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Multicomponent Spray Computations in a Modified
Centerbody Combustor

M. S. Raju* and W. A. Sirignanof
University of California, Irvine, Irvine, California

The flow properties of the near-wake region of a ducted, bluff-body combustor are presented, based upon
finite-difference computations involving turbulent, reacting flows with polydisperse and multicomponent
sprays. The analysis advances the state-of-the-art for the representation of the liquid-phase and for the coupling
between the phases. The gas phase representation is existing state-of-the-art. Both droplet vaporization and
turbulent mixing rates are found to be rate-controlling in the primary reaction region, and the mixing rate is
identified to be the rate-controlling process in the later stages of combustion. Under the inflow conditions
leading to an equivalence ratio of one based on the primary air/fuel mass flow rates, the primary reaction region
is found to be fuel-rich. Enhanced energy conversion is observed to result from improved mixing; the effects of
fuel composition are found to be negligible. Near the wake-extinction limit of the combustor the effects of fuel
composition are found to be very significant.
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Nomenclature
exponents of fuel mole fraction in Eq. (2)
exponent of oxidizer mole fraction in Eq. (2)
A(W'c/pf

c)a+b~ltr
c, pre-exponential coefficient in

Eq. (2)
120/rc', constant in Eq. (29)
the Spalding transfer number in Eq. (19)
droplet drag coefficient in Eq. (12)
droplet regression rate in Eq. (14)
CpCp'>c, specific heat, J/kg K
nondimensional specific heat
specific heat of gas at inflow, J/kg K
binary diffusion coefficient, m2/s
dV<ffc3, the computational cell volume for the
variable </>, m3

nondimensional cell volume
EaiR ' T'c , activation energy, J/mol
nondimensional activation energy
Emmons' form of Blasius function
square of the concentration fluctuations
hCp>cT'c, enthalpy, J/kg
nondimensional enthalpy
/:£/'?, kinetic energy of turbulence, mVs2

tiCp>cT'c, heat of vaporization of ith species, J/kg
appears in Eq. (23), t'i/R'T'c/Wji
latent heat of vaporization of multicomponent
mixture
r'c/rk>09 ratio of characteristic length to the initial
drop size
mknr

crk>0, droplet vaporization rate, kg/s
nondimensional droplet vaporization rate
U'c/(vcR'cT'c)l/2, characteristic Mach number
the number of droplets in £th Lagrangian
characteristic
Pp'cU'l, gas pressure, Pa
nondimensional gas pressure
PiSp'cU'2C9 partial pressure of ith species at droplet
surface, Pa
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Pe( = liquid phase Peclet number, Refre
Prc =gas phase Prandtl number, HcCp>c/k'c
Prg = liquid phase Prandtl number, fjLgCptg/ke
QI = QCp,cTr

c, heat of reaction, J/kg
Q = nondimensional heat of reaction
rc' =the characteristic length, m
r'k = rkrkj0t droplet radius, m
rk = nondimensional droplet radius
rk$ =the initial droplet radius, m
R ' = universal gas constant, J/mol K
Rfi = reaction rate defined in Eq. (2)
Rec = gas phase Reynolds number, U'cr'cp'c/iJi'c
Re? = liquid phase Reynolds number, £/«>£,oPj/^J
Rek - droplet Reynolds number defined in Eq. (11)
Sk =r k/r '1$, radius squared
S^g =the source terms appearing in Eq. (1)
Sjj = the additional source terms of Eq. (1) arising from

the liquid- to gas-phase interaction
Scc =gas phase Schmidt number, ^'c/p'cDf

c
Scg = liquid phase Schmidt number, fjig/pgD}
t f -tt'c, time, s
t = nondimensional time
t'c —r'c/Uc, the characteristic time, s
T' = TT'C, gas temperature, K
T = nondimensional temperature
Tfj = TbT'c, liquid boiling temperature at normal

pressure, K
Tb = nondimensional boiling temperature
T'c = characteristic temperature, K
Tk = TkT'c, droplet surface temperature, K
Tk = nondimensional droplet surface temperature
V = UU'C, gas velocity in the axial direction, m/s
U = nondimensional axial gas velocity
U'c = characteristic velocity, m/s
Uk — UkU'c, axial component of droplet velocity, m/s
Uk = nondimensional axial component of droplet

velocity
V = VU'C , gas velocity in the radial direction, m/s
V = nondimensional radial gas velocity
V'k - VkU'c, radial component of droplet velocity, m/s
Vk = nondimensional radial component of droplet

velocity
W - WU'C, gas velocity in the tangential direction, m/s
W = nondimensional tangential gas velocity
WQ = WaW'c, molecular weight of the mixture,

excluding fuel vapor, kg/mol
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Wa — nondimensional mixture molecular weight without
fuel vapor

W'c - molecular weight of the air, kg/mol
W\ - WiW'c , molecular weight of /th species, kg/mol
Wi = nondimensional molecular weight of /th species
Wk = nondimensional tangential component of droplet

velocity
WK -WkU'c tangential component of droplet velocity,

m/s
x' -xr'c , axial distance, m
x = nondimensional axial distance
y' -yr'c* radial distance, m
y = nondimensional radial distance
Yf = mass fraction of the species
r<£ = IVic, exchange coefficient in Table 1, kg/s/m
r^ = nondimensional exchange coefficient
6/ = fractional mass evaporation rate of fuel species
e' =eU'2c/t'c , dissipation rate of energy, m2/s3

e = nondimensional dissipation rate
rj = represents the streamline of a Hill's vortex in the

circulating fluid in Eqs. (14-18)
6 = half-angle of the element of cone spray, °
\i ' - pp, c , viscosity, Pa • s
[i = nondimensional viscosity
/*c = viscosity of air at inflow, Pa-s
v = stoichiometric ratio
vc = ratio of the specific heats
p' =pp'c, density, kg/m3

p = nondimensional density
PC = density of air at inflow, kg/m3

00 = represents Scc or Prc for variable </>
0 = represents dependent variable of Eq. (1)
$ = equivalence ratio
X/ = mole fraction of /th species

a =air
b = boiling
c = characteristic conditions
ef f = effective
/ =fuel
g = gas-phase
/ = species
k = droplet or Lagrangian characteristics representing

a group of particles
(a = laminar
I = liquid phase
n = normal conditions
o = oxidizer
s = droplet surface
t = turbulent
w =wall
O = liquid-phase initial conditions

I. Introduction

THE objective of the present study is to develop a detailed
solution procedure via finite-difference calculations for

the prediction of the flow properties in recirculating, continu-
ous spray combustors such as those encountered in gas-tur-
bines, hazardous waste incinerators, and furnaces. The mathe-
matical formulation involves simultaneous consideration of
fuel evaporation, turbulent mixing, chemical kinetics, and
multidimensional fluid mechanics. Over the last decade, con-
siderable effort has gone into the development of numerical
procedures to predict the combustor performance involving
single-component liquid sprays, e.g., El Banhawy and
Whitelaw,1 Swithenbank et al.,2 and Raju and Sirignano,3
among many others. One important aspect of spray combus-
tion that has not received much attention is the multicompo-
nent nature of the liquid sprays. The conventional petroleum
based liquid fuels utilized in gas-turbine combustors comprise

mixtures of many compounds, and thus exhibit a wide range
of physical and chemical properties.4 Recently, there has been
considerable interest in the area of hazardous waste incinera-
tors, where waste is mixed with the conventional fuels to
promote the ignition and combustion characteristics of the
hazardous compounds.5 The importance of multicomponent
spray modeling becomes more evident because of the increas-
ing need for considering jet fuels derived from heavier
petroleum fractions.6 The ignition characteristics, blow-off
conditions and extinction limits of the combustor could also
be influenced by nonuniform concentration of the fuels of
different volatilities. Although various vaporization models
have been developed to account for the effects associated with
the multicomponent nature of the fuel, none of the earlier
studies haVe considered the multicomponent fuels in a com-
prehensive modeling treatment of the practical combustor sys-
tems.

In the present study, the unsteady, two-dimensional, gas-
phase equations describing motion and transport are repre-
sented in Eulerian coordinates, and the liquid-phase equations
are represented in Lagrangian coordinates. For the multicom-
ponent sprays, it is important to consider the transient nature
of the liquid-phase mass transport. Liquid mass diffusion is
Very slow compared to heat diffusion (or the droplet regres-
sion rate), as the Schmidt number (or the Peclet number based
on regression rate and mass diffusivity) of a typical hydrocar-
bon liquid fuel in a high-temperature gas is around one hun-
dred.7 The transient droplet heating also remains important
during most of the droplet lifetime, as the liquid-phase
Prandtl number is typically of the order of ten. Therefore, it
is important to choose a vaporization model that takes into
account the details of transient thermal and mass transport,
together with the fluid mechanics of the droplet interior and of
the surrounding gas film, since they effect the droplet vapor-
ization characteristics. In the present study, the liquid-phase
phenomena are modeled by the simplified vortex model of
Tong and Sirignano.8 During the earlier portion of the droplet
lifetime, the droplet vaporization rate is determined based on
the simplified gas-phase boundary-layer analysis of Tong and
Sirignano,8 which is valid for droplet Reynolds numbers of
0(100). However, during the final stages of the droplet life-
time, it is necessary to switch to a valid low Reynolds number
model, as the droplet Reynolds number becomes very low; the
low Reynolds number model chosen is based on a correlation
obtained from Clift et al.9 The turbulent phenomena are de-
scribed by the k-e model of Launder and Spalding,10 and the
combustion phenomena are described by the model developed
by Khalil et al.11 The governing equations are solved by the
numerical procedure outlined in Raju and Sirignano,3 which is
modified to include the additional features of the flow config-
uration, such as multicomponent sprays and swirl flows.

The numerical procedure is applied to simulate the near-
wake region of a ducted bluff-body configuration, which in-
volves the interaction between one or two annular air streams
and a liquid spray. A limited parametric study is undertaken
to identify the influence of swirl number, fuel composition,
the ratio of fuel/air mass flow rates, and the addition of a
separate dilution stream on the vaporization, mixing, and
combustion characteristics of the primary and secondary reac-
tion regions.

II. Gas-Phase Equations
The governing equations based on the conservation of the

gas-phase flow properties for confined subsonic recirculating
flows are, in general, elliptic in space and parabolic in time.
For axisymmetric geometries, the gas-phase equations in Eule-
rian coordinates can be expressed by the following form:

(1)
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Table 1 Source terms appearing in Eq. (1)
Equation

Continuity

Axial momentum

Radial momentum

Tangential
momentum

Mass fraction
of fuel

Mass fraction
ofC02

Mass fraction
of oxidizer

Energy

U Meff

Meff
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dP 2T<t>V d ( dU\ 1 8 f _ d

1 v, 1
— L T- nkmk

1 „ 1 / 47T \
— 2^ — I nkmkUk - — pkrfcikF^k }Rec Lk\ 3 /

pw2 1 lu i u\j \ i u I ur \ pw~ i w-, i /
— IV — + - — yr* — + —— — L T" I nkmkVkdx \ dy/ y dy \ dy/ y Rec Lk \

w Meff

Yfi reff

—— E T~ ( n*mkWk •Kec Lk

— E-Rec
 U Lk

47T
—

Yco2

Yo

h

Teff

Tcff

Tcff

E

-E v0,
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dc
•£- E T-Rec Lk

-&,eff)

Turbulent
kinetic energy k

Turbulent
energy
dissipation e

Concentration
fluctuation g/

Teff ntG — pe

Teff CiCflGkp-C2pe2/k

\ /dYf\2 /ai>\2] e
leff Cg^eff 1-T— ) + ( -T— ) \~Cg2PgiJ'

0

0

0

Turbulent parameters
C"i C2

1.44 1.92
Cfj, Cgl Cg2 K
0.09 2.8 2.0 0.4187

E CR

9.0 1.0

Wfc r= -r— +/*>, reff = -

Table 1 contains all of the relevant information pertaining to
each of the dependent variables. The gas-phase equations are
nondimensionalized, using the inflow conditions of the com-
bustor, which are held fixed in time for the calculations
herein. The nondimensionalization gives rise to additional
dimensionless groups, namely Re, Mc, and Lk.

The turbulent shear stresses are evaluated using the (k-e)
model of Launder and Spalding.10 Use of this turbulence
model implies that the influence of droplets on turbulent
structure is negligible, and that the possible oscillatory mo-
tions have a low frequency which does not appreciably alter
the turbulent properties. However, the lower frequency com-
ponents of turbulent structure can be analyzed directly with
the unsteady analysis. The k-e model, therefore, might only be
employed for the moderate frequency turbulent components.
Potential inaccuracies exist in the case of swirling flows for the
turbulence model. The extent of these inaccuracies for spray
combustors is unknown; furthermore, no clearly better turbu-
lence model has been identified. The combustion model is
based on an analogous treatment of turbulent diffusion
flames, with the assumption that no envelope flame is present
and that the individual droplets act as a source of fuel vapor

for the gas phase. The reaction rate is determined by taking
into account the minimum of either reaction rates obtained
from the eddy break-up model of Spalding12 or the Arrhenius
reaction rate given by Westbrook and Dryer.16

= min | A

(2)
Note that in the regions of interest for flame stability studies
the chemical kinetics should be slower than molecular mixing
within a turbulent eddy. The conversion rate will be given
there by the kinetic formula. The use of the eddy break-up
model necessitates the solution of additional equations involv-
ing &.

In the present calculations, a special form of the conserva-
tion equation based on energy involving CP(T) and T is em-
ployed. The specific heat of the mixture is given by

(T) (3)
/

with summation over all species. The chemical kinetics are
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modeled by single-step kinetic mechanisms, where each com-
ponent of the fuel reacts separately with oxidizer to form
products. By assuming equal binary diffusion coefficients for
all the species and by knowing the mass fractions of the fuel
species, CO2 and oxidizer, and the stoichiometric relationship
of the chemical kinetic reaction steps, the mass fractions of the
remaining species N2 and H2O can be easily determined in
terms of simple algebraic expressions. The variation of the
specific heats with temperature is considered by using polyno-
mials of the form

where

cp>i = r + c3/r2 + c4/r3 + c5/r4) (4)

The constants in the polynomials are compiled from Refs. 14
and 15. The system of equations for gas phase are completed
with the following equation of state:

p = (vc - 1) (5)

In Table 1, a^ denotes the appropriate value of effective
Prandtl or Schmidt number for each </>. For all the dependent
variables, the values chosen in the present calculations corre-
spond to a^=1.0 and a0 = 0.9, with the exception of
ae,= 1.217.

The implementation of the boundary conditions at the solid
wall would become straightforward if the grid mesh could be
made fine enough to resolve the turbulent boundary-layer
structure in the vicinity of the wall. Instead, the source terms
in the governing equations of momentum, kinetic energy,
dissipation rate, and energy are modified with the introduc-
tion of wall functions. The procedure adopted for wall func-
tions is similar to that given in Ref. 11. For the equations
involving mass fractions of fuel and oxidizer and concentra-
tion fluctuation, the flux normal to the wall is set to zero.
Inflow boundary conditions for all dependent variables are
prescribed. The radial velocity is set to zero at the axis of
symmetry. All other boundary conditions are based on normal
gradients which are set to zero at the axis of symmetry and the
outflow.

III. Liquid-Phase Equations
Among various advantages of using the Lagrangian formu-

lation for the liquid-phase equations are its ability to handle
multivaluedness of solutions in a natural way, elimination of
numerical diffusion, and restriction of the Lagrangian calcula-
tions to the region where droplets are present so that the
Eulerian-Lagrangian approach can be used for very fine reso-
lution where required.7 The liquid- and gas-phase equations
are nondimensionalized with respect to the same scales. How-
ever, the droplet radius (r'k) is made dimensionless with re-
spect to its initial radius, (rk>0). Complete description of the
liquid-phase equations presented herein can be found in Refs.
7 and 17.

dt

dyk
dt

= Uk

AVk
dt

L% \ 3 CDliRekl
16

(6)

(7)

'*] (8)

"*T (9)

?*¥* (10)

Rek = 2 [(Ug - (Vg -

Based on the Tong-Sirignano model8

dt

(11)

(12)

(13)

The function f(Bk) is obtained from the solution of Emmons'
problem.8 The range of validity of this function is extended in
the present calculations to consider the effects of droplet
condensation. The following equations are based on the vor-
tex model8 for the internal droplet temperature and the inter-
nal mass fractions of the multicomponent fuel.

and

U = 17 C(t) Sct1>]

where
3 (Re<\ dr,

- *

(14b)

(15)

The boundary conditions for Eq. (14) are given by, at
* = 'injection'

(16)

and

at»/ = 0,

and

a t i / = l ,

= ,
dr, 17 \Lk) k dt

, dYki
ddr, 17 V Lk )

dTk _ 3 Pr 2 '2 Cp(Tg-TkiS_
- e \Cp(Tg-TkiS) 1L **. 1

(17)

f(Bk)

(18)

and

16

Bk =
_ CD(TS - Tk,s) _ (Yfs - Yf)

,eff
(19)

(Note: The Spalding number is based on Yfs and Yf in the
present calculations.)
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mk
(20)

The second term on the right-hand side of the above equation
represents the heat transfer to the droplet interior. By knowing
the mass fractions of the species in the liquid phase, we may
determine the corresponding mole fractions by

Xiks = ' (21)

At the droplet surface, the mole fractions of the species in the
gas phase can be related to the mole fractions of the corre-
sponding species in the liquid phase by means of Raoult's law,
in conjunction with the Clasius-Clapeyron relationship.

Xis =

Pis = exp fc<; — - ——

(22)

(23)

The corresponding mass fractions at the droplet surface are
given by

(24)

The fractional mass vaporization rate of fuel species / is given
by

I, ~ Yfl

where

Yfs = £r&

The latent heat of vaporization is given by

4 = ZX4/

(25)

(26)

(27)

(28)

In Eq. (11) the molecular viscosity is evaluated at a reference
temperature using Sutherland's equation

ref
'

3/2

where

TV = 3 ^* ~*~ 3 ^*'5

(29)

(30)

The Tong-Sirignano model is based on the boundary-layer
approximation for the gas phase and is applicable for high-
droplet Reynolds numbers. The model predicts low vaporiza-
tion rates at low Reynolds numbers because of Rek

/2 depen-
dence and is valid only for Reynolds number higher than
0(10). It is, therefore, appropriate to switch from the Tong-
Sirignano model to some valid low Reynolds number model as
the droplet Reynolds number becomes small. The vaporiza-
tion model used for low Reynolds numbers has the correction
for convective effects considered through the empirical corre-
lations obtained from Ref. 9. The switching between the va-
porization models is accomplished by replacing the term 2[(2/
t)Rek}l/2 f(Bk) of Eqs. (13) and (18) with the following
expressions:

where KRek<20 or

when Rek < 1 . The implication of switching between vaporiza-
tion models needs further investigation.

The droplets may evaporate, shatter, and/or reflect with
reduced momentum upon droplet impingement with combus-
tor walls. In the absence of detailed experimental verification,
it is assumed that the droplets undergo instantaneous vapor-
ization upon droplet collision with the walls.

IV. Solution Procedure
The governing equations of the gas phase are solved via the

TEACH computational algorithm of Patankar and Spald-
ing.18 The liquid-phase equations for the position, velocity,
and vaporization rate of the particles are advanced in time by
the second-order accurate explicit Runge-Kutta method. The
partial differential equations governing the internal distribu-
tions of the droplet temperature and the mass fractions are
integrated by a fully implicit numerical method.

A second-order accurate linear interpolation scheme is used
for evaluating the gas-phase properties at the characteristic
location and also for redistributing the liquid-phase source
term contributions (of the gas-phase equations evaluated at
the characteristic location) amongst the surrounding Eulerian
nodes. The numerical method employed for the gas-phase
equations allows for the integration to be performed over a
larger time step, whereas the allowable time step for the liquid-
phase equations is found to be much smaller than the convec-
tive time-scale resolved over the smallest of the nonuniform
mesh sizes. To improve the overall efficiency of the computa-
tional procedure, a fractional time-step method is developed
which allows for the integration between the gas and liquid
phases to be performed with different time steps. The details
of the solution procedure and also of various aspects associ-
ated with the injection of the particles, such as the injection
time interval and the number of droplets contained in each of
the characteristic droplet groups (nk), can be found in Raju
and Sirignano.3 The solution procedure based on the unsteady
equations has been used in the present computations to obtain
the steady-state solution.

V. Parameter and Configuration Selections
The numerical procedure is applied to predict the flow

properties of the ducted, axisymmetric bluff-body configura-
tion of Fig. I.14 The mixing characteristics of the flowfield are
influenced by the interaction between the bluff-body wake and
the injected fuel spray emanating from a swirl-atomizer lo-
cated in the middle of the centerbody face. The primary air
stream originates from a swirler located in the bluff-body
flame holder, and the dilution stream passes through the an-
nulus between the bluff body and the cylindrical duct. How-
ever, most of the calculations in the present study have been
performed under simplified flow conditions, where the inter-
action between the primary air stream and the injected fuel

DILUTION AIR BLUFF BODY/CONTRACTIONrBLUFF BOUY/C
SECTION ^

> SWIRLER

DILUTION AIR

^T 4cm 12cm 18cm

C X ŝ  x J

^-FUa NOZZLE

>"
INJECTED SPRAY

Rek) l/3 tn(l + Bk) Fig. 1 Geometry of the flow configuration.
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Table 2 Inflow conditions for different cases examined

Case
Primary air

Axial velocity, m/s
Swirl velocity, m/s
Swirl number
Mass flow rate, kg/s

Dilution air
Axial velocity, m/s
Mass flow rate, kg/s

Liquid spray
Mass fraction of n -decane
Mass fraction of n -octane
Mass fraction of n -hexane
Mass flow rate, kg/s
Equivalence ratio, $

1

20
20

0.722
0.272

— —
——

0.3
0.3
0.4

0.016
1.0

2

20
30

1.08
0.272

——
——

0.3
0.3
0.4

0.016
1.0

3

20
20

0.722
0.272

18.54
0.635

0.3
0.3
0.4

0.016
0.3

4

20
20

0.722
0.272

——
——

0.0
0.0
1.0

0.016
1.0

5

20
20

0.722
0.272

——
——

0.3
0.3
0.4

0.0049
0.3

6

20
20

0.722
0.272

——
——

1.0
0.0
0.0

0.0049
0.3

7

20
20

0.722
0.272

——
——

0.3
0.3
0.4

0.0029
0.18

8

20
20

0.722
0.272

——
——

1.0
0.0
0.0

0.0029
0.18

spray alone is examined. The values used in the computation
for the inflow conditions of various cases examined are sum-
marized in Table 2.

The inflow conditions for cases 1-4 are chosen such that the
primary air/fuel mass flow rates correspond to an equivalence
ratio of unity. However, the equivalence ratio based upon the
actual amounts of air/fuel mass flow rates participating in the
primary reaction zone is found to be fuel-rich under the inflow
conditions of cases 1-4. The calculations for cases 5-8 are
performed to evaluate the effect of fuel composition under the
inflow conditions of reduced mass flow rates, where the fuel
composition in the primary reaction zone varies from near-
stoichiometric to near-weak-extinction conditions.

The other relevant gas-phase inflow conditions are given by
T'c =500 K,/?c' = 2atm, p£ = 1.359 Kg/m3, k'c =0.03 (L^)2,
and e'c = k'c L5C°-75/0.0009. The temperature of the isothermal
walls, cylindrical duct, and bluff-body surfaces is taken to be
750 K. The injected spray is assumed to comprise four conical
streams and the half-angles of the corresponding streams are
given by 6 = 5, 10, 15, and 20 deg. The poly disperse character
of the spray is taken into account by discretizing each of the
conical streams by four droplet groups, based on initial
droplet radii of rk>0 = 159 60, 45, and 30 /*m. The mass flow

Fig. 2a Velocity vector plot for case 1.

secondary reaction zone
primary reaction zone

rates contained amongst each of the droplet groups are as-
sumed to be equal. The initial conditions for the droplets are
given by r^0 = 300 K, V'k$= 1.3-5.13 m/s, UitQ
= 14.94-14.09 ni/s, and '̂,o = 7.5 m/s. The gas-phase equa-
tions are solved on a grid with a mesh size of 36 axial
nodes x 34 radial nodes. An exponential stretching is used in
the axial direction to yield a denser grid near the combustor
inlet. For each of the cases examined, about three hours of
CPU time on a VAX 780 are required for the calculations to
reach a steady state using the following time steps:

Af injection = 1-0 ms, At g = 1.0 ms, and At} =0.004 ms

VI. Results and Discussion
The global features of the flow structure can be ascertained

from Figs. 2a-2d showing, respectively, the velocity vector
plot, the isotherms, the contours of the combined mass frac-
tions of n- decane, n -octane, and n- hexane, and also of the
mass fraction of oxygen for case 1. The figures have an
elongated scale in the radial direction. The near wake of this
flow configuration is essentially characterized by two vortices.
The swirl-induced primary vortex, oriented in the clockwise
direction, is centered at axial and radial coordinates of 0.1 and
0.042 m, respectively. The maximum reversed flow rate, which

3.5517

Fig. 2c Contours of fuel mass fraction for case 1.

500 K \
mean particle trajectory

Fig. 2b Temperature contours for case 1. Fig. 2d Contours of oxidizer mass fraction for case 1.
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characterizes the strength of the vortex, is found to be 4.3% of
the primary air mass flow rate. The mixing and combustion
characteristics of the flowfield are not affected directly by the
presence of the outer vortex, which is oriented in the counter-
clockwise direction, as it is mostly the primary air that reeircu-
lates essentially within a uniform temperature region. In Fig.
2b, the dashed line identifies the location of the fast reaction
zone. An examination of the velocity plot and temperature
contours reveals that the swirl-induced primary reaction zone
is located to the left of the zero mean axial velocity contour of
the inner vortex. In the primary reaction zone, the fuel vapor
from the vaporizing droplets mixes with the incoming air and
the combustion products entrained in the recirculation act as a
continuous source of ignition. The dotted line in Fig. 2b
indicates the mean path of the droplet trajectories. The cool-
ing effect associated with the droplet evaporation can be evi-
denced from the temperature distribution in this region. As
primary air moves radially outwards, because of swirl, be-
tween the regions of recirculation, part of the oxygen mass
reacts with fuel to form products in the primary reaction zone,
and the remainder moves downstream through the outer re-
gion. The unburnt fuel, together with the combustion prod-
ucts, moves downstream of the primary vortex through the
inner region. Further downstream of the primary reaction
zone, combustion proceeds in the secondary reaction region,
as mixing between the oxidizer and the reactants occurs within
the shear layer. The temperature attains a maximum value of
2300 K in the secondary reaction zone. The mass fraction
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Fig. 3 Droplet trajectories for case 1.
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contour lines of the reactants and the oxidizer shown in Figs.
2c-2d, respectively, identify the fuel- and oxidizer-rich regions
of the combustor. The results show that the region of maxi-
mum concentration is located close to the fuel injector.

The droplet trajectories are shown in Fig. 3. The poly dis-
perse character of the spray is represented by different sym-
bols, which indicate the initial sizes of the droplet groups.
Initially, the droplets are clustered together and move linearly
about a mean conical half-angle of 33 deg before they become
small enough to be deflected by the gaseous flow. The initial
droplet Reynolds numbers range between 25 < Re^o ̂  80. It
takes about 20 ms for the complete vaporization of the
droplets, and vaporization is completed at about 0.284 m
along the combustion chamber. Figure 4 shows the time varia-
tion of the normalized droplet radius squared for different
droplet groups of the stream, 6 = 5 deg. It takes 4 ms for the
smallest droplets to evaporate and about 18 ms for the largest
size droplets. The initial slope of these curves is small, as most
of the heat flux from the gas phase goes into the heating of the
droplet so that less thermal energy is available for vaporiza-
tion. After the initial period, the time variation of the droplet
radius squared becomes more linear, as the droplet tempera-
ture approaches close to the wet-bulb temperature and more
of the heat that is available from the gas phase goes into the
vaporization of the droplet. Figure 5 shows the time variation
of the mass fractions of the fuel species at the droplet surface
and of the Reynolds number for the droplet group, 0 = 5 deg
arid rlc$ = 15 /an. The Reynolds number increases slightly
initially, owing to an increase in the density resulting from the
low-temperature and fuel-rich conditions of the gas phase near
the fuel injector. The Reynolds number falls below 10 after 6
ms, and more than 60% of the droplet mass has vaporized
during this time period. Since n -hexane is the most volatile
component of the liquid spray, it vaporizes rapidly in the
initial phase. However, owing to the large diffusional resis-
tance associated with the high Lewis number ( = 10), the mass
fraction of hexane at the surface does not reach a zero value
but asymptotes at a low positive value. The mass fraction of
n -octane rises initially and then decreases until it asymptotes
at a value higher than the corresponding level of n -hexane
during the later part of the droplet lifetime. The liquid-phase
diffusion remains important during the entire droplet lifetime.
Similarly, droplet heating is also found to remain important
during most of the droplet lifetime.

2 4 6 6 10 12 14 16 18 20
TIME (MILLI SECS1

Fig. 4 Sk vs t' for droplets of the stream, 0 = 5 deg of case 1. Fig. 5 and Rk vs t ' for one droplet group of case 1.
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Fig. 6 Axial variation of multicomponent fuel evaporation and con-
sumption rates for case 1.

The distribution of the normalized mass fractions of evapo-
rated fuel and of the consumed fuel along the combustion
chamber are shown in Fig. 6. The results shown are obtained
by integrating the source term contributions of the gas-phase
equations arising from the production of fuel species due to
vaporization. Also shown is the accumulated consumption of
reactants due to combustion in the gas phase along the com-
bustion chamber. The slopes of the curves indicate that the
vaporization rates and species conversion rates depend
strongly upon fuel volatility. The results indicate very slight
condensation of the heavier components near the droplet in-
jector location. When the vaporization is complete, the nor-
malized mass fractions of the evaporated species approach
their respective initial liquid-phase values. The consumption
rate of the fuel species is largest in the primary reaction zone.
Further downstream of the primary reaction zone, the reduced
reaction rates reflect the mixing rate behavior of the turbulent
shear layers. The variation of the consumption rate of fuel
species becomes nearly linear in the axial direction during the
final stage of the combustion process. The surface plot of the
normalized reaction rate is shown in Fig. 7. The grid shown in
the figure corresponds with the numerical grid of the compu-
tational domain. The results show that the reaction originates
in the inner region of the primary air stream as it enters the
combustion chamber. The flame spreads in the primary reac-
tion zone. The Arrhenius kinetics are found to be rate-con-
trolling in the outer regions of the primary reaction zone,
where the temperatures are low. In the inner region of the
primary reaction zone and also in the secondary reaction zone,
where the temperatures are large, the eddy break-up term is
found to be rate controlling. More than 80% of the total
amount of fuel consumed during the combustion process oc-
curs under the conditions where the mixing rate is rate con-
trolling.

The overall efficiency of the combustor for cases 1-4 can be
seen in Fig. 8, where the integrated vaporization and con-
sumption rates of the fuel along the combustion chamber are
plotted. The vaporization and consumption rates are normal-
ized with respect to the initial fuel flow rate. The improve-
ments in the rates of evaporation and consumption, due to an
increase in the swirl number, can be noted from the compari-
sons of cases 1 and 2. The effect of adding a separate dilution
stream of zero swirl can be examined from the comparison of
cases 1 and 3. The effect of fuel composition can be seen from
the comparison of cases 1 and 4. The fuel in case 4 is pure

Fig. 7 Surface plot of the normalized reaction rate for case 1.
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Fig. 8 Axial variation of fuel evaporation and consumption rates for
cases 1-4.

«-hexane, as compared to the multicomponent liquid spray of
case 1. The rate of evaporation is slightly faster in case 4, as
«-hexane is the most volatile of three components considered
in case 1. In cases 1, 2, and 4, it is seen from Fig. 8 that the
time for vaporization of the first 40-50% of fuel is one-third
to one-half the time for energy conversion. This indicates that
droplet vaporization rate is a controlling factor, together with
mixing, in the early combustion stage. For the final 50-60% of
the conversion, the conversion time is much larger than the
vaporization rate, so that mixing is clearly the major factor in
the final stages of combustion. The differences in the conver-
sion rates during the early stages of combustion due to the
variation in fuel composition are found to be small, since the
eddy break-up term is rate controlling during most of the
combustion process and heats of combustion of the three fuel
species have nearly identical values.

The axial variation of the integrated vaporization and con-
sumption rates for cases 5-8 are shown in Fig. 9. The effects
of reduced fuel mass flow rates and of different fuel composi-
tion can be examined from the comparison of cases 5-8. The
fuel in cases 5 and 7 comprises n-decane, n- octane, and w-hex-
ane components and in cases 6 and 8 is pure w-decane. Reduc-
tion in the fuel mass flow rate for cases 5 and 6 is such that the
equivalence ratio based on the initial fuel/air mass flow rates
has a value of 0.3, whereas for cases 7 and 8 its value is
reduced further, down to 0.18 near the weak-extinction limit.
In cases 5 and 6, most of the combustion process is completed
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Fig. 9 Axial variation of fuel evaporation and consumption rates for
cases 5-8.

within the primary reaction zone, and the highest tempera-
tures are also observed to occur within the primary reaction
zone. Comparison of the results between cases 5 and 6 shows
that the effect of reduced volatility results in a reduction of
both evaporation and reaction rates. By a further reduction in
the fuel flow rate, the differences in the evaporation and
reaction rates become more significant, as can be seen from
the comparison of cases 7 and 8. In these cases, the evapora-
tion rate in the initial period is larger, as the droplets are
observed to pass through the high-temperature region of the
flame located close to the atomizer. Further vaporization
takes place in a relatively low-temperature region, as the
droplets move away from the primary reaction zone. The
increased vaporization rate in the region between jc = 0.15 to
0.2 m of case 8 is due to droplet impingement on the combus-
tor walls.

Comparison of Figs. 8 and 9 indicates that the vaporization
rate does not vary much as the equivalence ratio is reduced.
Both mixing and conversion rates tend to approach vaporiza-
tion rates as the equivalence ratio goes to 0.3. As the equiva-
lence ratio is further decreased, chemical reaction rates be-
come smaller, so that the difference between vaporization
rates and conversion rates becomes larger.

VII. Concluding Remarks
The results demonstrate that droplet vaporization, turbu-

lent mixing, and energy conversion play an important role in
various aspects of the combustor performance. Although the
predictions remain to be validated with experimental results,
the internal consistency exhibited by the predictions supports
the belief that agreement will be close to the actual flow
behavior. The anticipated success should be restricted to the
mean flow behavior. If the previous studies13'14 are any indica-
tion, the predictions of the rms fields will be poor for the
application of the k-e turbulence model. The turbulence
model could be improved by incorporating the algebraic stress
model, which has been shown to yield better results for swirl

flows.19 Although the eddy break-up model of Spalding has
been used extensively in the modeling of turbulent gaseous
flames, its application for spray combustion requires experi-
mental validation. The accuracy of the vaporization model
could also be improved by considering the effects associated
with physical property variations. The effect of fuel composi-
tion is found to be significant near the weak-extinction limits,
but its effects near the blow-off conditions remains to be
explored.
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