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Calculation of the Flow Properties of a Confined
Kerosene-Spray Flame

Y. El Banhawy* and J. H. Whitelawt
Imperial College of Science and Technology, London, U.K.

A calculation procedure for the prediction of local properties of spray flames is described and evaluated by
comparison with experimental data. The mathematical formulation comprises the application of Eulerian
conservation equations to the gas phase and Lagrangian equations of droplet motion and thermal balance to a
small finite number of droplet size ranges representing the size-distribution within the spray. The latter is
coupled with a droplet-tracking technique which allows the determination of the droplet location and properties
within the flowfield. The spray combustion model assumes that the evaporating droplets act as distributed point
injectors of fuel vapor within the flame, and that the combustion rate of fuel vapor is controlled by the turbulent
transport from the vapor and oxidant streams. Experimental and predicted results are shown to be in qualitative
agreement, and the comparison emphasizes the importance of the spray initial conditions, including the shape of
the size distribution and the droplets’ initial velocity. Compared to the turbulence and combustion models, the
number of size ranges was tested in the range between 5 and 20 and found not to be important for the spray

considered.
Nomenclature
¢, = specific heat under constant pressure, J/kg K
D, =droplet diameter, m
f =mixture fraction

g =square of the fluctuation of concentration
H;, =fuelheat of reaction, J/kgg,

K, =thermal conductivity of gases, J/m K kg
L = fuel latent heat of vaporization, J/kg

P  =pressure, N/m?

T  =temperature, K

U =axial velocity component, m/s

V  =radial velocity component, m/s

W  =tangential velocity component, m/s

U =viscosity, kg/m-s

o

=density
Subscripts
f =gas-phase
D =droplet
v =vapor

eff =effective (including the effects of turbulence)

Introduction

HE prediction of the hydrodynamic and thermal
characteristics of spray flames requires consideration of
the two phases in the flowfield which are coupled through
exchange processes of mass, heat, and momentum. The main
mathematical burden is associated with the modeling of the
discontinuous liquid-phase and the coupling between the two
phases. Moreover, the modeling of the combustion process
requires consideration of the spray characteristics, which act
as additional combustion-rate controlling parameters.
The problem of predicting the local flow properties in
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situations where a spray of droplets is injected in a turbulent
gas field has been investigated by Crowe,! Crowe et al.,? and
Sharma.3 Eulerian conservation equations were applied to the
gas phase with the assumption of insignificant influence of
local flow discontinuities induced by the presence of droplets
in the gas phase. Lagrangian equations of droplet motion and
thermal balance equations were applied to a finite number of
droplet size ranges representing the size distribution within the
spray. The interaction between the two phases was accounted
for by considering the droplets as sources of mass, heat, and
momentum to the gas field.

A different approach was developed by Williams,* who
modeled the spray through a conservation equation for a
statistical distribution function, defined as the number of
droplets per unit droplet diameter, and velocity and spatial
volume. The influence of the spray on the gas field was
considered through source terms, representing different
exchange processes, included in the conservation equations of
the gas field. The main difficulty associated with this ap-
proach lies in the solution of the final set of equations which
have an integrodifferential character. Application of the
method was described in Refs. § and 6.

Harlow et al.” and Gosman et al.® used the continuum
formulation of the conservation equations, for both phases,
to predict local gas and particle properties in a range of flow
geometries. Fluid properties, which vary rapidly on a scale
comparable with the particle spacing, were replaced by
smoothed variables obtained by averaging over regions which
were large compared with the particle spacing, but small
compared with the complete system. The resulting equations
described the motion of the fluid and particles as though they
were interpenetrating continua. There is much argument in
the literature concerning the validity of the continuum
assumption under different flow conditions (see, e.g., Ref. 9)
and the modeling of the turbulent stress tensor for the liquid
or solid phase. Assessment of the procedure by applying it to
simple two-phase flow problems is, therefore, required prior
to its application to the more complex spray flows.

The present paper describes a calculation method for the
prediction of reacting sprays with a mathematical approach
based on that of Crowe! for nonreacting sprays. The ability
of the present procedure to predict the local properties of
spray flames is demonstrated by comparison with the ex-
perimental data of Ref. 10, obtained for a range of confined
swirling spray flames. The comparison indicates general
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agreement with measurements, but deficiencies remain and
are attributed mainly to uncertainties in the calculated spray
evaporation and spreading rates and to the two-equation
turbulence model associated with the prediction of strongly
recirculating flow.

Mathematical Analysis of the Gas Field

The conservation equations for the turbulent gas field are
derived for time-averaged dependent variables, and the
turbulent shear stresses are calculated with a two-equation
(for the kinetic energy k and its dissipation rate €) turbulence
model.!! For two-dimensional turbulent, axisymmetric,
combusting, and steady gas flow with recirculation, the
governing equations can all be written in the same general
form,2i.e.,

3 139 _ 9 (.99
ax U+ (e Vi) =5 {Fax}

19 ¢
+;E{I‘FE}+S+S,1 (1)

where ¢ is any one of the dependent variables, and the ex-
change coefficient I' and source term S stand for expressions
assembled in Table 1; S, is the term representing the in-
teraction between the fuel droplets and gases and is obtained
from the solution of droplet-field equations as will be
described later. Equation (1) is solved with the eight depen-
dent variables indicated in Table 1 and the pressure correction
equation referred to in the numerical solution procedure, It is
assumed that the fuel droplets do not influence the turbulent
structure other than through the release of thermal energy,
i.e., the droplet concentration is small.

Combustion Model

The spray combustion model used in this paper is based on
the assumption that liquid droplets act as distributed sources
of fuel -vapor within the spray. The implication is that
chemical reaction in spray flames can be treated in a way
similar to that used for turbulent gaseous diffusion flames.
Experimental evidence for this assumption can be found in
Refs. 13-15. Several combustion models for gaseous diffusion
flames are reported in the literature (see, e.g., Refs. 16 and
17). The combustion model for the present calculations
assumes that fuel and oxygen burn instantaneously in a one-
step reaction and can coincide at the same point, but at dif-
ferent times, according to a double-delta function probability
distribution. 16 This model has been appraised in connection
with gaseous flames (see, e.g., Ref. 17) and can probably be
improved by the incorporation of an alternative probability-
distribution assumption; it has, however, been shown to yield
reasonable results for a range of gas flames.

Spray Model

The present model assumes that the fuel is injected into the
combustion chamber as a fully atomized spray which consists
of spherical droplets. The droplet-size distribution within the
spray is represented by a finite number of size ranges, as
shown in Fig. 1, with the correlation equation from Ref. 18,
i.e.,

dn =4 ( D ) % ¢ ~BWD/D3)B dp
32 D32

where dn and n are the number of droplets in the size range
from D to D+dD and the total number of droplets,
respectively; D;, is the Sauter mean diameter; and o, 8,4, and
B are experimentally determined constants.

For each size range, droplet trajectories, velocities, size,
and temperature history within the combustion chamber are
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obtained by solving the momentum and thermal balance
equations for the droplet representing this size range.

The solution of the governing equations for the gas field
incorporates a finite-difference procedure where a staggered-
grid is used to divide the flowfield into computation cells for
the application of the conservation principles (see Ref. 12 and
Fig. 2). The knowledge of the droplet properties (size,
velocity, number, etc.) at the cell boundaries allows the
calculation of the loss or gain of the droplet mass, heat, and
momentum within each cell, which appears as source or sink
terms in the corresponding finite-difference equations for the
gas phase. These source terms represent the coupling link
between the droplet and gas fields.

The calculation of the droplet-source terms require
knowledge of the rate of the number of droplets entering and
leaving each calculation cell; it is assumed that the number of
droplets associated with each size range is constant along its
trajectory, and this implies that turbulent diffusion of
droplets and the effects of droplet collision and breakup are
neglected.

Mathematical Analysis of the Droplet Field

The coupling between the droplet and gas fields, through
the droplet-source terms, necessitates the determination of the
droplet location, size, temperature, and velocity within the
combustion chamber. This is done by tracking different
droplets throughout their movement inside the calculation
domain; consequently, a Lagrangian framework is used to
describe the droplet behavior.

Momentum Balance Equations

For each droplet representing a size range, the momentum
balance equations (see, €.g., Ref. 9) are written as

dn/n%
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Fig. 1 Droplet size distributions.

—_— —_— N —_—

Droplet Trajecqory

o )
T T77/‘/ﬂ n(2) Up,-Tpo-DY,
e,

S :

Fig.2 Computation cells and droplet trajectory.



DECEMBER 1980

Axial direction

dU, 1 <6p> 6-p

—2 = (=) + ——(U;,~U,)f(Re 2
dt 0y Ax f pr.Di( S p)f( 0 )]
Radial direction

dav, w3 1 (817) 6-p

—e2_Tr__ () 4+ (V,=V,)f(Rey) (3)
ey, pp \Oy/; mp, D" 7 ‘

Tangential direction

AW, V, W, _ 6

ar ” (W,—W,)f(Rep) @

wp,D3

The drag function is given by f(Re,) =x/8- C,-Re,, where
Re, is a Reynolds number of the droplets defined as

PrDp- l(q[_UP)'
U

Re,=

Several correlations for the drag coefficient C, can be
found in the literature (see, e.g., Refs. 19 and 20). A
correlation which has been used by several investigators and
_ found to be reasonably accurate is used in the present work, !*
ie.,

Cp=27-Re; 0% 0<Re,<80
=0.271-Ref?7  80<Re,<10*
=2.0 Re, < 10*

The effects of evaporation and droplet distortion on C, are
included implicitly in the preceding correlation.

Droplet-Size-Change Expression

The mass transfer rate from the liquid to the gas phase
associated with evaporation?! is given by

K
i, =27D,—Lt(1+B) )
Ps

where the transfer number B is B=cp, (7,~T)/L and has
been derived for evaporation from single droplets but without
chemical reaction.

i, can also be expressed as

. T dD
tt, = 2 p, D2 O]

and, from Eqgs. (5) and (6), dD,/d¢ can be expressed as

dD —-4.K, 1 -32
—~2=—L —p(I+B)= K,
dr Pp-cPs D, P

where K, is the evaporation rate constant for stagnant con-
ditions. For moving droplets, K, is corrected by the following
expression (see, e.g., Ref. 19):

Koy =0.5xK,x(2.0+0.56Re}>)

Then,
- 2K,

dD 1
P 0.5
ar (24 0.56Rel’ yin (14 B) @)

ppcpf D

Thermal Balance Equation

The droplet temperature during the preheating period (prior
to the start of evaporation) is determined by solving the
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thermal balance equation for a droplet moving in a gas
stream. By assuming that the prevailing mode of heat transfer
is forced convection, no evaporation takes place during the
preheating period, and that the temperature is uniform across
the droplet radius, the resulting thermal balance equation is

a7, 6
= —
dt D h(T;=Tp) ®

pPpCp

where k is the heat transfer coefficient, 1 i.e.,
h=N,K,/D,=(K,/D,) (2.0+0.56R,,%)

and N, is the Nusselt number. Equation (8) is solved only
during the preheating period, and the droplet temperature
during subsequent movement will be that corresponding to
saturation.

Equations (2-4), (7), and (8) represent a closed set of
equations which, with appropriate initial conditions and
knowledge of gas properties, provide the variation of the
droplet velocity, size, and temperature in the time domain.
The corresponding droplet properties in the space domain are
obtained by the droplet-tracking technique described in a
following section.

Numerical Solution Procedure

Gas Field

The gas phase elliptic partial differential equations,
together with the boundary conditions, are solved by a finite-
difference procedure through the TEACH-code computer
program. !2 The finite-difference form of Eq. (1) is derived by
integration over a cell surrounding the variable under con-
sideration and is solved numerically with the dependent
variables Uy, V;, W,,h,f,8,k, and € of Table 1.

‘The velocity field calculated from the momentum equation
is linked to corrections to the pressure-field to satisfy the
continuity equation. These corrections are obtained from a
pressure correction equation derived from both the continuity
and momentum equations in the manner described by Caretto
et al.2?2 This equation is modified to account for mass
coupling between the droplet and gas field, as described in
Ref. 1.

The droplet-gas coupling is incorporated in the numerical
procedure as follows. An isothermal, droplet-free solution of
the gas field is first obtained, then droplet trajectories, size,
and temperature history are calculated through the droplet-
field equations with known gas properties. The droplet source
terms are then calculated for each cell in the calculation
domain and fed to the finite-difference form of Eq. (1) to
obtain adjusted values for the dependent variables. These are
used again in the solution of the droplet-equations. This
process of solving the gas field equations followed by the
droplet equations is repeated until all the equations are
satisfied.

Droplet Field

The simultaneous differential Eqgs. (2-4), (7), and (8) for the
droplet behavior are solved numerically using a Runge-Kutta-

~ 4method.

Droplet Tracking

The numerical procedure used to solve the droplet-
equations provides the axial, radial, and tangential velocity
components at the start and end of each time-step. These
velocity components are used through a tracking method to
determine the position of the droplets relative to the gas-field
where the following relations are used (see Fig. 2):

Xend = Xstart +0.5 ( Ustart + Uend )At

Yend = Ystart + 0'5( Vstart + Vend)At
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Table1 Expressions appearing in Eq. (1)

Variable .
¢ T S
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'f Heff ax Hetf ax ror Hest ax
3 114} 19 av, 2uV, w2 P
v o)t )
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W —(——+—+— W
4 Mett r ror or !

Heff
k — Gy, —¢€

Oy kI

Heft €
€ — - (C;G,, —Cye

. % (€1Gk 2€)
f Bett

I
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Oy

Heff € b
’ o w0t

AU\ 2 aV,\2 VN2 W, \2 ré [ W, 2 aU, aV,y\2
mnel (1) + () () () (D) ()

ax or r ax or\ r ar ax

el (2 (2

o=effective turbulent Prandtl number for the variables ¢$=0.9. C, =1.44 and C, = 1.92 are constants of
the turbulence model. Cy; = 2.8and Cg = 2.0 are constants of the concentration fluctuations, Eq. (g).

Droplet properties at the end of the time-step are stored at
X4 and Y. ,. The swirling fuel spray is assumed to be
axisymmetric. Hence, although the droplets are moving in a
spiral-like motion, their position is identified only by the two
coordinates X and Y. The time step used in the calculation has
been chosen to give the time-step independent solution for the
droplet equations. The treatment of droplets impinging on the
combustion chamber walls is important in modeling spray
flames. On impingement, droplets may form a liquid film,
shatter, or reflect with reduced momentum, and the rules
which govern the choice of these alternatives are not well
formulated. Thus, a simple assumption has been made here,
namely, if a droplet arrives at a surface, the calculation
proceeds by assigning a negative value for the radial velocity
component and reducing the three velocity components by a
factor accounting for the loss of momentum upon im-
pingement (a value of 0.85 has been used in the present
calculations).

Interaction Source Terms

Droplet tracking allows the size, velocity, and position of
the droplet to be determined in the calculation domain.
Droplet source terms are obtained by calculating the loss or
gain of the droplet mass and momentum within each cell.
Summing up the respective source terms for droplets
representing different size ranges gives the total droplet source
terms.

The mass exchange rate between the droplet and gases in a
cell is given by the following expression!:

N
Som = E (My—mmg,)
L=1

where i1, and m,, are the mass fluxes of the droplet at entry
and exit to the cell, respectively; N is the total number of size
ranges representing the sray; and rit,, =n/6-p, D3 sy -5 is
the number of droplets issuing from the spray nozzle per unit
time and with diameters corresponding to the size range L.

For the axial momentum, the momentum exchange rates
are given by,

N
Spu= E (MUdo—MUdi)L

L=1

where MU, and MU,; are the axial momentum fluxes of the
droplet at exit and entry to the cell, respectively, and
MU, ==/6p,D;, -U,, -1 . Similarly,

N
Sy = E (MV 4o —MVy),
L=1

and

N
Saw = E (MWdo "MWdi)L
L=1

The total enthalpy exchange rate is given by

N
Sip= Y, (thy—rhg,) (Hy—L)
L=]

Calculated Results

The present calculation procedure has been tested by ap-
plying it to predict the local flow properties in a confined,
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Fig.3 Geometry of the combustion chamber.

Table 2 Spray inlet conditions for the test cases

Case Number of Size Injection
No. size ranges distribution® velocity®
1 10 I A
2 5 iI A
3 10 I B
4 S I A
5 20 I A

aSize-distribution of droplets:

dn D, \33 D,\04\ dD
=— =4.21X106<—-—) exp —16.98(—-) ) —
n 188 188 188

dn D\ 2252 D\ 0469\ dD
II=— =0.0203 x 106 (—”) exp(— 11.723 (—”) y) —
n 127 127 127

bInjection velocity of droplets: A= U,=11.0, w,=6.1, V, varies
from 0.5-2.5, the small value corresponds to smallest droplet-
diameter. B= Up =10.0, W,=2.0, V, varies from 0.5-2.5, the
smallest value corresponds to smallest droplet-diameter.

swirling spray flame. The geometry of the combustion
chamber is shown in Fig. 3. Experimental data for tem-
perature, axial, and tangential velocity components were
obtained from Ref. 10 and correspond to the following inlet
conditions: air mass flow rate=355 kg/h, air/fuel
ratio=20.17, swirl number =0.721, swirler vane angle =45
deg, inlet air axial velocity =15 m/s, air temperature at en-
try=310K.

A fuel nozzle of the swirl-atomization type was used in the
experimental tests. The spray droplet-size distribution
corresponding to the preceding operating conditions is shown
in Fig. 1, and the inlet conditions used in the present
calculations are given in Table 2.

The calculations were performed with a grid of 20x20
nodes which allowed the solution of the complete set of
equations, including the solution of the droplet equations for
10 size ranges, in approximately 14 min of CDC 6600 time. In
the test case where 5 and 20 size ranges were considered, the
computing time was 12 and 18 min, respectively. They were
performed for five cases, corresponding to the spray inlet
conditions summarized in Table 2, and allowed examination
of the influence of the spray inlet conditions, including size-
distribution, injection velocities, and the number of size
ranges, on the predicted results. The presentation of the
results first allows a comparison of the experimental and
predicted results, case 1, and then separate consideration of
the influence of each of the preceding variables.

The experimental and predicted results for the axial velocity
and temperature profiles at different axial distances from the
burner are shown in Fig. 4 and correspond to case 1. The
results show that the predicted temperatures are well below
the measured values, close to the burner and at small radii of
the combustion chamber r/r;<0.5, and comparatively high
close to the combustion chamber wall. Related discrepancies
exist in the corresponding axial velocity profiles. The axial
velocity profiles also indicate underprediction of the size and
strength of the central recirculation zone.
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The discrepancies in the temperature profiles are influenced
by errors in the calculated evaporation and spreading rates of
the fuel spray and by the underprediction of the recirculation
zone. The distribution of the mass fraction of the evaporated
fuel along the combustion chamber is shown in Fig. 5§ and
indicates that only 80% of the fuel has evaporated by around
x=0.6 and that evaporation continues to x=1.2. This slow
rate of evaporation may explain the predicted low tem-
peratures in the central part of the upstream sections and the
higher temperatures observed downstream. The droplet
trajectories of the 10 size ranges showed no significant dif-
ferences between the trajectories of different size ranges. This
suggests an underestimation of the spread of the fuel spray.
The trajectories were observed to be concentrated in a small
spatial volume which is roughly coincident with the locations
of the maxima in the radial temperature distributions of Fig.
4. This is likely to account for the overprediction of tem-
perature at these locations. The uncertainties in the
evaporation and spreading rates of the spray are probably
related to the assumed spray inlet conditions and to the
neglect to the influence of the turbulent gas motion and
droplet breakup and collision on the droplet-motion.

Apart from the influence of the underprediction of the
recirculation zone on droplet trajectories, it causes a
reduction in the amount of hot combustion products recir-
culated from downstream regions of the flame which,
otherwise, would increase the temperature at near-burner
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Fig. 6 Radial profiles of temperature and axial velocity for two
droplet size distributions.

locations. This has a direct influence on the droplet
evaporation and the combustion rate and, therefore, con-
tributes to the low temperatures and evaporation rate at small
axial distances. The underprediction of the reverse-velocity
zone is associated with uncertainties in the assumed upstream
flow boundary conditions and in the two-equation turbulence
model employed in the present procedure. The effective-
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viscosity assumption is known? to be less precise in highly
swirling flows; in addition, the swirl number quoted for the
experimental data and used in the present calculations was
estimated rather than measured and is subject to some un-
certainty.

Radiative heat transfer (see, €.g., Ref. 23) has been omitted
from the present calculations mainly for reasons of simplicity.
This may cause errors in regions of high temperature and high
concentration of absorbing and radiating species and at
regions where hot soot particles exist. The neglect of radiation
is not, however, expected to be significant compared to the
other influences of the spray inlet conditions mentioned
previously. For example, in the high-temperature regions, the
expected uncertainty in the temperature values (based on
previous calculations) will be in the order of 150 K.

The observed discrepancies between the experimental and
predicted results should also be related to the uncertainties in
the measured temperature and velocity profiles. The tem-
perature was measured by a suction pyrometer with un-
certainties of around 10%, which may increase to 15% at
regions within the spray boundaries due to droplet im-
pingement on the thermocouple element. The velocity was
measured by a 3-hole pitot-tube probe with a maximum error
of about 15%. 1

Influence of Droplet Size Distribution

Calculations were carried out (cases 2 and 4) with the two
size distributions of Fig. 1 (see also Table 2). Radial profiles
of axial velocity and temperature are presented in Fig. 6 and
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Fig. 8 Radial profiles of temperature and axial velocity for three
number of size ranges.

show the influence of shifting the size distribution toward
smaller droplet-diameters on the temperature profiles. They
indicate the large increase in the temperature values at near-
burner locations and around the flame centerline associated
with a decrease in temperature at the near-wall region of the
downstream sections, €.g., at x =0.52. Consequent changes in
the axial velocity profiles are indicated in Fig. 6, e.g., the
central recirculation zone has completely vanished due partly
to the excessive increase in temperature.

The heating period of a droplet and the rate of change of its
diameter with time are both inversely proportional to its
diameter and, consequently, a reduction in the spray mean-
droplet diameter will be associated with earlier droplet
evaporation. The increase in the evaporation rate for case 2 is
evident from the results of Fig. 5 where, e.g., the mass
fraction of the evaporated fuel has increased from 24% (case
4) to 54% (case 2) at x=0.2. The increase in the temperature
values of case 2 at near-burner and centerline locations is
mainly influenced by this rise in the evaporation rate as more
fuel is available for combustion in the initial part of the
flame. The increase in the evaporation rate in the upstream
region is also associated with a reduction in the amount of
fuel vapor evolved from fuel droplets during their subsequent
movement in the downstream region and close to the chamber
wall. This explains the lower temperatures predicted in these
regions of the flame for case 2.

It is also likely that the increase in the predicted tem-
peratures within the central part of the flame (case 2) is related
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to uncertainties in the present combustion model. These stem
mainly from the assumptions of a single-step infinitely fast
chemical reaction and of the neglect of intermediate reaction
species such as carbon monoxide and unburned hydrocar-
bons. Although concentration measurements were not
reported in Ref. 10, the results obtained for similar combustor
configurations (see, e.g., Ref. 24) indicate significant con-
centrations of intermediate species. The neglect of these
species,- with their comparatively high heats of reaction,
results in temperature values which are overestimated. The
results of the calculations reported in Ref. 24 suggest that the
magnitude of the overestimation in temperature can be as
high as 300 K.

Influence of Droplet Injection Velocity

The results of case 1 have been compared with those of case
3 with its lower injection velocity to demonstrate the extent to
which changes in the droplet-injection velocity affect the
predicted profiles. Radial profiles of axial velocity and
temperature are shown in Fig. 7 for the two cases. The
temperature profiles of case 3 show an increase in the cen-
terline values associated with a shifting of the location of the
radial temperature maxima toward the centerline, This
implies an increase in the evaporation rate at small axial
distances and a decrease in the spray spreading rate which is
confirmed by the results of Fig. 5. The increase in evaporation
is due to the increase in the droplets’ relative velocity which
consequently increase the heat and mass transfer to and from
the droplet, respectively.

Influence of the Number of Size Ranges

To demonstrate the influence of the number of size ranges
used to represent the spray, calculations were performed for 5
and 20 size ranges (cases 4 and 5) and compared with case 1
(10 size ranges). The predicted results of the axial velocity and
temperature profiles are shown in Fig. 8 for the three cases
and indicate small differences. An increase in the number of
size ranges tends to decrease the differences between the
experimental and predicted results, but the magnitude of the
change is small. It is likely that, in sprays of the present type
(hollow-cone) where the droplets are confined to a small
spatial volume, the use of a small finite number of size ranges
is sufficient to represent the spray provided that the overall
evaporation rate calculated from these size ranges is correctly
represented. The distribution of the percentage evaporated
mass along the flame is shown in Fig. 5 for the two cases 1 and
5 and indicates insignificant changes in the calculated spray
evaporation rate with the number of size ranges.

Concluding Remarks

The reported results of the previous section and the
comparison with the experimental data show that general
features of the flowfields are correctly predicted by the
present procedure. However, quantitative differences exist
between the experimental and predicted results particularly at
near-burner locations and around the combustion chamber
centerline. Consideration of the factors influencing the
solution of the droplet-field emphasizes that these
discrepancies are mainly related to uncertainties in the
calculated spray evaporation and spreading rates. Inspection
of the predicted velocity and temperature profiles suggests
that the observed deficiencies are related to uncertainties in
the initial conditions and in the two-equation turbulence
model.

The assumption of representing the spray by a finite
number of size ranges has been examined in the present work,
and it was shown that increasing the number of size ranges
from 5 to 20 causes an average reduction of 5% in the ob-
served errors between the experimental and predicted results.
However, the extent to which the results are improved does
not justify the increase in computing time. The insignificant
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influence of the number of size ranges obtained in the present
case is probably due to the fact that in the hollow-cone spray
of the present case most droplets follow the same path, and
therefore, the use of a small finite number of size ranges will
be sufficient to represent the spray provided that the
evaporation rate calculated from this finite number is correct.
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