Air entrainment in spray jets
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The entrainment of air into spray jets has been considered. Measurements have been made
of the air entrainment into spray jets and compared with the results of a simple model
of air entrainment. Comparison of the results from free air jet experiments with that from
sprays indicate that a free air jet is able to entrain as much as 50 times more fluid than

its spray counterpart over a similar length.
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Introduction

The behavior of sprays and how they interact with their
surroundings is of interest in many areas. Particle-induced
entrainment is especially important in combustion systems,
such as furnaces, gas turbines, and diesel engines. However,
the importance of sprays is not only limited to combustion
systems. There are many other processes in which entrainment
can be an important parameter, e.g., two-phase flows of solid
particles or liquid droplets in gas and spray processes in
industrial or food-processing applications. The influence that
a spray is able to exert on its surroundings may have a
significant effect on the effectiveness and efficiency of the
process.

Consider the processes that occur in a direct-injection diesel
during fuel injection. Many analyses of sprays in this situation
assume that the droplets in the spray evaporate instantaneously
and that the jet may therefore be treated as a single-phase gas
jet. An example of this treatment is the water-analogy experi-
ments used to study the in-cylinder flow in direct-injection diesel
engines.! The flow at the point of injection is studied using a
water model. This allows the process to be studied on a time
scale much greater than that encountered in an actual diesel
engine. In the water-analogy experiment, it is assumed that
particles evaporate so rapidly that the jet may be assumed to
be single phase. The assumption that small particles evaporate
rapidly is valid, but larger particles will have evaporation times
of the same order of magnitude as the mixing times, and may
in some cases be much longer.? In experiments,® kerosene
droplets of 100 um were found to take a significant time to heat
up in an atmosphere maintained constant at 1000 K. In
applications where the particles are larger, the times will
increase, and thus particles moving through a flow field may
influence the surrounding fluid. In applications such as coal-
fired diesel engines,* the time for combustion of fuel particles
may be significant in comparison with the mixing times
involved.

In flows where the evaporation times are of the same order as
the mixing times, the entrainment of air from the surroundings
will have a significant effect on the combustion of fuel droplets
or particles, a process which will be controlled by the mixing
rate. The level of entrainment may have a significant effect on
the local stoichiometry of the flow. This will in turn have a
significant effect on the performance and emission levels of a
combustion system. This will be especially important in the
early stages of jet development, where many particles will not
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have evaporated. The importance of entrainment is not only
limited to combustion problems. It may have considerable
influence on the flow field in many processes that involve
two-phase flow, either solid particles or liquid droplets in gas.

There have been many articles published on single-phase jets,
some of which®® have studied the entrainment of fluid into free
jets. In these, entrainment constants have been generated that
relate the mass entrainment to the axial distance downstream
from the point of injection. The mass flow rate in the jet was
found to increase linearly with distance downstream from the
point of injection.> This may be expressed in the form
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where K is the entrainment constant and ri the mass flow rate.
Typsical values for the entrainment constant are of the order of
0.3.

Much of the work that has considered sprays has concen-
trated in the area of particle generation and size distributions.
Measurements of particle velocity have been made using laser
Doppler anemometry.” The aim of the present study is to
consider the entrainment of air into spray jets. The experimental
data have been compared with the results of a simple model
of air entrainment.

Procedure
Experimental

Experimental data were gathered using a method proposed by
Ricou and Spalding,® which measured the total mass of fluid
entrained into the jet. This eliminated the need to measure the
velocity profiles in the jet. The arrangement for the experiment
is shown in Figure 1. The jet is completely enclosed, and the
supply of entrainable air was controlled such that the pressure
in the enclosure matched that of the surrounding atmosphere.

The initial experiments were performed using a nozzle in
which it was easy to vary the geometry of the jet (nozzle A,
figure 1). This was achieved by varying the size of the orifice.
The nozzle gave a reasonably wide range of mass flow rates,
and the droplets produced by this arrangement were rather
large, typically of the order of S00-1000 ym. Data were also
collected from a nozzle that generated a spray with a much
smaller mean particle size, typically of the order of > 100 um
(nozzle B).

Theoretical considerations

A simple model of the entrainment was developed to compare
with the experimental data. The model makes a number of
basic assumptions, which are listed below.
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Figure 17 Schematic diagram of experimental apparatus
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Figure 2 Entrainment model

(1) The momentum in the jet is conserved, which may be
expressed as
B B

Z (mi.iji,pj_‘_mi.a,-Vi.aJ)‘*' Z (mﬂ.ijD,pj+mo,ﬂjVD.aJ‘):O

j=1 j=1
(2)

(2) The particle velocity is reduced by drag forces exerted by
the surrounding fluid. The drag force is given by

Fp=CpAsp,V? (3)
where V=V,—V, is the difference between the particle and

the local air velocity. The area A, is the projected area of
the particle under consideration.

(3) The only air motion is that within the confines of the spray.
(4) The jet is assumed to break up after a set length.

A schematic diagram of the model is shown in Figure 2. In
addition to the assumptions listed above, it was also necessary
to assume divergence angles for the jet and also the particle
size distributions generated by the nozzle. With nozzle A, it
was possible to control the divergence of the jet to some degree.
This parameter was not considered to be a significant parameter
in this study and was maintained constant at approximately
25°. In the case of nozzie B, the divergence of the jet was set
at a constant value of 30°.

The actual particle size distribution was unknown, and thus
a distribution was assumed and generated using the Rosin—
Rammler size distribution:®

—

where R is the fraction below size d. Experimental data were
obtained for the effect of inlet mass flow and were compared
with results from the simple model proposed above. Then the
model was also used to assess the effects of a number of
parameters that influence air entrainment. The parameters
considered were

(1) mass flow rate;
(2) mean particle size;
(3) size distributions.

Results
Effect of mass flow rate

Experiment

Experimental data for the variation of entrainment with mass
flow rate is shown in Figure 3; data is included for both nozzles
A and B, shown in Figure 1. In each case, entrainment rates
are measured for jet lengths equivalent to approximately 70
inlet nozzle diameters. For nozzle A, the mass flow rate of the
entrained air increases linearly with increasing mass flow rate.
As the mass flow rate of the incoming flow increases, the particle
velocities increase. The increased velocity results in a greater
drag being exerted on the particles, and therefore the particles
experience more rapid decelerations, which result in more
energy being transferred from the particles to the surrounding
fluid. The gradient of the line would suggest that there is a
critical mass flow rate before which there is no significant
breakup of the jet, and thus little or no entrainment occurs. In
the case of nozzle A, this is approximately 0.13 kg s ! of water,
a figure obtained by extrapolation.

Notation Greek symbols
p Density
A Area
B Number of size bands in particle size distribution
Cp Drag coefficient Subscripts
d Diameter a Air
F, Drag force e Entrained
K  Entrainment constant i Inlet
m  Mass flow rate m  Mean
n Spread of Rosin—Rammler distribution 0 Outlet
R Fraction below given size p Particle
VvV Velocity s Surrounding fluid
X  Axial distance t Total
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Figure 3 Variation of mass entrainment with inlet mass flow rate

The data from nozzle B show a similar linear variation to
nozzle A. However, the range of flow rate is much reduced due
to the sizes of the respective nozzles. The gradient of the two
curves would appear to be much too great to reflect only the
increasing mass flow rate at inlet. As the inlet mass flow rate
increases, there is evidence that the mean diameter of the
particles is reduced. The increased mass flow rate gives rise to
a much more efficient atomization process, especially in the
case of nozzle A, although this effect has yet to be quantified.
As the particle size is reduced, the energy of the particles is
more readily transferred to the surrounding fluid and thus more
air is entrained. In the case of nozzle B, the particle size
distribution does not vary greatly with changing mass flow rate.
The smaller particles experience much greater decelerations
than do the large particles, due to the greater surface area for
a given mass of fluid, and thus they have a tendency to entrain
more fluid. In the experimental results, it is reasonable to
assume that a mass flow rate will be reached beyond which
further increases will result in no further changes in the spray
pattern.

Prediction

Shown in Figure 3 together with the experimental data are
results of predictions of the variation of mass entrainment
with inlet mass flow rate. The entrained mass flow rate increases
linearly with increasing inlet mass flow rate. The curve for a
mean particle size of 50 um has a steeper gradient than that
for the case with a mean particle size of 100 um. This variation is
in agreement with the conclusions drawn from the experimental
data described above.

On first inspection of the data, the experimental results do
not agree particularly closely with the predicted data. This is
really due to the simplicity of the model. The model makes no
allowance for the breakup mechanism, which is a function of
nozzle geometry; a constant particle size distribution is assumed
for the range of flow rates considered.

Considering the obvious simplicity of the theory, the predic-
tions do give entrainment rates that are of the same order of
magnitude as the experimental data. The model was used to
assess the effect of the parameters, which were not possible to
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measure, on the entrainment of air into the jet. These parameters
were mean particle size, particle size distribution, and the spread
of the size distribution.

Variation of mass entrainment with length

Experiments with free air jets® show that the mass flow rate in
the jet increases linearly with distance downstream from the
point of injection.® The entrainment rate is constant along the
length of the jet.> The equivalent plot is shown in Figure 4 for
spray jets. The data presented are predicted values. Only the
entrained mass flow rate rather than the more usual total mass
flow rate is presented, because the entrained mass flow rate is
small by comparison with the inlet mass flow rate, due to the
difference in density. For similar reasons, the actual mass flow
rather than a nondimensional value is plotted. In the case of
sprays, the variation is again linear. However, the linearity of
these curves is coincidental and is dependent on the mean
diameter of the particle in the spray, as will be seen in the next
section. The mean particle diameter for the plots shown in
Figure 4 is 1000 um, since this was representative of the particles
generated by the nozzle A used in the experiment.

Effect of mean particle size

In Figure 5, the effect of mean particle size on the mass
entrainment is shown. For large particle sizes, d,,= 1000 ym,
the variation is linear. Also plotted in Figure 5 are some
experimental data, obtained from nozzle A, for an inlet mass
flow rate of 0.2 kgs™!; the mean particle size is in the range
500-1000 um and shows reasonable agreement with the pre-
dicted values. As the mean size of the particles is reduced, so
the entrainment rate along the length of the jet is no longer
constant. The velocity of the particles is reduced as they move
downstream, and eventually the velocity becomes so small that
the particles are unable to entrain significant quantities of air.
At this point the jet will probably behave in a manner similar
to a single-phase jet, but the additional fluid entrained will be
relatively small due to the [ow velocities in this region of the
flow.
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Figure 4 Effect of mass flow rate on entrainment along the length
of the jet

281



Air entrainment in spray jets: S. A. MacGregor

- 0.05
(7] . .
o mean particle size
> — 50 um
\: 0.04 t —— 100
S 200
£ —— 1000
'g 0.05 T ® experiment =
5
" 0.02
n
o
=

0.01

0.00

X/ d
Figure 5 Effect of mean particle size on entrainment
25
\

g, 20 An O—O N=1.0
Jé’ \ o—o 1.5
3 15 A A—2 2.0
5 A A—A 2.5
a \ O—0 3.0

10 o

N\
©o
5 O
.
O 1
0 1000 2000 3000 4000

particle size / um

Figure 6 Particle size distributions

The variation of entrainment rate along the length of the jet
may be explained by considering the particle dynamics. The
small particles experience much greater decelerations than the
large particles and thus they entrain more fluid, especially in
the initial phases of the jet development where the velocities are
high. Further downstream they have little energy left to induce
entrainment, and thus the rate of entrainment decays until the
local entrainment rate becomes zero. This effect is clearly seen
in Figure 5. A similar variation will apply to the large particles
but the velocity decay will not be so rapid; this explains the
linear appearance of the curve for X/d <70, for d, = 1000 um.

Effect of particle size distribution

As in the previous cases, the particle size distributions were
generated using a Rosin-Rammier distribution® as given in
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Equation 4. By varying the constant # in this equation, it was
possible to produce size distributions with varying degrees of
spread. The size distributions considered are shown in Figure 6.
The mean particle size is 1000 pm.

The variation of entrainment along the length of the jet
is approximately linear as was seen previously in Figure 4.
The effect of the variation of the size distribution is shown in
Figure 7. As the spread of the distribution increases, there is
some evidence of variation in the entrainment rate, but not to
a significant degree. This effect may be more in evidence at
smaller mean diameters.

When the size distribution has a wide variation about the
mean value, the mass entrainment increases slightly. This is
due to the presence of smaller particles, which have a tendency
to entrain larger quantities of fluid compared with the large
particles. However, the overall entrainment 1s still dominated
by the larger particles.
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Figure 7 Effect of particle size distribution on entrainment
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Figure 8 Variation of total mass entrainment with inlet momentum
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Entrainment constants

In the case of air jets, the mass flow rate in the jet is related
to the distance downstréam from the nozzle by the relationship
given in Equation 1. The entrainment constant, K, is typically
of the order of 0.3. Clearly the relationship is linear. The
entrainment is constant along the length of the jet. In the case
of sprays, the entrainment is not always constant along the
length of the jet. This is evident in the cases where the particle
size distributions have small mean diameters. For the purpose
of comparison, the entrainment constants for sprays have been
calculated for a length of 70 nozzle diameters. In the case of
the spray, it is necessary to take the density of the fluid in the
jet into account, and so Equation 1 becomes®

25
m; d/\p;

This gives a value of the entrainment constant, K, of the order
of 0.4 for sprays. The density ratio becomes dominant in this
expression, and so it is relatively insensitive to changes in mass
entrainment. It is more informative to compare the actual mass
flow rates entrained by sprays and air jets. Taking jets of similar
inlet momentum, the air jet is able to entrain much greater
quantities than is possible in a spray. Figure 8 shows the mass
entrainment for a range of inlet momentum for both spray and
air jets. The data for the spray are based on the same length
ratio as the air jet, ie., X/d=15. It is clear that the air
entrainment into the air jet is much greater than that of a spray.
The air entrainment rate is typicaily of the order of 50 times
greater in the case of air jets compared with sprays of similar
inlet momentum.

Conclusions
The results of some preliminary tests have been presented, in

which the entrainment of air into a spray jet has been
considered. The results have been compared with the results of a
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simple model based on some very basic assumptions. Although
agreement is somewhat limited, the model was used to assess
various parameters that influence air entrainment into sprays.

The most important parameter affecting entrainment is mass
flow rate. The air entrained increases linearly with increasing
mass flow rate for particle size distributions with relatively large
mean sizes. The other important parameter is mean particle
size, which affects the variation of entrainment rate along the
length of the jet. The entrainment process appears to be
relatively insensitive to the spread of the particle distribution,
although in size distributions that exhibit a wide range of
particle sizes this factor may become significant.

Comparing the level of entrainment in spray jets with that
of single-phase injection processes would suggest that the spray
is not very efficient in terms of generating entrainment. The
introduction of a spray would have little effect on the bulk flow
field into which it was injected.
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