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Droplet Spacing on Drag Measurement and Burning Rate

for Isothermal and Reacting Conditions

J. F. Virepinte,* O. Adam,} G. Lavergne,} and Y. Biscos§
ONERA, BP 4025-31055 Toulouse CEDEX, France

To understand the effects of droplet interaction on the drag coefficient and vaporization process, our
experiment investigated the nonreacting and combustion history of a single stream of monosized droplets.
Continuous monosized streams of fuel droplets were injected into quiescent surrounding air. An electronic
device designed to modulate the droplet spacing C (ratio of interdroplet spacing to droplet diameter) was
used. Measurements of droplet diameter, droplet velocity, and droplet temperature were performed using
nonintrusive laser interoferometry. Ethanol was used as the simulation fluid throughout the experiment.
The droplet stream was investigated in cold conditions to study the influence of droplet spacing on the
drag coefficient. The data compiled for an extensive range of parameters (Re, droplet spacing) were
compared with previous correlations from the literature. We propose a new correlation that improves
the prediction of the drag coefficient for a large range of spacing parameter 2 < C < 40. For reacting
conditions the droplet stream was ignited by a heated coil. The results of the first trial do not agree with
the correlation established for cold conditions, therefore we formulated a new one valid for burning
droplets. We also examine the effects of interaction in accordance with the spacing parameter. These
results show that the classical “D* law’’ does not apply rigorously for interacting droplets, and so a
corrective factor for burning rate was determined.

Nomenclature
C = spacing parameter
C, = drag coefficient of a droplet
D = fuel molecular diffusivity in air
D, = droplet diameter
f = excitation frequency
m = evaporating rate
Pr = droplet Prandtl number
Q = liquid feed rate
R = radial distance
Re, = particular Reynolds number
S, = center-to-center droplet spacing
T,on = droplet boiling temperature
T, = droplet temperature
T.; = injection droplet temperature
t = time
V = velocity of surrounding gas
V., = droplet velocity
a = Mie parameter
A = light wavelength
p = dynamic viscosity of surrounding gas
p = density of surrounding gas
&, = orifice diameter
Subscripts
iso = isolated droplet
0 = initial droplet condition before droplet deviation

Introduction

ANY practical devices such as diesel, gas turbine, and
rocket engines use liquid fuel sprays in their combustion
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chamber to produce power for a variety of applications. Fuel
sprays consist of individual fuel droplets less than 200 um in
diameter. Combusting sprays involve many physical processes,
such as drop—drop interaction, drop—gas phase interaction, and
drop vaporization. Each of these physical processes are cou-
pled and cannot be accurately modeled for computational fluid
dynamics (CFD) applications. For that reason many of them
are being studied experimentally to give a complete under-
standing of the individual processes involved in the combus-
tion of sprayed liquid fuel. These studies have led the labo-
ratory to develop a two-phase flow numerical module called
Lagrangian simulation of dispersion (LSD).! This module is
coupled with a gas-phase numerical code including a k-e
model for the turbulence. This code has historically been ap-
plied to two-phase burning sprays in turbojet combustion
chambers, in the case of dilute sprays. Now, this code is being
extended to the three-dimensional two-phase flows, including
burning droplets and dense sprays. In the case of dense spray,
the interactions between the two phases (two-way coupling)
and the interactions between the droplets are the dominating
processes (four-way coupling).

The aim of this paper is to present the results of a basic
experiment on droplet interaction in a dense linear spray. A
stream of monosized droplets is generated by a vibrating -ori-
fice generator. The basic experiment allows us to precisely
quantify the evolution of the drag coefficient and the droplet
burning rate for various droplet spacings.

Experimental Setup

Droplet Generator

The experiment is set up around a monosized droplet gen-
erator in which a piezoceramic induces Rayleigh instability on
a solid liquid stream, thereby breaking it up into a series of
monodispersed droplets (Fig. 1).”> By appropriate choice of @,
f, and Q, each droplet has the same initial conditions and un-
dergoes the same series of events along its trajectory. D,, V,,
and S, are defined by the following relations:

D, = (6-Qlm-f)"* ¢))
V,=4-0lm ¢} @
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S, = V,If A3

The droplet size ranges from 70 to 200 wm, and the droplet
velocity varies from 5 to 15 ms™'. Because of the principle of
monodispersed droplet formation, the initial droplet spacing
ranges between three and seven droplet diameters. This device
also allows the heating/cooling of the injected liquid.
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Fig. 1 Monosized droplet generator.
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Fig. 2 Electrostatic droplet deflector.

Electrostatic Droplet Deflector

To increase the droplet spacing (Fig. 2), an electrostatic
droplet deflector has been designed.** The number of deflected
droplets is adjustable; e.g., a maximum droplet spacing on the
order of 50 droplet diameters is obtainable.

The operating mode of the device is as follows: the liquid
jet is circumscribed by a ring electrode at the point where
droplets are created. A voltage pulse of positive polarity
(50-350 V) is applied to the ring at a fraction of the excitation
frequency. Therefore, a droplet crossing the charging ring cap-
tures a negative charge and can be electrostatically deflected.
The droplet stream passes between two plates charged to op-
posite polarity voltages, the charged droplets are extracted
from the main stream and collected by a drain. As a result we
are able to investigate a stream with large spacing. The anal-
ysis of burning droplet stream is also possible. The monodis-
persed droplet stream may be ignited by a heated coil located
downstream from the electrostatic droplet deflector. After ig-
nition the droplet is surrounded by a laminar diffusion flame.

Measuring Techniques
To obtain the drag coefficient, evaporation rate, and burning
rate, the droplet size, velocity, and temperature had to be mea-
sured simultaneously along the droplet path. The experimental
setup is shown schematically in Fig. 3.

Droplet Size Measurements

To measure the droplet size and temperature, a laser beam is
focused at a location along the axis of the droplet stream.”” The
light path of a beam interacting with the droplet surface at the
angle of incidence 7 is shown in Fig. 4. At each interaction be-
tween a light ray and the droplet surface, the light is reflected or
refracted. Light rays exiting the droplet stream experience a var-
ied number of refractions and reflections with the droplet surfaces.
This number is described as p, such that one reflection on the
droplet surface is of the order p = 0. The ray that is refracted
twice and leaves the droplet is of the order p = 1, etc. (Fig. 4).

The rays of the order O and 1 generate an interference pattern
in the forward direction. Because of the high frequency of the
droplets, a stationary light pattern can be observed. The intensity
distribution of the scattered light is described by the equations of
Mie’s theory, which introduces the dimensionless Mie parameter

a = mD,/\ C))

where A is the light wavelength.® For Mie parameter a > 1,
equations of geometrical optics can be used instead of the more
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Fig. 3 [Experimental setup.



VIREPINTE ET AL. 99

Order 0

incident ray
g

 —

Wavefront
of incident beam

Order 2
Fig. 4 Light path through a droplet.

complicated Mie theory to calculate the intensity distribution
of the scattered light. However, this simplification fails close
to the forward direction and near the rainbow angle and, thus,
is only valid for angles between 30 and 80 deg. As the droplets
and the angle in the present experiment fulfill these conditions,
the signal is recorded by a linear charge-coupled device (CCD)
array (1) (Fig. 3). The angular spacing is measured between
two interference maxima to calculate the droplet size. With
this method the determination of the droplet size is done with
an accuracy of 1%.”

Droplet Temperature Measurements

For a refraction order larger than 1, rainbow phenomena are
observed. However, only the first rainbow created by the rays
of order 2 is strong enough to be easily detected. Using geo-
metrical optics, one obtains the result that the rainbow angle
is a function of the refractive index of the liquid used and of
the order of the rays only. The refractive index is a function
of density that is dependent on temperature. For this reason
the droplet temperature can be determined by measuring the
rainbow angle. The light of the first rainbow is recorded by
another linear CCD array (Fig. 3).> If the shift of the first
rainbow is larger than the width of the linear CCD array, the
linear CCD array can be moved precisely and the total shift
of the rainbow relative to the initial position can be calculated.

We used a calculation method by means of the Airy/Walker
theory that enables the computation of the refractive index of
the droplet from the rainbow angle.® For this calculation
method, the droplet diameter, the refractive index/temperature
relationship, and the angular position of the rainbow must be
known. The refractive index/temperature relationship for eth-
anol of 90% purity was obtained experimentally using a re-
fractometer at the wavelength of 632.8 nm (He—Ne laser). To
obtain the angular position, a mirror was located precisely at
the focal point. The calibration was conducted by rotating the
mirror to sweep the CCD array pixels with a laser beam. Fi-
nally, the droplet temperature can be determined with an un-
certainty of approximately 4 K.°

Droplet Velocity Measurements

To measure the droplet velocity, we used a second laser
beam. It crossed through a cylindrical lens to produce a laser
sheet.” This laser sheet was used to illuminate the droplet
stream at the same location where the size measurement is
performed. Therefore, more than one droplet is present within
the laser sheet at any given instant. The spacing between the
droplets plays the role of a punctual light source. In a perpen-
dicular plane to the optical axis of the illumination, stationary
Young’s fringes can be observed. These fringes are recorded
by a third CCD array (Fig. 3).> By measuring the fringe spac-
ing, we obtain the droplet spacing. Knowledge of the excita-
tion frequency of the droplet generator is necessary to calculate
the droplet velocity. This technique is only valid for mono-
dispersed droplet streams. However, for a droplet spacing
greater than 7, Young’s fringes cannot be observed. Therefore,
we used a video camera and image-processing technique to

determine the droplet velocity. The determination of the drop-
let velocity was done with an accuracy of 1%.°

By simultaneously measuring droplet size, velocity, and
temperature at different locations downstream from the injec-
tor, the temporal evolution of these parameters can be deter-
mined either with or without combustion.

Results

The results are divided in two groups. Firstly, we investi-
gated a droplet stream in cold conditions to study the influence
of the droplet interaction on the drag coefficient without the
evaporation process. We compared our results with the existing
available models in the literature. Then we studied the tem-
poral evolution of the droplet diameter and the corrective fac-
tor of the burning rate for various spacing parameters.

Cold Conditions

Theoretical Drag Coefficient

The drag coefficient of an isolated droplet is given by the
following equation'®:

24

— (1 + 0.15Re2*®’) for Re, < 1000
C, = Res )
0.438 for Re, = 1000
D, (V — V,
Re, = % 6)

To take into account the droplet interaction, some works
were carried out by Zhu et al.'"' and Mulholland et al.'> They
determined that the drag coefficient is a function of Re, and
C. These correlations will be compared with our experimental
results in a later subsection.

Experimental Drag Coefficient

C, is determined from the equation of the motion of a spher-
ical droplet

dV, _ 3pC,
= - - +
R M2 LA AR S

The droplet stream induces a small air entrainment but it is
assumed close to zero V <« V,. The relative velocity is equal
to V,. The physical properties are calculated from the corre-
lation given by Beard.” The drag coefficient was measured
along the droplet stream. The diameter and velocity profiles
were curve fitted using a first-order linear regression method.
This correlation fits the data within *=5%.

Comparison Between the Literature and Experimental Results

We compared our results with Zhu et al.’s'' and Mulholland
et al.’s' correlations. For low spacing parameter values, both
correlations were not in agreement with the experimental
curve. They overpredicted the drag coefficient of the droplets.
It is not surprising for the Zhu et al.’s correlation because their
study was limited to two interacting particles in line. This con-
figuration differs considerably from the case of a monodis-
persed droplet stream. Moreover Zhu et al.’s correlation was
limited to a spacing parameter lower than 8. Mulholland et
al.’s model overestimated the experimental values until a spac-
ing parameter of about 20. For a spacing parameter much
larger, Mulholland et al.’s model does not have the same ten-
dency as our experimental results. The differing results be-
tween our work and Mulholland et al.’s may be a result of the
experimental arrangement. Mulholland et al. studied a mono-
dispersed droplet stream injected horizontally in a steady air
environment. Therefore, the droplet trajectories were not rec-
tilinear as in our experiment and the droplet drag coefficient
may be different for several C.
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Fig. 5 Experimental results and isolated droplet law for the drag coefficient.

Those differences and the fact that the isolated droplet cor-
relation [Eq. (5)] and our results do not have the same slope
for large droplet spacings led us to determine a new expression
of the drag coefficient. Using the least-square method, this
equation was obtained over a wide range of spacing parameters
2 < C < 40 and for a Reynolds number ranging from 2.0 X
10" to 7.5 X 10'. The regression coefficient was 0.98:

Cd = 53.2Re; > C°* ®)

The results are presented in Fig. 5. C, is the initial droplet
spacing. Its influence on the drag coefficient appears clearly.
The discrepancy between the slope of the isolated droplet law
and the experimental results for large droplet spacing (C, =
37) prompted us not to determine a form that asymptotes with
Egq. (5) for infinite droplet spacings.

Combustion Conditions

Experimental Correlation

Several works have been performed to take into account the
droplet interaction in the case of evaporation. For example,
Chiang and Sirignano'*'> have studied two and three droplets
that follow each other in a hot laminar flow. Unfortunately, we
have an incomplete database on the evolution of the drag co-
efficient for several spacing parameters in the case of evapo-
rating or burning droplets. On the other hand, the influence of
evaporation was studied for isolated droplets by a large num-
ber of authors. In particular, Yuen and Chen'® explained that
the drag coefficient for evaporating droplets agrees with the
standard curve of an isolated droplet if the Reynolds number
is calculated at reference conditions

_p@IIV = V,ID,

Re = 9
e pnTe) 2

where p(7T,) is the density calculated at the surrounding tem-
perature T,, and w,, is the dynamic viscosity of the mixture at
a reference temperature estimated from the 1/3 rule established
by Hubbard et al."” In the 1/3 rule, properties are evaluated at

Tee=T, + (T, — T)/3 (10)
and the mass fraction

Yt = Ypo + (Ypo — YF:)/S (11)

where T, and Y, refer to the droplet surface, and Y. to the
freestream conditions. The dynamic viscosity must be calcu-
lated using the formula suggested by Wilke.'® Using this ex-
pression, it is not necessary to take the effects of the mass-
transfer number into account to calculate the drag coefficient.
Initially, our aim was to obtain, if possible, a single expression
of the drag coefficient for cold conditions and combustion. For
this reason we used the reference conditions to determine it.
As for the cold conditions, we considered that the relative ve-
locity was equal to V,. Moreover, the surrounding temperatures
were determined using coherent anti-Stokes raman spectros-
copy (CARS) measurements.'**°

The experimental results (Fig. 6) did not agree with those
obtained for cold conditions, and so we determined a new
expression for burning droplets in case of significant interac-
tion (C < 6):

C, = 1.53Re; > C*™ (12)

The regression coefficient is 0.9. This correlation is defined for
the following range of a particular Reynolds number 2 < Re,
< 20 and spacing parameter 2 < C < 6. This result will be very
useful to simulate burning droplets trajectories in significant
interaction into CFD codes.

Comparison with D* Law .

Figure 7 shows the evolution of the experimental D, in com-
bustion for several spacing parameters. The classical D? law
is plotted as well:

(DIDgY* =1 — Kt (13)

In this model it is assumed that the droplet is spherical and
isolated, that the temperature is constant and uniform, and that
all of the absorbed heat is used to evaporate the droplet. The
physical properties of the air—vapor mixture around the droplet
are calculated with the 1/3 rule.**

This law must be modified to take the convection effects
into account [K’ replaces K in Eq. (13)]:

K' = K + 0.3Re)’Pr'?) (14)

The diameter evolution is plotted in a classical representation
vs the dimensionless time #*

_ 8putp €n(1 + B)

t*
Diop,

s)
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Fig. 6 Dependence of the experimental results for burning droplets on the spacing parameter.
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Fig. 7 Droplet diameter evolution for several spacing param-
eters.

where D is the fuel molecular diffusivity in air, and p,, are p,
are the density of the mixture and the density of the droplet,
respectively.' B is the transfer number of Spalding, defined in
combustion by

C(T. — T, + OQvYs.
B - pa( g) Q'U O (16)
Ly

C,, is the heat capacity of the air at the reference temperature,
T.. is the ambient temperature, Q is the heat of combustion, v
is the stoichiometric coefficient, Y;.. is the ambient mass rate
of oxygen, and L, is the heat of vaporization.'* One can notice
that for a spacing parameter C = 12, the evolution of the di-
ameter did not yet reach the isolated droplet curve. Moreover,
an increasing spacing parameter induces a reduction of the
heating time. The slope of these curves correlates directly to
the corrective factor 7 of the burning rate defined by La-
bowsky?':

M = mim, a7

With the first experimental results we plotted the evolution
of n as a function of the spacing parameter in Fig. 8. There-

1-
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Fig. 8 Dependence of the burning rate correction factor on C.

fore, we can compare them to the numerical simulation of
Labowsky for two burning droplets.” The effects of interaction
are much more important in the experiments than in the sim-
ulation. This evolution will permit us to correct the burning
rate of the droplets in numerical simulations.

Conclusions

The experimental setup and the electrostatic droplet deflec-
tor were achieved. We defined a new correlation of the drag
coefficient for interacting droplets. It improves the prediction
of the coefficient drag to the transition between the high and
low droplet interaction. The results concerning the droplet
combustion show that an expression must be determined only
for this regime.

The results of this study represent a first step in developing
a technological base necessary to efficiently investigate droplet
evaporation rate and drag coefficient by identifying some ma-
jor trends resulting from C. These experimental results will
constitute a benchmark for numerical code development and
validation.
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