chemi-
cal and physical process of combustion in two- and
three-dimensional reacting flows, but it is unable to
predict the intermediate species and the pollutant
formation. For that reason, the demand of using
detailed chemical kinetics is becoming more and
more necessary because it can address the major
and minor species simultaneously.

Detailed chemistry mechanisms have been success-
fully applied in modeling jet flames, but most of them
are concerned with laminar flows [6-8]. Katta and his
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coworkers have simulated and analyzed the vertically
laminar Hj/air and CHy/air jet diffusion flames in
great detail using finite-rate chemistry [6,7]. The lami-
nar jet diffusion flames of H,/N,—air and H,/H,/N,—
air have also been investigated by Takagi et al. [8].
The boundary layer type conservation equations were
solved. The main problem in turbulent combustion is
modeling the source terms of the mean chemical reac-
tion rates. The coupling of turbulence and chemistry
can be described by the k—¢ turbulence model together
with the presumed probability density function (PDF)
[9]. The more advanced method is the PDF evolution
method [10] where the transport equation can be
solved by the Monte-Carlo method. Another kind of
turbulence-chemistry coupling is the flamelet model
[11] which represents the turbulent flame as an ensem-
ble of laminar steady-state stretched one-dimensional
flames. A flamelet library is needed which can result
from the popular flames such as the counterflow diffu-
sion flame. A detailed chemistry can be used to gener-
ate the relationship of the chemical species
concentrations and the mixture fraction as well as the
stretch rate. However, whether choosing the scalar dis-
sipation rate or the strain rate as the stretch rate is still
questionable for different cases. Kim investigated the
turbulent diffusion flames by using detailed chemistry
and multiple-time-scale turbulence model [12], but the
method has not been widely accepted. The algebraic
correlation closure (ACC) [13] model is not very accu-
rate, but it is simple and make the calculation of tur-
bulent combustion with detailed chemistry feasible.
Large-eddy-simulation [14-16] or direct numerical
simulation [17] can provide a more detailed infor-
mation about the turbulent reacting flows, but their
application in complex flows concerning detailed chem-
istry is still limited due to limited computer resources.

Some experimental measurements [5,18-20] have
been obtained of the turbulent diffusion flames which
supply a sound foundation for numerical simulations.
A detailed understanding of the interaction of the com-
plex, turbulent, finite-rate chemistry with multi-dimen-
sional fluid dynamics is made possible by the
development of numerical combustion models.
Detailed comparisons with available experimental data
are necessary to verify the mathematical models.

In the present study, the free round jet flow has
been first simulated as a test case. Comparisons are
carried out between the results of the present simu-
lation and the experiments by P & L. In the next step,
numerical simulations have been made of an axisym-
metric turbulent jet diffusion hydrogen/air flame under
the atmospheric pressure, by using a detailed chemistry
model. We fulfill the numerical approach by using the
thermodynamic and chemistry data from CHEMKIN-
II. Detailed comparisons of temperature and major
species have been conducted between the available ex-

perimental data [20] and the predicted results by the
different combustion models coupled with the k—¢ tur-
bulence model and the ACC coupling model.

2. Turbulence model

In the present study, the motion of a Newtonian
fluid is considered, governed by the Favre-averaged
conservation equations for mass, momentum, enthalpy
as follows [12]:
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In addition, the conservation equations for the turbu-
lent kinetic energy and its dissipation rate are modeled
by the k—¢ model as follows
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where u,, pt, po are the turbulent viscosity, molecular
viscosity and effective eddy viscosity, respectively; G is
the production rate of the turbulent kinetic energy,
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In order to avoid overestimation of the jet spreading
rate, the modified k—¢ turbulence model employed in
the present work involves the use of the Rodi correc-
tion [3] for the free jet modeling given by
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C, = 0.09 — 0.04¢

C, =1.92 -0.0667¢

where ¢ is the mean flow retardation parameter defined

as
)0.2

- (L]
T\ U, | ax
Here, U; is the velocity at the jet centerline and b is
the half-width of velocity for the jet.

3. Combustion model

The general set of N, elementary reversible chemical
reactions involving N chemical species 4; can be rep-
resented as follows:

ZVI]A, — ZV”A,, ji=1,2,...,N, (6)

where vl/ and vl] is the ith species stoichiometric con-
stants for the jth forward and backward reaction, re-
spectively.

The conservation equation for the chemical species i
is as follows

at
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where Y; is the mass fraction of the ith chemical
species (here including nine species: H,, O,, H, O, OH,
H,O, HO,, H,0,, N, for H,/air flames); D;, is the
mixture diffusion coefficient of species; ¢ is the turbu-
lent Schmidt number; w; is the net rate of creation of
species i by chemical reaction and is given by,

0i=0, — o, (8)
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where @; and w; are the production and destruction
rates of species i as follows,
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where M; is the molecular weight of the ith species; for

the laminar flows, the forward and the backward reac-
tion rates are determined as follows

Rf = (ZO(,, )kf HCIU,

(10)
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where oy is the third body efficiency for the ith species
in the jth reaction; C; = pY;/M; is the molar concen-
tration of the ith species. The forward and backward
reaction rate constants by the modified Arrhenius law
are given by

ki
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where K, is the equilibrium constant.
We choose an ACC model [13] for the coupling of
turbulence and combustion. In this model, on the jth

forward chemical reaction of a two species Y, Y, the
turbulent reacting rate can be described as follows:
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The C,, Cy1, Cy2, and Cr are the empirical constants
and need to be optimized.

Detailed chemistry mechanism has been considered
for the present turbulent hydrogen/air diffusion
flame. The chemical reactions are described by nine
chemical species and 16 pairs of reversible elemen-
tary steps. The chemical species considered are: H,,
0,, H, O, OH, H,0, HO,, H,0,, (and N, as an inert
substance). It is referred to as mechanism 1. The pre-
exponential fraction Ay, the activation energy E, and
the temperature exponent of the pre-exponential factor

T"Y | 12 — =Cio3
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By, are listed in Table 1 [21] for convenience. All
species act equally as third bodies and the enhanced
effective third body efficiency is equal to unity when a
third body is required in the reaction. In addition to
the above mechanism 1, another mechanism (referred
as mechanism 2) including 17 reversible reactions is
also used for the present simulation. Detailed data can
be obtained from Ref. [6].

The density of species mixture can be calculated
by the state equation of ideal gases. The enthalpy
for chemically reacting flows 1is given as the
weighted sum of each species mass fraction

LN Ne o T
=Y Yili=) Y (hg +J Cpi dT) (13)
i=1 i=1 Thet

where h?'_ is the heat formation of the ith species at
the reference temperature of T (=298.16 K); the
last term of the integral part is the sensible heat.

The energy equation of enthalpy is written as
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where ¢ is the turbulent Prandtl number.
The temperature of the gas mixture must be im-
plicitly calculated by solving Eq. (13) using the New-

Table 1
Chemical kinetics for H,/O, combustion®

ton—Raphson method because the specific heat ¢, of
the species is strongly dependent on temperature.

The general form of the transient transport equation
for the 2D turbulent reactive flow under cylindrical
coordinates can be written as

IR IS I
E(Péb) + E(P“(I’) + ;5(’/”4))

¢ ¢
8x(F8x> +oo (rr5> + Sy (15)

where ¢ denotes 1, u, v, k, &, i;, Y; and the general dif-
fusion coefficient I' is in turn 0, p, W, Uer/Tks Hefi/Oes
A/¢p + /oy and pDim + p/0, respectively. Tempera-
ture- and species-dependence are imposed on the ther-
modynamic and transport property calculations. The
thermochemical and transport properties are decoded
from the CHEMKIN-II package. The constants enter-
ing into the turbulence and combustion models are
listed as follows: C; =1.44 (1.60), C,=1.92, C,=0.09,
06;=03=0.750,=10,0,=13, C,=C;; =Cp=Cr=
0.01. lt should be noted that for the calculation of tur-
bulent diffusion flame, a higher value of C; =1.6 is
used for the case of turbulent diffusion flames.

4. Numerical schemes

Time-dependent Navier—Stokes equations are solved
together with the species- and energy-conservation
equations. The multi-grid method is used to accelerate
converge [22]. The cylindrical velocity components are
stored in a collocated grid system. The general form of

j Reactions considered Ay, (mol cm s) By, E; (cal/mol)
1 H, + O,220H 1.70E+ 13 0.0 47,780.0
2 H, + OH=2H,0 + H 1.17E+09 1.3 3626.0
3 0O, + H20H + O 2.00E+ 14 0.0 16,800.0
4 O + H,20H + H 1.80E+ 10 1.0 8826.0
5 H+ O, + M2HO, + M 2.10E+18 -1.0 0.0
6 OH + HO,2H,0 + 0O, 5.00E+13 0.0 1000.0
7 H + HO,=220H 2.50E+ 14 0.0 1900.0
8 O + HO,=20, + OH 4.80E+13 0.0 1000.0
9 OH + OH=20 + H,0 6.00E + 08 1.3 0.0
10 H, + M2H + H+ M 2.23E+12 0.5 92,600.0
11 0O, +M=20+0+M 1.85E+11 0.5 95,560.0
12 H+ OH + M2H,0 + M 7.50E +23 -2.6 0.0
13 H + HO,=2H, + O, 2.50E+13 0.0 700.0
14 HO, + HO, 2 H,0, + O, 2.00E+12 0.0 0.0
15 H,O, + M=2OH + OH + M 1.30E+17 0.0 45,500.0
16 H,0, + OH=2H,0 + HO, 1.00E+13 0.0 1800.0

k= Ar, T" exp(—E;,/RT), R = 1.987 cal/(mol K).
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Eq. (15) represents the conservation equations for the
mass, axial and radial momentum, turbulent kinetic
energy and its dissipation rate, enthalpy, and the mass
fractions of species in cylindrical coordinates. The
equations are solved sequentially with the SIMPLE
method [23] to couple the pressure and velocity. At
first, the axial and radial momentum equations are
solved. After the pressure correction is calculated, the
velocities and pressure are corrected in order to satisfy
the continuity equation. The turbulent viscosity is cal-
culated after the turbulent kinetic energy and its dissi-
pation rate are solved. The enthalpy transport
equation is subsequently solved and the temperature
can be decoded from the enthalpy and the species by
the Newton—Raphson method. Next, the chemical
species equations are handled in an order of H,, O,
H, O, OH, H,0, HO,, H,0,, N, for the hydrogen/air
flame. The N, mass fraction can be directly obtained
by the global species conservation law. This process is
repeated until the convergence criterion is achieved.

The finite volume integration of the transport
equation of Eq. (15) is linearized and solved by the
SIP (Strongly-Implicit-Procedure) method [24]. The
relaxation technique is used to improve the conver-
gence. The relaxation factor for the species equation
must be selected much lower than that for other
dependent-variable equations. The contribution of in-
dividual species via the reaction rate to the source term
in a species equation is treated explicitly or implicitly
according to the characteristic of the formation or
destruction by each chemical reaction. This semi-im-
plicit method is to preserve diagonal dominance and
this is essential for a stable integration solution for
multi-elementary reactions with multi-component
species.

In the numerical investigations, four kinds of bound-
ary conditions are selected. Fixed values are specified
at the inlet of the fuel inject and the coflow air streams
by the so-called Dirichlet boundary condition. At the
outlet boundary far away from the nozzle exit, the
Neumann boundary condition with the vanishing gra-
dient is used for all variables such as the velocity com-
ponents, pressure, enthalpy and species. At the
unconfined air entrainment boundary, the pressure
boundary condition is adopted, whereas the pressure is
kept constant and the velocities are calculated from
the continuity equation [25]. Symmetry boundary con-
dition is imposed on the axis.

The numerical modeling procedure for the combust-
ing flows with detailed chemistry is as follows: the
combusting flow solutions with a global one-step
chemical mechanism are first obtained and used as the
initial conditions for the turbulent diffusion flame cal-
culations with detailed chemistry. The time step is 10~
s during the initial time steps of the calculation and is

subsequently increased to 10 s after the flame achieves
at a relatively steady state.

5. Results and discussion

5.1. Isothermal free jet flow

For validation, calculation is made of an air jet of
6.1 mm diameter at a Reynolds number of 1.1 x 10*
The air fluid is issued with a uniform velocity profile
into a quiescent air medium. The jet velocity is 27 m/s.
The computational domain is 160 nozzle exit diameters
in the axial direction and 30 diameters in the radial
direction. Three-level of multi-grid with the finest grid
of 81 x 81 is used. The calculations are compared with
the experimental results by P & L [1].

Fig. 1 shows the predicted velocity profiles (Ui,/Us)
using the standard and modified k—¢ turbulence models
compared with the experiments published by P & L
[1], where Uj, (being used as reference velocity) is the
nozzle exit velocity and Uy is the centerline mean vel-
ocity. It can be seen that the Rodi correction compares
much better to the experiments than the standard k—¢
model. The predicted slope of the line is about 0.165
and compares well with the measured result. The vel-
ocity U decreases linearly with the axial distance from
the nozzle exit. The half value radii b, i.e. the radius
where the mean velocity is half the centerline value, is
displayed in Fig. 2. The half-width b increases with the
downstream location x and the centreline mean vel-
ocity is inversely proportional to x, which is caused by
the jet spreading by entrainment of the surrounding
air. The theoretical results [2] show a higher value of
the centreline mean velocity and a lower value of the
half-width.

The radial distribution of the axial velocity is found
to be Gaussian, as shown in Fig. 3. The radial distri-
bution of the turbulent kinetic energy at x/d = 60 is
shown in Fig. 4. It can be found that Wygnanski and
Fiedler presented much higher values near the center-
line and lower values further away from the centerline.
The agreements between the predicted results by the
Rodi correction and the measurements by P & L are
quite good. It is confirmed that the Rodi correction
improves a lot of the mean velocity and the turbulent
kinetic energy profiles across the jet. The turbulence
intensity is about 25.5% at the centreline.

The distributions of the mean velocity, the
Reynolds stress and the turbulence kinetic energy
indicate that the radial profile becomes self-preser-
ving within the range of x/d = 60-120 as shown in
Fig. 5. It can be observed that the transverse
velocity component is much smaller than the longi-
tudinal velocity and the maximum shear stress
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Fig. 1. Variation of centerline mean velocity for the isothermal free jet.
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Fig. 2. Spreading of half value radii b for the isothermal free jet.
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Fig. 3. Axial mean velocity profile across the jet at the axial location of x/d = 60.

(uv)/U? and the maximum of the transverse velocity deviations from self-similarity in the coflow region.
are located in the shear layer between the primary This may be caused by the free-surface boundary
flow and the coflow. At x/d =120 there are some condition near the outlet.
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Fig. 4. Turbulence kinetic energy profile across the jet at the axial location in the fully developed region.
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5.2. Turbulent diffusion flame

The experimental test case chosen to validate the
present combustion model is the turbulent jet Hj/air
diffusion flame which has been considered as a bench-
mark for validation in the proceedings of the Inter-
national Workshop on Measurement and Computation
of turbulent diffusion Flames held in Naples, Italy in
1996. A full data set is available in Ref. [20], which is
comprised of the Favre-averaged temperature, mixture
fraction, mass fractions of the major species (O,, N,
H,, H,0O) and etc.

A mixture of 50% H, and 50% N, is discharged
vertically upward from the round burner with a
coflowing air stream. The burner is a tube with the
inner diameter D = 8 mm and the outer diameter of
140 mm. The average velocity at the core tube exit is
Ui, = 34.8 m/s corresponding to a Reynolds number
Re = (pUiy D)/ = 10,000. The Froude number (Fr =
U? /gD) is 15,400. The surrounding coflow air velocity
is 0.2 m/s. The turbulence intensity is 10% at the
coflow inlet. The inlet temperature of the fuel (H,/N,)
and air is 300 K. The turbulent kinetic energy and its
dissipation rate at the tube exit are fitted to the LDA
database provided by [20].

Calculations are made for the physical domain of
800 mm x 80 mm with a 241 x 61 non-uniform multi-

grid system. Grid points are concentrated near the fuel
tube. Fully developed velocity profiles are assumed at
the primary exit of the central tube due to the fully
developed turbulent pipe flow condition. A uniform
velocity profile is set at the surrounding inlet stream.
Grid independence is assessed by comparing different
grids. The results of the computation are compared
with the experiments published in [20].

Figs. 6-8 show the radial profiles of the Favre-aver-
aged temperature and the species mass fractions at
three axial locations (x/D =5, 20, 80) with the mech-
anism 1. The influences of the general diffusion coef-
ficients I' of the energy and species equations can be
shown. The solid lines represent the predicted results
using (pD+p/oy) for the species equation and
(4/cp + w/o;) for the enthalpy equation as the diffu-
sion coefficient. The dotted lines are the simulating
results by using /oy and p,/o;; as the diffusion coef-
ficients for the species and energy equations. The dots
are the experimental results. The former method gives
some improvements for the peak temperature location
along the radial direction. The differences of these two
methods become smaller further downstream of the
flame (e.g. x/D = 80).

Figs. 6 and 7 show that temperature increases from
the lower centerline value to a maximum and then
decreases to the surrounding room temperature (300
K). The predicted position of the peak temperature in

1.0 —————— 0.02
ol 4 0.01
< o
~ o | q0.00 2
> 06 | A
> L . >
L x/d=60-120 1 >
- i —4-001 V
%] i ) ] -
2 o4l T k/Us ] —~
) E— U/Us 1
i 4-0.02 5
V/Us {002 =
- <uv>/Us? ]
02
s -0.03
oob—— |
0.00 0.05 0.20

Fig. 5. Self-similar profiles of axial and radial mean velocity, turbulent kinetic energy and Reynolds stress across the jet at the axial

locations of x/d = 60—120.
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Fig. 6. Radial temperature and species profiles at the axial location of x/D = 5 by measurement and predictions with two kinds of
diffusion coefficients.
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Fig. 7. Radial temperature and species profiles at the axial location of x/D = 20 by measurement and predictions with two kinds
of diffusion coefficient.
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the radial direction is further away from the centreline
as compared to the experiment and this results in a
delay of the decrease of the mass fraction of species
H,O and the increase of species O,. The calculated H,
concentration compares well with the experiment. The
disagreement of the temperature and other species may
be caused by an inaccurate diffusion or turbulent mix-
ing with the co-flow O,. The peak temperature is
underpredicted at the axial position of x/D =5 and is
overpredicted at the axial position of x/D = 20. The
maximum of H,O is overpredicted and O, is underpre-
dicted in the outer shear layer region due to the larger
spreading. Fig. 7 shows that the predicted centreline
temperature and the mass fraction of the species H,O
are higher and the mass fraction of the species H, is a
little lower than the experiments. Fig. 8 shows that all
of the H, has been consumed at this axial location
above the tip of flame height (e.g. x/D = 80). The
agreements between the experiments and computations
are quite good for the major species. The temperature
achieves its maximum value along with the maximum
of H>O and the minimum of O, located at the center-
line. The predicted temperature is larger than the ex-
periment, which may be caused by the radiation effect
which has not been considered here.

The forms for the general diffusion coefficients for
the species and energy equations suggested by Kim
[12] are also utilized in the present simulation. But it is

2085

found that the forms, %/[(Dim + %)a(f j’)] used in the
. ) 70

diffusion term of the species equation and p(D, +
u/oy) used in the energy equation, lead to the false
centerline distributions. From the dimensional unit
analysis this method is also inaccurate because u,
already involves the density p.

Figs. 9 and 10 show the predicted radial profiles at
x/D = 40 and the centreline distributions calculated by
the two kinetic mechanisms (1 and 2) mentioned in the
previous section. The dotted lines correspond to the
simulation applying mechanism 1 and the solid lines
by mechanism 2. Mechanism 1 gives a lower peak
value of the temperature than mechanism 2, but the
peak value location and the general trend of the flame
are predicted without much differences. At x/D = 40
the radial profiles show the same trend as that at
x/D = 80. The peak temperature is in good agreement
with the experiment, but the prediction reveals a wider
spreading. It can be seen from Fig. 10 that the pre-
dicted peak temperature location at the centerline is
about x/D = 32 which is a slightly upstream from the
experimental result. The agreements between the calcu-
lation and the experiment are quite good along the
centreline.

It can be seen from the above figures that the pre-
dicted results compare much better along the radial
direction at the downstream of the flame than
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Fig. 8. Radial temperature and species profiles at the axial location of x/D = 80 by measurement and predictions with two kinds

of diffusion coefficients.
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Fig. 9. Radial temperature and species profiles at the axial location of x/D = 40 by measurement and predictions with two kinds
of chemical mechanism.
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Fig. 10. Centerline temperature and species profiles by measurement and predictions with two kinds of chemical mechanism.
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upstream near the fuel tube. The differences of the pre-
dictions using different kinds of the general diffusion
coefficients become smaller further downstream of the
flame. The radial temperature and species profiles
become wider and flatter with increasing axial distance.
In all cases, the peak mean temperature appears at the
same position where the maximum mass fraction of
H>O occurs and the species O, and H, are almost con-
sumed.

The selected approach delivers a good modeling
quantity for the case investigated although a simple
turbulence—combustion coupling model is used. It can
be seen that the species H, and O, cannot coexist in
most locations. The fast chemistry mechanism of
‘mixed-and-burned’ is expected to play an important
role in the flame investigated. Chemistry takes place in
thin layers where the chemical source term and the
molecular transport are the leading terms, while out-
side the strongly-reactive zone the turbulent mixing
dominates the flow field. A similar modeling quality
can be expected for the hydrogen/air diffusion flames
in which the fast chemistry dominates.

6. Conclusion

The first step of the present work is to model a free
jet flow with the k—& turbulent model to verify the nu-
merical method. It shows that the Rodi correction
improves the over-prediction of jet spreading by the
standard k—e model. The predicted results are com-
pared well with the experiments by P & L. The basic
characteristics of a round jet flow such as the self-simi-
larity and jet spreading are well captured.

In addition, we report the application of multi-step
elementary chemical reactions in modeling an axisym-
metric turbulent hydrogen/air diffusion jet flame. The
realistic physical property models and multi-com-
ponent diffusion are included in the complex chemistry
model. Distributions of the temperature and the major
species (N,, O,, H,, H,O) along the radial and axial
directions have been numerically investigated and com-
pared with the experiments. The agreements of the
temperature and major species are considered to be
good between the predictions and the available
measured data. The predicted results such as the peak
temperature position depend on how the general diffu-
sion coefficients for the energy and species equations
are calculated. The peak temperature value along the
radial direction is determined by the choice of the
chemical mechanism. The present simulation gives
wider radial profiles than the experiment at the
upstream region, but it is compared well at further
downstream location. Although the fluctuating quan-
tities in the mean chemical reaction rates are modeled

by a simple algebraic correlation closure (ACC) model,
the selected approach still delivers an overall good
modeling quantity for the case investigated.

The disagreements may be caused by the inaccurate
turbulent mixing of chemical species which results in
lower peak temperatures at the upstream and higher
values downstream than the experiments. It is expected
that some advanced turbulence-combustion model or
non-constant turbulent Schmidt number for different
species as well as the radiation model make some
improvements.
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