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Assessment of a Phase Doppler Anemometry Technique in Dense
Droplet Laden Jet
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This study represents an assessment of the phase-Doppler technique to the measurements of
dense droplet laden jet. High-pressure injection fuel sprays have been investigated to evaluate
the use of the Phase-Doppler anemometry (PDA) technique. The critical issue is the stability of

the phase-Doppler anemometry technique for dense droplet laden jet such as Diesel fuel spray

in order to insure the results from the drop size and velocity measurements are repeatable,

consistent, and physically realistic because the validation rate of experimental data is very low

due to the thick optical density. The effect of shift frequency is minor, however, the
photomultiplier tube (PMT) voltage setting is very sensitive to the data acquisition and noise in
dense droplet laden jet. The optimum PMT voltage and shift frequency should be chosen so that
the data such as volume flux and drop diameter do not change rapidly.
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1. Introduction

Fuel spray combustion is the prime energy
source of liquid-fueled combustion devices such
as Diesel engines, gas turbine, and liquid pro-
pellant rocket engines. The distribution of fuel in
the combustion chamber at the start of combus-
tion is critical to the subsequent mixture for-
mation, ignition characteristics, and combustion
rate, consequently to the engine efficiency and
pollutant emissions. The distribution of fuel in
the combustion chamber is controlled by the
atomization process, mixing process, and vapori-
zation process (Heywood, 1988 ; Borman, 1998).
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Due to the importance of fuel distribution in
the combustion chamber, many studies have been
done experimentally and theoretically. Most of
the experiments have been carried out in the far
-downstream region of the spray, in steady or non
-engine-like conditions. The major problem in
the near nozzle region is obscuration due to the
high droplet number density. A few experiments
have been carried out near-nozzle region of the
spray under unsteady (Yule and Aval, 1989) or
close to engine-like conditions (Yule et al., 1985 ;
Piltcher et al, 1990 ; Borman, 1985). However,
there is a strong need for the characterization of
the near-nozzle region of the spray and detailed
information about droplet size and velocity
distributions of the dense spray region. For this
purpose, the phase-Doppler Anemometry (PDA)
was used in the measurements of droplet size and
velocity distributions in the dense region of the
Diesel fuel spray. The difficulties and problems
encountered in taking data using the PDA are
described. In addition, the method used to apply
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the PDA to dense fuel sprays and sensitivity to the
instrument operational parameters such as PMT
voltage and frequency shift are described.

2. Experimental Apparatus and
Procedure

2.1 Experimental apparatus

The schematic diagram of experimental appa-
ratus for the measurement of droplet sizes and
velocities are shown in Fig. 1. The experimental
apparatus consisted of an optical spray chamber
(suitable for gas pressures up to 4.5 MPa), an
electric motor driven pump injector system, and
phase-Doppler anemometry. The sprays are very
dense since they are formed from single-hole of
diameter 0.24 mm or 0.41 mm. The nozzle L/d
were 3.3 and 1.95, respectively. Five different
ambient gas pressure conditions have been inves-
tigated, producing the range of gas to liquid
density ratios. This span covers the range from
injection into near-vacuum conditions, which
should allow for the study of the spray in the
absence of aerodynamic interactions, to condi-
tions which duplicate the pg/p; found in diesel
engines at the time of ignition (o : ambient gas
density, o;: spray liquid density). All tests were
carried out with the gas and liquid isothermal at
room temperature.

The primary diagnostic used in this study for
the measurement of droplet sizes and velocities
is an Aerometrics Phase-Doppler Anemometry.
Figure 2 is the optical diagram of PDA. The PDA
is an extension of the classical dual-beam Laser
Doppler Velocimeter (LDV) with three detectors
in the receiving optics for the determination of
droplet or particle diameter. There are two pairs
of detectors which give independent information
about size. Durst and Zare (1975) proposed the
idea that the phase difference between two
Doppler signals collected at two position in space
is proportional to the droplet size {dependent on
the curvature of the scattering particle) and de-
tector spacing. When a particle passes through
intersection region of the two laser beams, an
interference fringe pattern is formed by the scat-
tered light. When the particle is moving, the
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interference fringe pattern appears to move at the
Doppler difference frequency. Particle size and
velocity can be deduced from this interference
fringe pattern. Droplet velocity is associated with
temporal frequency of the scattered fringe pattern.

velocity=08 X fp (1)

where fp is Doppler frequency and § is static
fringe spacing, giving

A

8:2 sin(y/2) 2)

where A is wavelength of the light and y is the
beam intersection angle.

Droplet Diameter, D, is associated with the
spatial frequency of the scattered fringe pattern
projected to the detectors. Geometrical optical
methods, which hold for 7D/4 greater than 10,
were used for the development of the theory of the
PDA.
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D:f (ﬂ, n, fs) (3)

where A is wavelength of incident light, # is
refractive index of droplet, and fs is spatial fre-
quency. Two rays which have different optical
paths enter the sphere at different angles and
reach a point Pin the receiver. The relative phase
difference between ray 1 and ray 2 from beam 1
and beam 2 is

¢=A1_A2
¢=¥ (sin ni—sin &) —pm (sin n—sin 1'2)]

where the angles 7 are fixed by the receiver geom-
etry. For a given light source, liquid fuel, and
geometrical configuration of optics, the phase
shift, ¢ is linearly proportional to the droplet
diameter D.

The spatial frequency of the scattered fringe
pattern is proportional to the droplet diameter.
The spacing between scattered fringes is inversely
proportional to the droplet diameter and also
depends on where the observation is made. Phase
shift can be measured using two detectors separat-
ed by known fixed spacing. The phase shift be-
tween detector i and j can be obtained from the
following relation.

$es="2 X (360°) (3)

where 7,_; is the time between the zero crossings
of the signals from detectors 7 and j, zp is the
measured Doppler period.

The instrument has been tested for the validity
of its application to sprays (Switzer and Jackson,
1988 ; Dodge et al., 1987). In other words, this
instrument has been demonstrated to accurately
provide fundamental data in relatively non-dense
sprays. Dense sprays, such as the one investigated
here, require much care in the use of the in-
strument. Because of practical limitations of the
instrument and the complex nature and density of
these sprays, it is unlikely that the accurate mea-
surement of flux quantities can be accomplished.
However, statistical quantities, such as the Sauter
Mean Diameter (Ds), are very likely representa-
tive of the spray, if the instrument is used correct-

ly.
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2.2 Experimental procedures

The transmitter and receiver were mounted
separately on three-dimensional traversing tables.
The spray chamber was fixed in space. Before
taking data, the level of the spray chamber,
transmitter, and receiver were adjusted such that
the spray axis (x-axis) was perpendicular to the
plane of the optical bed. The x-axis is coincident
with the central axis of the injector and # is
perpendicular to central axis of the transmitter.
All the data to be reported were obtained with the
measurement position fixed relative to the injector
tip, not relative to the spray. The spray itself
shows some variation in position of the edge of
the spray from one spray to the next, which may
affect the distributions, although photographs of
the spray demonstrate these variations to be
small. At first, the probe position was focused to
the tip of the injector nozzle. After that, the probe
position was moved by adjusting the traversing
tables which support the transmitter and receiver.

After setting the injection pump speed, rack
position, and probe volume position, pressurized
nitrogen gas was introduced into spray chamber
through a regulator from a nitrogen bottle. For a
specific ambient gas pressure, the pressure was
read from a gage attached to the spray bomb. In
order to purge residual droplets, the gas in the
spray bomb flowed very slowly in through an
inlet valve located on the top of the chamber and
out through an outlet valve located on the bottom
of the chamber. The gas velocity was found to be
stagnant to 0.5m/sec by measuring residual
droplet velocity without injections. While stabi-
lizing gas pressure, the injection pump was also
run, the fuel from which was injected into the
dummy tank. After the ambient gas pressure and
injection system were stabilized, the fuel was
switched to inject into the main spray bomb by
energizing the solenoid valve. The first few
injections were discarded by triggering the PDA a
time later. If the optical windows were clean, the
ambient gas pressure was increased to the next
step and the same procedure was repeated. Other-
wise, the assembly of caps and quartz windows
was unbolted from the main body of the chamber
and cleaned. After the windows were cleaned, the
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same procedure was followed.

The sample size influences the accuracy of the
measured droplet size and velocity (Hiroyasu and
Kadota, 1974). The larger number of sprays
sampled, the better the accuracy in transient
sprays (Sangeozan, 1983). They showed 256
spray cycles provide reasonable values of droplet
size. The number of samples in this research
was 4,000 to 10,000 (from 30 to 500 injections)
depending on the probe position and ambient gas
pressure. In the PDA, the sample size was con-
trolled by either setting the run time or the num-
ber of samples. Approaching the nozzle, the rate
of sampling decreased. This was due to more
multiple or non-spherical droplets in the probe
volume at one sample time, which were rejected
during processing of the Doppler signal. Appro-
aching the spray axis in the radial coordinate at
the same axial position, the rate of sampling also
decreased. More time was required to take enough
data at the spray axis in the near nozzle region
than in the spray edge or downstream region.
During data acquisition in the near nozzle region,
the optical window would become covered with
fuel and it became impossible to continue acqui-
ring data. Near the nozzle, the sample size was
controlled by the run time during which the
optical windows were clean rather than number
of samples, which means the number of data in
each run was not enough to analyze statistically.
When the data were analyzed, several runs which
were taken under same conditions were com-
bined.

The PDA has the capability to measure droplet
sizes ranging approximately from 1xm to 1000¢m.
The measurable droplet size span is determined
by the specific setting of the optical parameters.
The dynamic size range, which is the ratio of
maximum droplet size to the smallest droplet size
being detectable, is 35. An improper selection of
dynamic size range in the size span may lead to an
erroneous interpretation of the Doppler phase
shift into droplet size. The dynamic size range
should be in the middle or lower part of the
selected size span. The detailed description of the
selection of size span is given below.

When larger droplets pass the edges of the

Ja-Ye Koo and Jong-Hyun Kim

360 7

613 -normal

13 -biased

) :
D/ W‘“‘-»

Fig. 3 Schematic of the instrument response curve

o,

for the normal and biased case

Gaussian intensity beam in the probe volume,
reflection becomes the dominant component in
the scattered light (Bachalo and Sankar, 1988).
The reflection component in the forward scat-
tering is undesirable. The slope of the instrument
response curve shown in Fig. 3 is gradually de-
creases as external reflection begins to dominate
internal reflection. Larger droplets are interpreted
as small ones when the phase difference is biased
toward the lower value. For the very large dro-
plets, the phase difference (e.g., ¢i1-s) falls to
negative values. This is then recorded as a posi-
tive phase of 360— ¢;-s. This positive phase is
interpreted as a size larger than the actual size.

The erroneous interpretation of droplet size,
measured phase shift, or difficulties in the mea-
surement become severe in the dense spray (such
as the diesel fuel spray when the size span was
not chosen properly). A dense spray requires a
smaller probe volume in order to allow one
droplet to be in the probe volume at one sample
time. But, larger droplets which may be found in
the dense spray region require a larger prove
volume in order to avoid the problems mentioned
above.

The other misinterpretation of size observed in
the initial tests of the diesel fuel spray is
misplacement of the instrument response curve
between 0 to 360 degrees cycle and 360 to 720
degrees cycle. The problem may be due to the
poor signal to noise ratio (SNR) in difficult
measuring environments such as dense regions of
the diesel fuel spray. The misplacement of the
instrument cycle curve produced a group of
droplets on the upper side of the size range, which
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Table 1 Droplet size measurement span for different optical parameters
Transmitter | Collimating Bez?m waist Grating Bearr? Frir{ge NOfninal I?roplet
diameter separation spacing fringe size span
lens (mm) | lens (mm) track
: (pam) (mm) (4am) count (4am)
200 I 6.3 30.1 7 3.5-493
160 200 2 12.6 15.1 13 1.8-246
200 3 25.0 7.6 26 0.9-124
300
107 1 11.6 16.4 7 1.9-268
300 107 2 23.6 8.0 13 0.9-132
107 3 46.8 4.1 26 0.5-66

made another peak in the size distribution in
addition to the normal higher peak of the size
distribution. These size distributions looked bi-
modal or tri-modal with a gap between them.
One way to check whether the larger groups in
these multi-modal distributions are real or not is
to use intensity validation check” software.

The droplet size span was dependent upon the
selection of the optical parameters as shown in
Table 1. Improper selection of the size span
resulted in erroneous size interpretation from the
Doppler phase shift. The strategy used for the
selection of size span in this experiment in order
to avoid the problems mentioned above was to set
the upper value of size approximately twice the
estimated largest droplet.

3. Sensitivity of the PDA to Dense
Droplet Laden Jet

In order to produce a valid measurement of
drop size using the PDA, the following criteria
must be met :

(a) the droplet must be nearly spherical

(b) with a counter processor, at most, one
droplet is allowed to pass through the probe
volume during the measurement time

(c) the droplet size and velocity must be with-
in the range of the instrument at the particular
filter and optical settings being used to obtain the
measurement.

Dense fuel sprays, such as the ones studied in
this research, have regions in the spray where
these criteria are frequently not met. This results
in a significant question regarding the validity of

data obtained in dense sprays. Before discussing
this problem, consistency checks were performed
as described below.

3.1 Consistency of PDA for the measure-
ment of droplet size and velocity

The PDA has been demonstrated to accurately
provide fundamental data in relatively non-dense
sprays. The PDA was also tested in a stream of
monodisperse drops which was produced using a
vibrating orifice drop generator. Figure 4(a) re-
presents histograms of size and velocity of the
liquid jet from a 67.5 #m diameter orifice with a
driving frequency of 31 kHz, where 100 percent
validation rates were achieved with a unique,
almost single-valued droplet size. The measure-
ment position of Fig. 4(a) was 15 mm from nozz-
le. The measured drop size and velocity was
116.7 pm and 9.98 m/s. The estimated drop size
from the Rayleigh instability based on optimum
driving frequency (32.7 kHz) was 128 ym and the
velocity from the known flow rate and orifice size
was 9.97 m/s. The discrepancy between the PDA
measurement and calculation was due to off-
optimum driving frequency or inaccurate orifice
size measurement. At approximately 3 mm down-
stream of orifice, no data was obtained. This
means that the jet maintained a liquid column
without breakup into drops, thus no Doppler
signal was produced. Only an intensity variation
in the oscilloscope was observed at the same
frequency as the driving frequency for the piezo-
electric crystal. The lack of a Doppler signal
found in a liquid column may confirm the idea
that data missing from the near nozzle region in a
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fuel spray might be related to the unbroken liquid
core or column. Figure 4(b) shows histograms of
size and velocity from the same jet, conditions,
and measurement position as Fig. 4(a) except that
the forced vibration of the liquid jet was removed,
where polydisperse drop sizes and velocities were
observed.

3.2 Application of PDA to dense droplet la-
den jet

Dense droplet laden-jet such as dense spray,

such as the ones investigated here, require much
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and ambient gas pressure

care in the use of the instrument. Because of
practical limitations of the instrument and the
complex nature and density of these sprays, it is
unlikely that accurate measurement of flux quan-
tities can be accomplished. Figure 5 shows the
validation rate, defined to be the ratio of the
number of valid measurements to the total num-
ber of measurement attempts, as a function of
radial position in the spray and gas-to-liquid
density ratio. As can be seen from figure, in the
core of the fuel spray, very low validation rates
were achieved, indicating that a majority of the
mass that traversed the probe volume violated the
acceptance criteria for one or more reasons. Thus
it is possible that droplets that do produce valid
measurements represent a subset of the data that is
not representative of the actual spray.behavior.
Such a result could generate a misleading picture
of the true spray characteristics. As ambient gas
pressure was increased or probe volume position
was moved to the edge of the spray, high vali-
dation rates were achieved. However, the decrease
of validation rates at 9 mm (corresponding to the
extreme edge of the spray) was due to an increase
of the PMT voltage. The increase of PMT voltage
allows more chance for background noise to be
included in the signal. Note that validation rates
were sensitive to the probe volume position,
ambient gas density, and the PMT voltage.

The data reported in this paper represent the
results of many variations in instrument opera-
tion, such as PMT voltage, frequency shift, and
optical configuration. In order to ensure that the
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results were repeatable, consistent, and physically
realistic, several different tests and comparisons
were performed.

For example, comparisons of tip penetration
and tip velocity, as determined from high-speed
photography, with measurements of the tip veloc-
ity from the PDA showed very similar results.
This is illustrated in Figs. 6 and 7. Details such as
the phase and magnitude of the change in slope in
the penetration data are observed to be nearly
identical for the two techniques.

Comparison of velocity-only measurements
with velocity measurements in which velocity and
diameter were obtained is pictured in Fig. 8. In
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Next, internal instrument settings were varied
to observe the effects on the results. For example,
for each droplet, the size is measured by two
different pairs of PMT’s, each pair viewing a
different portion of the spatial fringe pattern
generated when a droplet passes through the
measurement volume. If the size determined from
each of the pairs of PMT’s differs by more than a
selected amount, than that droplet is considered
to be non-spherical and that data invalid. The
possibility of each detector observing different
portion of droplet is increased in dense droplet
with non-sphericity. For example, Fig. 9 com-
pares the drop size and velocity data obtained for
two different settings for the size comparison, £=
3% and £€=9%. ¢ is the sphericity ratio between
detectors 1-2 and 1-3. Again, little difference is
observed in the data. Note that these two data sets
had much different validation rates.
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Effects of PMT voltage were considered. In a
dense spray with a large range in droplet size,
setting of the PMT voltage can greatly influence
the size distribution obtained, as exhibited in Fig.
10 and Fig. 11. This procedure has been to estab-
lish a range of PMT voltage where the size distri-
bution is insensitive to PMT voltage setting. This
range is dependent on the position in the spray,
and should be determined each time the measure-
ment position is changed. A low PMT voltage
prevents the detectors from detecting scattered
light from the droplets in the middle of the injec-
tion event. Higher PMT voltage enables detection
of scattered light from the droplets at the middle
of the injection event, however, noise dominates
after the end of injection for the elevated ambient
gas pressures. The velocities produced by the
noise were easily recognized because these dro-
plets have velocities of 20 m/sec or higher after
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Fig. 11 Effect of PMT voltage on data characteristics. Measurement position and condition : x=60 mm r=0
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the injection event. Before taking data, optimum
PMT voltage ranges were surveyed through a
preliminary test of several ranges of the PMT
voltage. The strategy to determine the proper
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Fig. 12 Effect of PMT voltage on the spray-ensemble data : (a) Volumeflux and number density (b) Droplet
size and validation rate. Measurement position and condition : x=60 mm r=0 mm Pgas=1.34 MPa
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PMT voltage, for example, 370 volts for the case
of Fig. 10 and 400 volts for Fig. 11, was to
produce ranges so that data in the middle of the

spray event should appear and the after injection
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event should not have noise from the transient
velocity data.

Figure 12(a) and (b) show the trend of the
volume flux, number density, diameters, and
validation rate versus PMT voltage for the spray
ensemble. Even though the absolute value of these
quantities are not correct, this plot provides
another criteria for the proper selection of the
PMT voltage. The criterion for the optimum
PMT voltage was that data such as volume flux
and diameters do not change rapidly. Recently the
manufacturer offered a new method to select PMT
voltage automatically. In this case, the appropri-
ate PMT voltage can be determined from the
statistical treatment of the measured signal ampli-
tude along with the signal period and phase for
a few iterations of the preset number of measure-
ments. In a transient fuel spray, however, it was
very difficult to find a appropriate PMT voltage
because the signal amplitude was changing so
dramatically with time, especially between the
injection and no injection periods.

Finally, the effect of frequency shift on the
measurement of droplet sizes and velocities is
shown in Fig 13. The accuracy of phase mea-
surement is influenced by the accuracy of the
Doppler frequency. The upper frequency which
can be measured by the counter is lower than
certain criterion, e.g., 6 MHz in order to limit the
error of the measured Doppler frequency to less
than 1% (Hardalupas, 1989). The shift frequency
should be chosen such that the moving fringe
velocity is twice the maximum flow velocity
(Dust et al., 1981). The effect of frequency shift in
Fig. 13 was relatively minor in the range of the
shift frequency less than 6 MHz, but there was an
optimum frequency shift for the given spray
conditions and optical configuration(e.g., 3.29
MHz in Fig. 13).

To conclude this discussion, there is no direct
verification that the drop-size distributions ob-
tained are, in fact, the same as the actual size
distributions in the spray. It is possible that the
results may not represent the ensemble actually
occurring in the spray, although the consistency
achieved in the results measured over a wide
range of instrument settings makes this unlikely.

The aforementioned results tend to support the
hypothesis that these results are similar, however.
In the results to be presented, the assumption has
made that the results obtained are typical of the
actual spray characteristics and hence statistical
quantities, such as the Sauter Mean Diameter
(Da2), are very likely representative of the spray.
Note that flux measurements were not reported
because of the large amount of mass passing the
measurement volume that would not be included
in a flux calculation.

4. Conclusions

In order to ensure that the results from the drop
size and velocity measurements were repeatable,
consistent, and physically realistic, several differ-
ent assessments and comparisons were performed.

(1) Comparisons of tip penetration and tip
velocity, as determined from high-speed pho-
tography, with measurements of tip velocity from
the PDA showed very similar results. Details such
as the phase and magnitude of the change in slope
in the penetration data are observed to be nearly
identical for the two techniques.

(2) Comparison of velocity-only measure-
ments with velocity measurements in which ve-
locity and diameter were obtained showed no
difference.

(3) The effect of PMT voltage on data charac-
teristics were investigated. The strategy adopted
to determine the proper PMT voltage is to pro-
duce ranges such that data in the middle of the
spray event should appear and the after injection
event should not have noise from the transient
velocity data.

(4) The effect of shift frequency was found to
be minor if the shift frequency is less than certain
criterion, e.g., 6 MHz.
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