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NUMERICAL STUDY OF SPRAY FLAME CHARACTERISTICS
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ABSTRACT

A numerical method was considered to calculate spray flame
structure and emissions characteristics. The turbulence fluctuation was
predicted using k-e-g and algebraic mixing-length-hypothesis (mlh)
turbulence models. The numerical method was evaluated using a set
of available experimental data. It is shown that this theoretical model
predicts the data well in the near nozzle region and the predictions
improve quantitatively along the axial distance. In comparing the tur-
bulence models, the k-e-g model provides a better result for the vary-
ing-density flow of spray combustion.

INTRODUCTION

Spray combustion is widely used in transporta-
tion and industrial devices, such as boilers, diesel
engines, gas turbines, etc.. However, the complicated
phenomena involved in spray combustion such as
turbulent two-phase flow, turbulence/chemical ki-
netic interactions, and finite interphase transport rate
retard the development of highly efficient liquid
spray combustors. Some theoretical and computer
simulation methods have recently been proposed in
order to calculate spray flame characteristics. In this
study, a theoretical model to predict the combustion
phenomena of a steady, axisymmetric turbulent spray
is developed. Liquid n-pentane, atomized by the
primary air, is assumed to be injected upwards in
the combustion chamber. The initial distributions of
size, velocity, and direction of liquid drops are
formed at the exit of the atomizer. In considering
this two-phase problem, the liquid and gas phases
are assumed to be in dynamic and thermodynamic
equilibria so that they have the same temperature
and velocity, implying that the spray combustion may
be treated as single-phase gas combustion.

The thermodynamic effects of evaporation and
burning on spray flame structure are considered.
Prior to oxidation, liquid fuel is vaporized by ab-
sorbing the heat diffused from the flame zone. This
heat energy is used to raise the liquid temperature

to its boiling point. The two-film evaporation model
for single-droplet is extended to compute the en-
thalpy of evaporation of the spray.

Since the rates of mass and heat diffusions are
much slower than the rate of reaction in liquid spray
combustion, a fast reaction chemical equilibrium is
assumed. A computer package code CEC-76 [1],
based on the minimization of free energy, along with
JANAF [2] thermodynamic data is employed to cal-
culate the concentrations of species, flame tempera-
ture, mixture density, molecular weight,... etc. at
various mixture fractions. Thus, the state relation-
ships could be constructed under the thermodynamic
conditions of constant enthalpies of reactants and
products and including of liquid-fuel evaporation.
The k-e-g and algebraic mixing-length-hypothesis
(mlh) turbulence models with their corresponding
set of empirical constants are employed in the finite
difference numerical scheme. These two turbulence
models are assessed for their performance and pre-
diction capabilities in the varying-density flow in-
volving spray combustion. Also, the conserved-sca-
lar formulation is assumed in this study so that the
scalar properties are related only to mixture fraction
and can be determined once the value of mixture
fraction is calculated from its finite difference equa-
tion.

The Favre-averaged equations are obtained by
using a prescribed probability density function. The
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shape of the distribution of the pdf is set up by
computing the two parameters ¢ and f of the 8 pdf
from the mixture fraction (f) and the concentration
fluctuation (g). The Favre-averaged values of tem-
perature, species concentrations, density, ...etc, are
thus determined from the integrations by the
Simpson’s rule method.

EVAPORATION MODEL

The liquid and gaseous phases are mixed ho-
mogeneously based on the locally homogeneous flow
(LHF) approximation [3]. Liquid fuel is assumed to
be completely evaporated prior to the fast chemical
reaction. In calculating the enthalpy of evaporation,
the thin-film evaporation model of an individual
droplet is extended for the local liquid spray. The
present model considers the local liquid spray in the
flow field as one lump of liquid drops of mass Yy,
at one homogeneous liquid temperature, T, The
exothermic heat release is diffused from the flame
zone to the surface of the liquid phase to provide
the energy required to raise its initial temperature T}
to the surface temperature, which is assumed as the
normal boiling temperature T,, and the latent heat
of evaporation ks, Hence, the enthalpy of evapora-
tion H,,,, of liquid fuel to become vapor is given
by,

Hez'ap=y}‘u[cl(];_7;)+hfg] (1)

where C, is the specific heat of liquid fuel. Yy, in the
above equation is obtained from its state relation-
ship with local mixture fraction which is calculated
from the finite difference scheme.

COMBUSTION MODEL

In this study, it is intended to investigate
whether the combustion model of fast chemical equi-
librium is sunitable for the spray combustion. The
reactant-fuels in these two studies are in different
phases. The fundamental difference between the
reacting liquids and gases arises because liquids are
more continuous than gases in kinetic terms. The
molecules in liquids undergo considerably higher fre-
quency of collisions while the molecules in gases
travel most of the-time between collisions. In other
words, the reaction in liquid flow proceeds relatively
more rapidly than reactions in gases so that the
former is more suitable for the assumption of fast
chemistry. Moreover, the density of liquid fuel ex-
periences little variation during reactions, in com-
parison with the density of gas due to the exother-
mic effect. This diminishes the influence of chem-
istry on the velocity field, and the interaction of

turbulence and chemical reaction is simplified [4].

Unfortunately, the above simplicities of liquid
fuels, are accompanied with the complexities of dif-
ferent magnitudes in the transport properties. In lig-
uids, the order of magnitude of the diffusivity of
species is much smaller than those of momentum
and heat, while in gases they are of the same order.
Consequently, the liquid spray combustion based on
the assumption of locally homogeneous flow (LHF)
is more suitable for using the approximation of fast
chemistry than a gaseous reacting flow if the differ-
ences in the orders of magnitude of those diffusivities
are neglected.

In this study, it is further assumed that the lig-
uid fuel is suddenly evaporated to the gaseous phase
if there is sufficient energy from the flame zone to
vaporize the liquid drops, and the vapor immedi-
ately reacts with the oxidizer. Thus, the fast chem-
istry approximation is extended to include that of
fast evaporation also. Under these assumptions, the
transport properties of heat, species, and momentum
may be regarded to be of the same order of magni-
tude and the combustion model of fast chemistry
becomes applicable to the spray combustion study.

EQUATION OF STATE

In this study, the liquid fuel atomized with
primary air is assumed to be injected into still air
surroundings. Before leaving the atomizer the reac-
tant is composed of both liquid fuel and air. The
initial mass fraction of fuel is assumed to be 0.82 in
this case, while the mass fraction of the atomizing
air is 0.18. Enthalpy and pressure, (H, P) are used
to describe the thermodynamic states when employ-
ing the CEC-76 package code [1]. This is equivalent
to the assumptions of adiabatic flame temperature
and invariant pressure field. It should be noted here
that the enthalpy of the fuel must be the sum of the
enthalpies of vapor and liquid. The heat release from
combustion is used up partly for evaporation and
partly for increasing the product temperature. The
calculations in this code consider dissociations and
condensed species. All gases are assumed to be ideal
with no phase interactions. The solubility of liquid
into air or gaseous species is assumed negligible.
The reaction is assumed to occur at any value of
mixture fraction while a prescribed Beta density
function was utilized to adjust the extent of reac-
tion.

The state-relationships are illustrated in Fig. 1
from which it is seen that the mass fraction of pen-
tane, nitrogen, oxygen, water vapor, hydrogen, car-
bon dioxide and carbon monoxide are functions of
only one independent variable, namely the mixture
fraction.
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Fig. 1. State Relationship for Pentane Spray Combustion.

PROBABILITY DENSITY FUNCTION

The probability density function was employed
in this study to average some combustion properties
which are obtained from the mixture fraction so that
the influence of turbulence fluctuation on the con-
served scalar quantities could be included. The type
of probability density function, either a clippsed
Gaussian or a beta function, is assumed before the
averaging procedure. The beta pdf was employed in
the present study due to its simplicity and the asso-
ciated lower cpu time and cost. The beta pdf is
mathematically described by

a-1 1 _ -1
T i 1 @

[ rera-pa

where the coefficients & and f are explicit functions
of the mass mean mixture fraction (f) and concen-
tration fluctuation (g), expressed as

a=f[f—(lg_ﬁ—1] 3)
B=(1-fa 4)

The average values of the species concentration,
product temperature, enthalpy, and density are cal-
culated by weighting these quantities with the pre-
assumed probability density functions of mixtur-
efraction, p(f) which could be adequately specified
once the f and g are obtained from the finite dif-
ference solutions for each grid point. The Favre-
averaging quantity Q may be obtained from

_ ol
o= srodr ®)

The quantities of Y,(f), H(H), T(f) and p(f) are the
instantaneous functions of mixture fraction (f). Af-
ter the calculation of o and § from the known val-
ues of f and g using Eqns. (3) - (4), the Beta prob-
ability density function also depends only on mix-
ture fraction. A suitable number (say N=100) of
separate values of Y,(f), etc., were calculated from
the equations of state for mixture fraction in the
range of 0 to 1 and stored in tabular form. This
procedure simplified the integration of Eqns. (2) -
(5) with the Simpson’s rule instead of complex in-
tegrating procedures.

CALCULATION METHODS

In the present study, the k-&-g model is used
together with Favre-averaging procedure. The Favre-
averaged forms of the equations of turbulent kinetic
energy (k), turbulent dissipation rate (€) and con-
centration fluctuation (g) are used so that the effect
of the fluctuation of density could be included in
the computation of flow structures and relevant prop-
erties. The turbulence effective viscosity p, is re-
lated to turbulence kinetic energy (k) and turbulence
dissipation rate (&) by u,:c#pkzle, in which ¢, is a
mode! constant. The data of k and € for u, were
obtained from the calculation of finite difference
equations at each grid point of the flow domain
derived through partial differential equations describ-
ing the behavior of k and € as follows:

Turbulent kinetic energy equation:

2 pabvtLopin-tLruinlh
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Turbulent dissipation rate equation:
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Concentration fluctuation equation:
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It should be noted that tilde ~ and overbar - in
the above equations represent mass and time aver-
aged quantities. In the mlh model, the turbulent trans-
port properties are decoupled from the governing
partial differential equations of the mean flow. In-
stead, the length scale of turbulence is computed by
means of an algébraic formulation. The effective

U
turbulence viscosity is given by u,:plzb%" where
I=mixing length.

The other Favre-averaged governing equations
describing the conservation of mass, momentum, and
mixture fraction are given below:

Continuity equation

0 x-n,1 0 -~
5;(/5u)+7'-¢.9—r—(rﬁv)=0 )

Momentum equation

d - Buy_19 du
L @an+rpi =5 L r )

+a(P=P) (10)

Mixture fraction equation

2 pap+LLepip- %air(—n—)—f an

These governing equations are of parabolic type
and therefore can be solved by marching integration
[5]. The forward step is limited to a value such that
the entrainment is 5% of the total fluid flow of that
location.

RESULTS AND DISCUSSIONS

The predictions of spray flame temperature, ve-
locity and mass concentrations of species in the axial
and radial directions, as liquid n-pentane atomized
by the primary air injected into stagnant air, are
presented to evaluate the turbulence models of k-é¢-
g and mlh for spray combustion. The experimental
data of Szekely [6] are compared with the Favre-
averaged properties calculated from the finite-dif-
ference equations.

1. Axial Variations of Favre-Averaged
Propertiesties

1.1 Mean Velocity

The axial centerline velocity normalized by the
velocity at the exit of nozzle is shown in Fig.2. The

deviations of the predictions of k-£-g and mlh mod-
els from the experimental data decrease with the
axial distance. The curves of both predictions de-
cline starting from around x/d = 16. The prediction
of the k-e-g model shows a more stable and smooth
decay of velocity, while that of mlh model varies
more abruptly at some points of the flow field. It
seems that the mlh model in which turbulence vis-
cosity is obtained from an algebraic formulation
gives somewhat worse results in variable-density
flows.

In the near-nozzle region, the chemical reac-
tions are not significant because the spray is com-
posed of large drops at low temperature. The mass
fractions of the liquid drops and gaseous mixture
decrease along the axial direction and the size of
the drops approaches a very small value, which is
the limiting condition for the validity of the LHF
assumption. Hence, the predictions and measure-
ments become closer in the far-nozzle region.

1.2 Mean Temperature

The difference of temperatures on the axis and
in the air normalized by the initial difference is il-
lustrated in Fig.3. It is seen that the peak tempera-
tures of predictions lie around x/d=100. In the near-
nozzle region, the predicted temperature is overesti-
mated and reach the peak earlier since the deviation
of the LHF model implying well-atomized drops
from the large drop-size is considerable in reality.
The predictions are closer to the experimental data
beginning from x/d=200.

1.3 Concentrations Field of Species

Figure 4 presents the predictions of the mass

1.001 — =
l:'.o 0.10+1
= — k-e-g Scheme
- - - mlh Schéme
0 0 Szekely (1980)
0.01 T M T ¥ T T T
1 10 100 1000

x/d

Fig. 2. Axial Variation of Velocity along Central Line.
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fractions of species in the axial direction by the k-
g£-g scheme. As shown in Fig.4 in the region prior to
x/d=80, the mass ratio of fuel/air exceeds the sto-
ichiometric ratio of n-pentane, and the intermediate
species CO and H, appear. The mass fraction of CO
reaches its peak value 0.3 at x/d=80, where pentane
is completely depleted and the mass fractions of
species CO, and H,O start to rise. As the spray flame
extends further to 170 diameters, which corresponds
to the reaction region, fuel and oxygen are sepa-
rated and the peak mass species CO, and H,0 oc-
cur. The intermediate CO and H, disappear from the
reaction zone, which represents the location of maxi-
mum flame temperature. The flame temperature
thereafter decreases as more air is entrained from
the surroundings.

1.4 Mass Fractions of Individual Species

The comparisons of the mass fractions of the
individual combustion species predicted by the k-&-
g and mlh schemes with experimental data are shown
in Figs. 5 through 7. The predictions do not seem to
agree well with measurements in the near-nozzle
region, where the dense spray of large-drops exists
so that the combustion reactions are suppressed.
However, the differences between predictions and
measurements decrease with the increase of axial
distance and the agreements become satisfactory
around x/d=200, implying that the region of dilute
spray conforming to the LHF assumption is ap-
proaching.

Figure 5 shows the mass faction of pentane de-
creasing from 0.81 to 0 at x/d=90 in the predictions
of both schemes. The predictions overestimate the
mass fraction of pentane. Szekely [6] observed that

10.0
o
! ]
e 10 \
& :
1
e —— k-e-g Scheme
- - - mlh Scheme
0 0 Szekely (1980)
0.1 - . .
10 100 1000

x/d

Fig. 3. Axial Variation of Temperature along Central Line.

at x/d=90 the mass fraction of pentane is around 0.3
and decays to 0 at x/d=250, much farther than that
predicted. While comparing the k-&-g and mlh
schemes, it is noticed that the latter overestimates
this species more than the former.

Figure 6 shows the axial variation of the mass
fraction of CO,. The peak value is predicted to be
0.16 at x/d=180 , which is about two times higher
than that found in experiments. The mlh model cal-
culation matches better than that of the k-£-g model
with the data in the far-nozzle region.

1.0
— k-¢e-g Scheme
0.8 1
g ....
= 0.6
g — Yom, - Yo,
o
ooy Yoo, - Yoo
E 0.4 1 —— sz - ——— YN,
A === Yo
0.2 1 N T
\\
~——
e —
0.0 T Y T T T = T T
220 330 440 5580
x/d
Fig. 4. Axial Variation of Mass Fraction of Species along Cen-
tral Line.
1.01
0.81
0.6 1
i
S
™ 0.4
0.2
0
0.0% =
10 1000

Fig. 5. Axial Variation of Mass Fraction of C5H12 along Cen-
tral Line.
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Figure 7 shows the variation of mass fraction
of H,0 along the central axis. The predictions are
lower than the data by a factor of about 5. As dis-
cussed in section 7.1.2, the combustion process in
the models starts about 60 diameters closer to the
nozzle-exit than in the experiments. If the predicted
curves are pushed forward from the nozzle by 60-
diameters, the agreement between predictions and
data improves.

2. Radial Variation of Favre-Averaged
Properties

0.201

— k-¢-g Scheme
0.157 ... mh Scheme
0 0 Szekely (1980)

Yeo, -
o
—
o

0.051

0.00

10 - 100
x/d

Fig. 6. Axial Variation of Mass Fraction of CO, along Central

Line.
0.121
— k-eg Scheme ¢ gekely (1980)
- - - mlh Scheme
0.08 1
2
by
0.04 1
0.00 % - — - T
10 100 1000

x/d

Fig. 7. Axial Variation of Mass Fraction of H20 along Central’
Line. - :

2.1 Mean Velocity

The variation of the axial velocity along the
radial direction at three axial positions x/d = 170,
340 and 510 is shown in Fig.8. The predictions of
the k-e-g and mlh models are compared with the
available experimental data. It is shown that k-¢-g
model predicts a farther jet spread than that by mlh
model. Also, the results of the k-e-g model agree
with the experimental data better at these three axial
distances.

2.2 Mean Temperature

In Fig.9, the predicted difference of tempera-
ture at the radial location and in the surrounding air
normalized by the temperature difference between
the axis and the surrounding air are compared with
measurement. The mlh model provides higher pre-
dictions at all three axial distances, but the curves
of k-e-g model extend longer. Over most of the flow
field, the predictions of the mlh model agrees well
with the data, especially the peak temperature around
r/x = 0.07 at x/d = 170. In general, both predictions
are satisfactory at x/d = 340 and 510, but they over-
estimate the temperature near the edge of the spray
at x/d = 170.

1.00
0.757 x/d=170
0.501
0.251
9 o o
1.001
0.751 N\ x/d=340
0.50 7 \ N
l:'? 25 .
— O‘ E
= U\O 5
4 . *. 0 o
1.001
x/d=510
0.751
0.501 — k-¢-g Scheme
. . - - - mlh Scheme
0.251 0 0 Szekely (1980)
o33 \
: ~ [
O.’OO" - T T T T
. '0.00 0.06 0.12 0.18 0.24
r/x
Fig. 8. Radial Variation of Velocity for Pentne Spray Combus-
tion.
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Fig. 9. Radial Variation of Temperature for Pentane Spray Com-
bustion

CONCLUSIONS

A theoretical model for liquid spray combus-
tion atomized by primary air in an axisymmetric
domain was developed and evaluated. Results of the
numerical calculations by the k-£-g and mlh turbu-
lence models are compared with the available ex-
perimental data of the profiles of the velocity, tem-
perature, and mass fractions of species in the axial
and radial directions. This study shows that the pre-
dictions of theoretical models improve along the
axial distance. The predictions of velocity, tempera-
ture and species mass fractions in the near-nozzle

region are worse mainly due to the high liquid to

gas mass ratio. In comparing the k-&-g and mlh
models, it is generally noticed that their predictions
are close enough. However, the former provides a
smoother description of the phenomena involved. It
seems as though that the k-g-g model is more suit-
able for predicting varying-density flows such as the
spray flame of this study.

NOMENCLATURE

d = Injector diameter
f = Mixture fraction
g = Concentration fluctuation

H = Enthalpy

k¥ = Turbulence kinetic energy
T = Flame temperature

r = Radial distance

u = Axial velocity

v = Radial velocity

x = Axial distance

Y = Mass fraction

€ = Turbulence dissipation rate
U = Laminar viscosity

U, = Turbulent viscosity

p = Density

Superscripts

~ = Mass-averaged
- = Time-averaged

Subscripts

b = Boiling point

¢ = Axial centerline of spray
fu = Fuel

! = Liquid

0 = Exit of nozzle

o = Ambience
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