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Experimental and Theoretical Study on Hollow-Cone Spray

Keh-Chin Chang,* Muh-Rong Wang,* Wen-Jing Wu,t and Chia-Hong Hong¥
National Cheng-Kung University, Tainan 70101, Taiwan, Republic of China

A theoretical and experimental investigation has been conducted to study the two-phase turbulent structure
in an isothermal hollow-cone spray. Mean and fluctuating velocity components, drop number density, as well
as drop-size distribution were measured with a nonintrusive diagnostic tool, a two-component phase Doppler
particle analyzer. Complete initial conditions required for theoretical calculations were also provided with
measurements. Theoretical calculations were made with an Eulerian-Lagrangian formulism. Turbulent disper-
sion effects were numerically simulated using a Monte Carlo method. Turbulence modulation effects were also
taken into account in the modeling. The well-defined experimental data were used to assess the accuracy of the
resultant Eulerian-Lagrangian model. Comparisons showed that the theoretical predictions, based upon the
Eulerian-Lagrangian model, yielded reasonable agreement with the experimental data. The improvements made
by inclusion of the selected turbulence modulation model were insignificant in this work.

Nomenclature

= spray half-width at the inlet station

drag coefficient

= coefficients in turbulent model

= orifice diameter of spray nozzle

drop diameter

Sauter mean diameter

= mean liquid mass flux

turbulence energy production term

= gravity

= turbulent kinetic energy

eddy size

= total number of computational drops passing
a cell

number of drops represented by a
computational drop

= value of probability density function
pressure

drop Reynolds number

= radial coordinate

source term due to interactions between gas
and drops

= source term

= time

instantaneous, mean, and fluctuating axial
velocity components

instantaneous, mean, and fluctuating radial
velocity components

cumulative volume fraction of liquid

= fluctuating tangential velocity component
= axial coordinate

transport coefficient

= integrating time step

= dissipation rate of turbulent kinetic energy
M, Mo = molecular, eddy, effective viscosities
density

= coefficient in turbulent model

= turbulent eddy lifetime

= particle dynamic relaxation time

= residence time of particle in an eddy
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¢ = dependent variable

Q = void fraction

Subscripts

i = ith direction

k = turbulent kinetic energy

p = dispersed phase

£ = dissipation rate of turbulent kinetic energy
- = vector form

Superscripts

= kth computational drop
= mean value

I. Introduction

IQUID fuel sprays have been extensively employed in
combustion systems such as fuel-injected reciprocating
engines, liquid rockets, gas turbine engines, etc. Since liquid-
fuel sprays in combustion systems consist of several compli-
cated processes—atomization, evaporation, mixing, and
combustion—numerous efforts have been devoted to develop
the theoretical methods and experimental instruments for
analyzing these processes. Earlier studies have been reviewed
in detail by Faeth'* and Chigier.> Many recent experimental
studies*~° were conducted to measure the spray angles, drop
trajectories, drop velocities, and drop-size distributions. On
the other hand, the current advances concerning the theo-
retical analysis of sprays and drop/turbulence interactions can
be found in an excellent review paper by Faeth.?2 He pointed
out that many fundamental problems such as the effects of
anisotropic turbulence, turbulence modulation, turbulence
dispersion, etc., remained to be resolved for dilute flows.
Quite a few theoretical studies!®~!*> have revealed the im-
portance of the inlet conditions of sprays on the prediction
accuracy of the mixing, evaporation, and combustion char-
acteristics. For example, Mellor et al.'® conducted a hollow-
cone spray experiment but provided incomplete measure-
ments of the inlet conditions. Sturgess et al.'> made many
efforts to adjust the specification of the assumed inlet con-
ditions in order to yield reasonable downstream spray pre-
dictions in their calculations. However, they confessed that,
even with an artificial adjustment of the specification of the
assumed inlet conditions required for theoretical calculations,
they had never come to acceptable predictions of droplet
space distribution. Asheim et al.’* employed the same data
base!® and repeated the calculation but took into account the
effects of droplet collisions. Little improvement of spray pre-
dictions, as compared to the measurements, was obtained
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since the spray was of dilute case. Again, the prediction errors
stemming from the incompletely measured inlet conditions
remained in their theoretical analysis.

According to the preceding discussion, most of the exper-
imental investigations did not provide complete measured in-
formation of inlet conditions due to the difficulty in measuring
the inlet conditions of the dispersed phase. Consequently, it
resulted in the limitation on the development of physical models
and the numerical solution procedure. For example, in the
absence of available inlet conditions, particularly for the dis-
persed phase, many theoretical investigations assumed the
inlet profiles of radial velocity components of drops as a very
rough function of spray angle!®'"*17 or even assumed the
inlet radial velocity component to be zero for reasons of sim-
plicity.?® The size distribution of drops at the inlet was usually
assumed in the Rosin-Rammler form and without spatial var-
iation for the calculations.'%:121%17 In order to be rid of pre-
diction uncertainties stemming from the lack of measured
information at the inlet in the theoretical study of hollow-
cone sprays, it is necessary to have available complete ex-
perimental data useful for the calculation of turbulent, poly-
disperse spray models. The present investigation using a rel-
atively new instrument—a phase Doppler particle analyzer
(PDPA)—differs from previous ones in many details, but
principally in providing as complete information as possible
about the mean and fluctuating properties for both continuous
and dispersed phases in an isothermal hollow-cone spray.

In summary, the objectives of this study are twofold. The
first one is to provide a well-defined, complete bench mark
quality data base useful for model validation. The second one
is to evaluate the theoretical calculations against the mea-
surements in an isothermal hollow-cone spray which possesses
elliptical characteristics in its corresponding mathematical for-
mulism.

II. Experimental Methods

A. Test Facility

Figure 1a shows a schematic of the experimental setup which
consists of a test stand as well as the air and fuel supply system.
The test stand was composed of an optical table, a fuel col-
lection tank, and exhaust system, and a three-axis transverse
mechanism which permits positioning to within 0.03 mm. The
spray nozzle was mounted on the three-axis transverse mech-
anism and was positioned by stepping motors that were con-
trolled by a PC/XT. The exhaust system provided a uniform
curtain flow of the surrounding air with a velocity of 0.5 m/s
in the test section to avoid the flow reversal. The test chamber
cross section was 0.8 x 0.8 m with a length of 0.7 m. The
spray nozzle was a pressure type of hollow-cone atomizer
(Monarch model F80 no. 1.35, as schematically shown in Fig.
1b) from which the water spray was injected vertically down-
ward with a flow rate of 1.19 g/s. The orifice diameter of the
nozzle was 0.64 mm. The nominal cone angle was 80 deg.
The water was maintained at room temperature (298 + 2 K),
and the experiment was conducted at a pressure difference
across the atomizer of 827 kPa (120 psi). Since the spray was
axisymmetric, a two-dimensional, cylindrical coordinate was
selected such that the axial (x) coordinate (along the axis) is
positive downward with the origin at the center of the nozzie
exit and the radial (r) coordinate (normal to the axis) is pos-
itive away from the axis. :

B. Instrumentation

Mean and fluctuating velocities of both phases were mea-
sured with a two-component PDPA (Aerometric, Inc., model
3200-3). This instrument can simultaneously measure two or-
thogonal components of velocity, volume flux, and size for
individual drops.’® A smoke generator (using kerosene as the
working fluid) was used to generate seeding particles (nominal
2 pum) for the velocity measurements of the continuous phase.
The ensemble-averaged quantities were statistically calculated
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Fig. 1 Schematics of a) the test facility, and b) the internal config-
uration of the nozzle.

by collecting 30,000 valid sample data for each measurement
point. Typically, a drop number density of 10* drops/cc was
measured in the central regions of the spray, except in the
dilute outer regions of the spray where the drop number den-
sity dropped to about 1.5 x 10? drops/cc. It was found that
the measurement of the volume flux was sensitive to the PDPA’s
settings. The proper settings of the range of the laser power,
the PMT voltage size range, the optical arrangement, etc. in
the experiment were determined by assuring the repeatability
of the measured data and the good conservation of the liquid-
mass flow rate at all measured axial stations. Moreover, the
size distribution range injected by the spray nozzle was able
to be covered by one optical arrangement without changing
the track number of the grating disk of the PDPA. The ac-
curacy of the measured volume flux was about 75 ~ 85% as
compared with the metered mass flow rate. More details of
the experimental methods can be found in Ref. 19.

Ten data sets with the mean drop sizes of 7, 21, 35, 49, 63,
77,91, 105, 119, and 133 um were recorded in the experiment.
The complete information including the distributions of u, v,
w, v, w, uv', ut, vk, G% and drop size measured at the
axial station of x/D = 20 will serve as the inlet conditions
required for the theoretical calculation. Although the liquid
was swirled prior to injection in accordance with the nozzle
geometry (see Fig. 1b); the swirling motion was relatively
weak and almost zero values of the measured mean azimuthal
velocity component for both phases were observed at the axial
station of x/D = 20. Thus, the present problem can be viewed
as a nonswirling spray.

III. Theoretical Methods

In general, there are two fundamentally different theoret-
ical approaches utilized to predict the dispersed properties in
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two-phase flow.>?® One is called the Eulerian approach or
two-fluid model, the other is called the Lagrangian or tracking
approach. Durst®! examined these two different approaches
and showed that the Lagrangian approach had an advantage
in handling dilute flows with polydisperse size distributions,
whereas the Eulerian approach was relatively computationally
efficient for monodisperse two-phase flows. The comparative
studies using these two approaches conducted by Mostafa and
Mongia* as well as Adeniji-Fashola and Chen? also came to
similar conclusions. Since the problem to be addressed is a
polydisperse spray, the Lagrangian approach is employed for
the theoretical analysis of the dispersed phase.

A. Continuous Phase Equations

The k-& turbulence model capable of adeequately describ-
ing the turbulence motion of simple flows such as the present
nonswirling spray is employed in this work. The governing
equations of the continuous phase consist of the conservation
of mass and momentum in conjunction with the turbulence
modeling equations for turbulent kinetic energy and its
dissipation rate. The governing equations expressed in the
Reynold-averaged form for the axisymmetric cylindrical co-
ordinate are cast into a general form which permits a single
algorithm to be used for calculation, as follows:

1
= (o) + = = (pOwg)

_ 2 )y 19 s
= (Ql"d, 6x> +oo (mm ar) + 8, + S, (1)

The parameters ¢, ['y, S,, and S, appearing in Eq. (1) are
summarized in Table 1, along with the appropriate empirical
constants.” Here S, represents the source term due to the
interactions between the continuous and dispersed phases.
The calculated values of ) range between 0.9999-1.0 in the
present case. Therefore, the investigated spray is not a dense
two-phase flow and the drop-drop interactions can be rea-
sonably ignored in the modeling.

It is known??° that the effects of the dispersed phase on
the continuous phase are not only through the production of
momentum source terms but also through the modification
of turbulence structure. However, the effects of turbulence
modulation due to the existence of dispersed phase were sel-
dom considered in most of the previous theoretical
investigations!®~>17 since those sprays were of dilute two-
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phase cases. In this study the effects of turbulence modulation
are also examined by employing the model developed by Shuen
et al.?® as shown in the following:

S, = QUS,, + QVS,, — QuS,, — WS, ()

£ o o Tar
S = —C3p% 'S, + v'S,,) (3)

pe

with C, = 1.5.

B. Dispersed Phase Equations

The dispersed phase is treated by tracking individual drops
as they move through the turbulence field of the continuous
phase (Lagrangian approach). This is essentially a statistical
(Monte Carlo) approach and requires the tracking of an ad-
equate number of computational drops in order to obtain
statistically stationary information for the dispersed phase.
Each of these computational drops characterizes a group of
physical drops possessing the same size and velocity.

The equation of motion for the kth computational drop was
originally derived by Basset, Bonssinesq, and Oseen, and is
known as the B—B—O equation.?” For large drop-to-gas
density ratios (p,/p = 900 in this work), effects of static pres-
sure gradients, virtual mass; Basset, and Magnus forces can
be neglected with little errors. Associated with the previously
stated assumptions, the position and velocity of the kth com-
putational drop in the ith direction becomes

dxf, "
dr - UPi (4)

aUs _ U - U
dr (] * & )

where
4d4p
K — o PP

" 7 3CkolU - U ©
U = u, + u N

Note that the velocities (U;) shown in the above equations
denote instantaneous velocities. The drag coefficient for a

Table 1 Governing equations of the continuous phase

¢ r, Se Sps

1 0 0 0
ap d 19 av

u Fecst -Q ax + ax (Q"L(.ff + . ar<rQI"'cff 6x) Spu
ap v 9 u 19 v

v Mt -0 o 2Qpe — + P <‘Q‘M‘cff ar> + ; ar<”QP«cff ar) Spy

k Mt Oy UG, - pe) Spi

e
€ Heed O QC,G — Cype) E Spe

o nfl () 4 () (]2 2))

w, = C,pkile,

Megt = M + My

Cu C, C,

O g,

0.09 1.44

1.87

1.0 1.3

Sy« and S, are obtained with the PSI-—cell method.

Sy« and S, are obtained from Eqs. (2) and (3).
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spherical drop is given by an empirical formula®

ky2/3
C’{)=2—4 1+(—Ri)—, Re* = 1000
Re* 6 ®)
= 0.44, Re* > 1000
where the drop Reynolds number is defined by
Re* = p|U — Ut/ ©

The trajectory of the kth computational drop is determined
by directly integrating its velocity with respect to time.

Drops are assumed to interact with an eddy in the turbulent
field for a time which is determined as the smaller of the eddy
lifetime (7.) and the residence time of the kth computational
drop in the eddy (7%). Hence, to ensure the drop-eddy inter-
action At must satisfy the following criteria:

At = min(7,, 75) (10)

If the characteristic size of an eddy is assumed to be its dis-
sipation scale L, given by

L, = Ck*e (11)
the eddy lifetime is then estimated as®®
7, = LJ|u| (12)

The residence time of the kth computational drop in the eddy
is obtained from

r, = LU - UY| (13)

IV. Numerical Solution Procedure

Equation (1) possesses mathematically elliptic character-
istics and is solved using the finite-volume method in asso-
ciation with the SIMPLER algorithm and the power-law
scheme.” The computational domain is bounded from x/D
= 20 to x/D = 150 and from the axis of symmetry to /D =
150 along the axial and radial direction, respectively. A non-
uniform grid mesh composed of 35 X 42 (axial by radial
coordinates) nodes. Distribution of grid nodes is arranged to
ensure that small regions exerting a large influence on the
flowfield are sufficiently resolved.

Consistent with the use of the k-¢ model for the continuous
phase, the fluctuating velocity u; is assumed to be an isotropic
Gaussian function having the standard deviation of \/3k. Hence,
for a given u; at each integrating time step At, there exists a
corresponding value of probability density function, e.g., P.
In order to obtain a statistically stationary solution, 10 groups
of different drop diameters, each being divided into 600 com-
putational drops, are employed in the calculations.

The instantaneous velocity components of the dispersed
phase are determined by iteratively intergrating the nonlinear
ordinary differential equation of Eq. (5) to an acceptable
tolerance in a given time step. The mean value of the
dispersed-phase velocity at a specified grid node is calculated
by use of the ensembie averaging concept

M

M
upi = E numUzr;; 2 num (14)
m=1

m=1

where the index m denotes the mth computational group pass-
ing through the crossing surface normal to the direction i at
a specified grid node.

The source terms due to two-phase interactions §,, and S,
in the continuous-phase momentum equations (see Table 1)
are obtained using the PSI-cell method suggested by Crowe
et al.% The criterion based upon the normalized momentum
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residual is set to be 10~ for monitoring convergence of all
continuous-phase governing equations.

A. Boundary Conditions

At the inlet station of x/D = 20 all the required information
except ¢ is specified using the measured data. However, the
required ¢ information at the inlet station can be obtained by
combining the Boussinesq hypothesis for the shear stress and
the relationship of the eddy viscosity between k and &. The
shear stress u'v’ measured at the inlet station is expressed by

— ou oy
—-pu'v' = pu, <b—r + 5;) (15)

However, the measured results presented in Fig. 2 revealed
that dv/dx << gu/dr in the region near the inlet station. As-
sociation with this observation and introduction of the defi-
nition of the eddy viscosity (see Table 1) into Eq. (15) yields

6= —Cukz(;—b:/u—’vT (16)

The inlet ¢ information can then be calculated using the mea-

sured u, k, and u'v’ in the experiment. It is noted that the

calculated ¢ profile can be approximately expressed in the
following form by the best comparison with the prediction of
Eq. (16)

e = C,k>%/(0.045b) (17)

where b denotes the half-width of the spray at x/D = 20 and
is equal to 32 D from the PDPA measurements.

For the axis of symmetry, the gradient type boundary con-
dition 8¢/dr = 0 is made except for the radial velocity com-
ponent which is itself zero. The entrainment boundary con-
dition is represented by d¢/dr = 0 at a sufficiently far lateral
distance. The outlet boundary condition is assumed to be a
fully developed type, i.e., d¢/dx = 0. Predictions were made
with different lateral and axial lengths for the computational
domain. The results reveal that the presently employed lateral
length (150 D) and axial length (130 D) adequately ensure
the validity of the assumed entrainment and outlet boundary
conditions.

Y. Results and Discussion

" Both predictions obtained with and without inclusion of the
turbulence modulation model developed by Shuen et al.?¢ are
presented and compared to the measurements in this work.
Note that in order to discriminate the differences between
these two predictions (with and without turbulence modula-
tion effects), the scales of the mean properties have been
purposely enlarged in the last two axial stations (x/D = 80
and 130} in some figures of this work.

The evolution of the predicted and measured mean axial
and radial velocity components of the continuous phase is
plotted in Fig. 2. As observed from Fig. 2b, the negative
values of mean radial velocity component in the outer lateral
regions indicate entrainment of the ambient air to the spray.
However, the momentum transferred from the dispersed phase
(see Fig. 5) by way of aerodynamic drag results in changes of
mean radial velocity component from negative to positive
values in some inner lateral positions as exhibited in Fig. 2b.
Comparisons between the measurements and both predictions
of velocity with and without the turbulence modulation model
show that 'slight improvements are obtained in the down-
stream regions by taking into consideration the turbulence
modulation effects in the theoretical analysis.

The evolution of the predicted and measured turbulent ki-
netic energy of the continuous phase is plotted in Fig. 3.
Clearly, the values of turbulent kinetic energy are overpre-
dicted in the core regions although the inclusion of the tur-
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Q Experiment )
Prediction without turbulence modulation model
Prediction with turbulence modulation model
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Fig.2 Evolution of the predicted and measured a) mean axial velocity
components, and b) mean radial velocity components of the continuous
phase.
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Fig. 3 Evolution of the predicted and measured turbulent Kinetic
energy of the continuous phase.

bulence modulation model can alleviate, to a slight extent,
overpredictions in the downstream regions. In the present
modeling work there are two possible reasons for these des-
crepancies between the predictions and the measurements.
One is the suitability of the isotropic k-¢ turbulence model
applicable to the present two-phase hollow-cone flowfield.
The other is the reliability of the turbulence modulation model
which was developed by Shuen et al.? and has not been
subjected to stringent validation so far. However, this issue
remains to be investigated further.

As stated in Sec. II, 10 discrete drop sizes were employed
in this work to simulate the spectral effects of the size distri-
bution in the spray. For the sake of abbreviation only the
results with the sizes of 7, 63, and 119 um representing smalil,
medium, and large drops are reported here. Other inlet con-
ditions of the dispersed phase for the remaining discrete drop
sizes required for theoretical calculations can be found in Ref.
19.

The evolution of the predicted and measured mean axial
and radial velocity components with these three drop sizes is
plotted in Figs. 4 and 5, respectively. Agreements between
the predictions and measurements are generally good except
for the case of d, = 7 um. Similar unsatisfactory agreements
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Fig. 4 Evolution of the preédicted and measured mean axial velocity
components of the drops.

are also observed for the cases of other small-drops such as
d, = 21 and 35 um which are not presented here for the sake
of abbreviation. Small drops which have large surface-to-
volume ratios are known to reach locally dynamic equilibrium
with the continuous phase more quickly than large drops. The
predicted results of the smallest drops (d, = 7 pm) shown in
Figs. 4a and 5a do exhibit this trend as compared to the
continuous-phase results (Fig. 2). Nevertheless, comparisons
between the measured drop velocities of d, = 7 um (Figs.
4a and 5a) and the measured gas velocities (Figs. 2a and 2b)
show that there exist some drops with d, = 7 um'having
significantly higher velocities than the continuous phase. Based
upon the observations from the evolution of drop-size spec-
trum and the Weber number along the axial distance, Hong"
argued that these small drops having higher velocities than
the gas might be broken up due to drop collisions from the
larger drops, which have much higher velocities than the small
drops (cf. Figs. 4 and 5) in a secondary atomization process
which was different from the primary atomization process that
occurred in the neighborhood of the spray-nozzle exit.

One may raise a question as to whether the present theo-
retical model (which excluded the break-up process) can ad-
equately represent the physical phenomena that occurred in
the investigated hollow-cone spray. To answer this question
the evolution of the predicted and measured mean liquid mass
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Experiment .
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Fig. 5 Evolution of the predicted and measured mean radial velocity
components of the drops.

" fluxes with these three different sizes is plotted and compared
in Fig. 6. Special attention is paid to the results with d, = 7
wpm at x/D = 25 (see Fig. 6a). At first there are no apparent
jumping data such as u, shown in Fig. 4a, appearing in the
measurements of G%. Secondly, agreement between the pre-
dictions and measurements at this axial station is quite sat-
isfactory. These observations imply that the number of drops
with d, = 7 pm, which were broken up from large drops
having higher velocities, is few in comparison with the number
of other drops with d, = 7 um conveyed from the neighboring
control volumes. As a result, the neglect of the drop breakup
process in the model does not introduce significant errors in
the present spray prediction. The results shown in Fig. 6 in-
dicate a trend that the larger drops move along with their
original flight angles and can then penetrate to the outer
lateral regions of the spray. On the other hand, the smaller
drops are mostly confined in the core regions of the spray.

Figure 7 presents the evolution of the predicted and mea-
sured mean total liquid mass fluxes. As revealed from this
figure, the distribution of the mean total liquid mass flux
becomes more evenly distributed as the axial distance in-
creases. However, from the previous discussion, the sectional
distribution of mean drop size can never become as even as
that of mean total liquid mass flux in the downstream of the
spray. This is shown by checking the evolution of the Sauter
mean diameter of drops given in Fig. 8. Clearly, the spray
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Fig. 6 Evolution of the predicted and measured liquid mass fluxes.
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Fig. 7 Evolution of the predicted and measured total liquid mass
fluxes.

shows an uneven distribution of drop sizes in the investigated
flowfield. As expected, the larger the drop size is the more
outer lateral position it can reach. Agreement between the
predictions and measurements shown in Fig. 8 further implies
that the present employment of 10 discrete drop sizes can
adequately represent the size-spectal effects in the simulation.

In general, the theoretical predictions of the dispersed phase
are in good agreement with the measurements. Also, the
improvements of predictions made by consideration of the
turbulence modulation effects are negligibly small. This is
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Fig. 8 Evolution of the predicted and measured Sauter mean di-
ameters of the drops.

because the employed turbulence modulation model did not
lead to any significant changes in the predictions of the con-
tinuous phase.

VI. Conclusions

A detailed well-defined data set useful for model validation
in an isothermal hollow-cone spray is presented. Complete
initial conditions required for theoretical calculations were
provided with measurements to avoid prediction uncertainty
introduced from the usual assumptions of initial conditions.

The theoretical investigation is performed with the Euler-
ian-Lagrangian formulism. The flow properties of the dis-
persed phase are calculated using the Monte Carlo method.
The accuracy of the theoretical predictions of a two-phase
structure has been well-assessed by the measured data. The
employed turbulence modulation model is found to have only
slight improvements on the continuous-phase predictions and,
consequently, leads to negligibly small influences on the pre-
dictions of the dispersed-phase properties. Some peculiar ve-
locity data appearing in the PDPA measurements of small
drops are also discussed and are attributed to a secondary
atomization process of the spray.
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