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A model for the atomization and spray formation by splash plate nozzles is pre-
sented. This model is based on the liquid sheet formation theory due to an oblique
impingement of a liquid jet on a solid surface. The continuous liquid sheet formed by
the jet impingement is replaced with a set of dispersed droplets. The initial droplet
sizes and velocities are determined based on theoretically predicted liquid sheet thick-
ness and velocity. A Lagrangian spray code is used to model the spray dynamics and
droplet size distribution further downstream of the nozzle. Results of this model
are confirmed by the experimental data on the droplet size distribution across the
spray. © 2009 American Institute of Chemical Engineers AIChE J, 56: 849-857, 2010
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droplet size

Introduction

Liquid sheet (or film) atomizers are widely used in gas
turbines, automobiles, and liquid-fueled rocket engines. They
are also the most commonly used nozzles in Kraft recovery
boilers to spray black liquor, a byproduct of paper making,
into a furnace. One type of liquid sheet atomizers is jet
impinging nozzles (i.e., splash plate nozzles)'*. In such noz-
zles, a liquid jet impinges on a splash plate and spreads out
radially while thinning. The thinning liquid sheet later breaks
into small droplets forming the spray. This method has
several advantages, such as low injection pressure loss and
high controllability of liquid sheet thickness, velocity, trajec-
tory, and mass distribution.® Prediction of droplet size and
velocity distribution produced by these nozzles is needed for
engine design and for the improvement of combustion proc-
esses. Such predictions require information on the liquid
sheet characteristics and its breakup process.

Taylor* and Dombrowski et al.” have conducted extensive
studies on the liquid sheet characteristics. Taylor* proposed
a model for the variation of the thickness of the liquid sheet,
by neglecting the surface tension and viscosity, and assum-
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ing a constant velocity throughout the sheet. Dombrowski
et al’ developed a model for the sheet formation based on
an assumption that the thickness of the sheet, at any point, is
inversely proportional to its distance from the orifice.

Once the liquid sheet is formed, it becomes unstable and
breaks into small droplets. The problem of sheet instability
is extensively studied, starting with the experiments of
Savart.® Dorman’ and Fraser and Eisenklam® and later Dom-
browski and Fraser’ provided the early quantitative analysis
of the problem. Three modes of disintegrations were identi-
fied and were referred to as the rim breakup, wave instabil-
ity, and sheet perforation.&9 All three modes of breakups
may occur in jet impinging atomizers and most of the time a
combination of these regimes causes the breakup while one
of them is the dominant regime. Numerical studies on the
entire process of sheet formation and breakup and conse-
quent droplet size distribution are very limited. Levesque
and coworkers'® simulated flow injection, sheet formation,
and breakup from a jet impinging nozzle. They developed a
three dimensional code, which predicted liquid free-surface
evolution and breakups. Their model does not consider
effects of surrounding gases on the sheet breakup. Foust
et al.'” using a three dimensional volume of fluid method
simulated a scaled splash plate nozzles and studied spray
characteristics using black liquor as injection fluid.
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Figure 1. Analogy between continuous sheet and dis-
crete droplets.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

To predict the size of the droplets that form from jet im-
pinging nozzles, we first need to characterize the liquid
sheet, namely its velocity and thickness distribution. Such
information is obtained from a model by Inamura et al.?
Data from this model are incorporated into a Lagrangian
spray code to predict droplet size and velocity distribution
downstream of the flow.

Methodology
General procedure

In a wall impingement nozzle, a continuous liquid jet
impinges on a surface (i.e., the splash plate) and spreads out
radially forming a liquid sheet. Later, this liquid sheet breaks
into small droplets forming the spray. Here, instead of a con-
tinuous liquid jet, streams of droplets are made to impinge
onto the plate, which spread out radially and later breakup to
form the spray. The final outcome of the two processes (con-
tinuous jet and discrete droplet impingement) can be the
same if a proper model is used for the breakup of the drop-
lets after impingement (e.g., a splash plate model). Figure 1
shows the schematic of proposed analogy between continu-
ous sheet and discrete droplet spray.

The goal here is to develop a numerical procedure to
predict the final droplet size and velocity distributions down-
stream of the spray based on the thickness and velocity dis-
tributions of the liquid sheet formed after impingement on
the splash plate. To achieve this, the procedure begins with
droplet injection right from the nozzle with the diameter
equal to the splash plate nozzle diameter. The injected
droplets hit the splash plate and break into several smaller

radh

Figure 2. Top view of droplets injected from a nozzle.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 3. Side view of droplets impinging on the splash
plate.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

droplets. Figure 2 shows top view of the splash plate atom-
izer at the time of injection. The smaller droplets are distrib-
uted azimuthally on the plate. Each droplet at any specific
trajectory has a specific velocity and size, equal to the sheet
thickness and velocity at that trajectory (i.e., azimuthall
angle). The model intends to substitute the smooth fluid
sheet on the plate with discretized droplets having the same
diameter (thickness) and velocity as the sheet.

Figure 3 shows side view of the droplet impingement.
While droplets move further downstream, they interact with
the surrounding gas and each other. Droplets will break, coa-
lesce, disperse, and evaporate. Figure 4 demonstrates the
process from the injection at the nozzle to the final droplet
size results.

An analytical model by Inamura et al® is used to
describe the sheet thickness and velocity distribution on the
plate. They have developed a model for the oblique
impingement of a jet on a solid wall. They have considered
a two dimensional laminar boundary layer flow with uni-
form jet velocity. Figures 5a, b show schematics of the jet
impingement and sheet formation, describing important
governing parameters.

Splash plate model

Inamura et al.® found the sheet thickness and velocity dis-
tribution by solving continuity and momentum equations
inside the boundary layer. The momentum equation of a
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Figure 4. Process flowchart for the splash plate nozzle
simulation.

April 2010 Vol. 56, No. 4 AIChE Journal



,V
Fd
/
Fd
F
r
Nozzle -~
Nozz > re
e
. " Fluid Sheet
\\
~
~
A
(b)

Figure 5. Schematic of the liquid sheet formation.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

laminar boundary layer is expressed generally by the follow-
ing equation using the cylindrical coordinate:

d 1\ [? ou
(E—i_l_)/(; u(Uo—u)dz:v1<E> . (1)

Equation 1 is solved using a polynomial velocity profile

3 4
described by: wuy = Up[2 (ﬁ) +2($) —}—(@) ]. This equa-
tion is substituted in the momentum equation, the expression
for boundary layer thickness is obtained as: 5; =597, /ry.

Then, the solution is divided into two parts based on
whether the boundary layer is fully developed at the tip of
the plate or not. The location of fully developed boundary
layer is’

x o - 2/3p4/3
;¢07(4n)1/3.A B3, ©)

where r;@o is non-dimensionalized as following.

sin 0
= . . )
sin ¢ + cos ¢ sin 0

. 2 2 2
B=—cosO £ 752”’0, |+ 177“’82 taw .
tan ¢~ + sin 0 tan ¢~ + sin 0

“

3

Fio = 0Re 5)

and a is the jet radius, 7y is the plate length and Re is Reynolds
number defined as
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Now if r4 < rgo, the relations for the sheet thickness and
velocity distributions at the plate tip are’
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and r, are non-dimensionalized in the same way as 7.
If ry > rgo, the relations for the sheet thickness and ve-
locity distributions at the plate tip are’
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Lagrangian code

KIVA 3V-REL2 is chosen as the base code for the simu-
lation. It uses Lagrangian droplet—Eulerian Fluid stochastic
spray model. It considers a group of identical droplets
known as a parcel, which is tracked in a Lagrangian frame-
work whereas the gas phase is modeled using an Eulerian
approach. The code consists of three parts: Pre-processor,
Main-processor, and Post-processor. The pre-processor is
sued for mesh generation, the processor is for spray simula-
tions, and post-processor is employed for after simulation
analysis. The code solves for three main equation of mass,
momentum, and energy. It includes many different submo-
dels such as turbulence, oscillation, and breakup (TAB
model) and evaporation model (if necessary).

The splash plate model discussed earlier is implemented
in the KIVA code as a submodel to simulate the whole
spray dynamics. This submodel should determine the diam-
eter, velocity, and number of droplets in the parcel based
on the data from the splash plate model. In addition, the
introduced sub model provides a new method for droplet
breakup. In the original code, droplet breakup is modeled
by changing the diameter, velocity, and number of droplets
in a parcel, rather than physically breaking the parcel into
two or more parcels. However, we have modeled the
breakup process by breaking a parent parcel (injected from
the nozzle) into several new parcels after the impingement
on the plate.

Naber and Reitz'' have used KIVA to study spray
impingements on walls. Their spray model accounts for the
effects of drop breakup, collision, and coalescence and the
effect of drops on the gas turbulence. Three different drop-
wall submodels were considered: stick, reflect, and jet. Tru-
jillo and Lee'? have conducted a numerical and analytical
study of film formation and the evolution during spray
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Figure 6. Slicing method to determine the number of
droplets in each parcel.

impingement. Their model consists of two parts: impinge-
ment zone and spray zone. The impingement zone is
modeled by using source terms based on conservation laws.
In the spray zone, they have employed KIVA to simulate the
spray.

The method which is used in this study is very similar to
that of Naber and Reitz'' and Trujillo and Lee'? in its physi-
cal aspect but it is different in its application and implemen-
tation into numerical code. Their goal was to study spray (a
discrete phase) interaction while our goal is to simulate jet
impingement on the plate using its analogy with spray and
discrete droplet impingement on the plate.

Parcel impinges on a plate and then breaks into smaller
droplets moving along the plate. As explained, by definition
in KIVA, breakup of a parcel means changing its character-
istics (parcel diameter, velocity, and number of droplets in a
parcel) from the initial parcel to the final parcel. Naber and
Reitz'' model is based on this definition and no physical
breakup of a parcel into two or more parcels occurs. In our
simulation, as the aim is to simulate jet impingement on a
plate, it is necessary to break the impinged parcel into two
or more parcels; as a result, some modifications are per-
formed on KIVA and subroutines are added to make it capa-
ble of breaking a parcel after impingement into more parcels
with different size, velocity, and number of droplets.

Two main equations used here are the momentum and
mass conservation. Both equations have been applied once
in the initial model presented by Inamura,” but the mass bal-
ance has to be applied once more to calculate the number of
droplets in a parcel. When an injected parcel hits the splash
plate, initially it has a specific mass with specific number of
droplets. It breaks into several parcels in several directions.
Each of these parcels has specific diameter and velocity. To
conserve the mass, the following criteria should be justified

Minitial = (4/3)75,01Nini"3,_im = (4/3)np, ZNH‘;_,,‘ (12)
=0

where Ny, is the number of droplets in the initial parcel (before
impingement), 7y, is radius of initial parcel, i is parcel
number, n is number of produced parcels, N; number of
droplets in parcel i, r,; radius of parcel i. Now, the problem is
finding N for each parcel while conserving the initial mass
flux. To do so, fluid sheet has been descritized to many slices.
Figure 6 shows the detail of our analysis.
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To determine the number of droplets, the mass flux of
each slice calculated at ecach of these sheet slices is
represented by one final parcel. The mass flux through each
slice is

9/;

on the other hand, the initial mass flux may be reformulated as
0r
Minitial = P17 / h(0)V(0)do (14)
Os

We define P; as

i Jo hi(0)Vi(0)do

P;=- == . (15)
Minidal — [," h(0)V (0)d0
The mass of each final parcel in time is also equal to
m; = N;(4/3)mpr, . (16)
From (15) and (16)
4 3 _
N; 3 )i = Piminitial, (17
and combining (17) with (12), we get
4 3 3
N,‘ g nprm = Pi(4/3)7ZPNini’”p7ini, (18)

Therefore, N; (the number of droplets produced when a
parcel hits the plate) is

3

Ny = PiNy -3 (19)

pii

Code setup

A simple geometry of nine cubical boxes is used as a
chamber for the spray. One of them is specified for the

laim(in.ﬂow) Yy yyi laj,g;(inﬂow)
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3 1 2
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Figure 7. Solution domain.
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Figure 8. Mesh generated for the splash plate atomizer
analysis.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

injection point and the splash plate. Figure 7 demonstrates
the solution domain and its different regions. The mesh used
for the simulations are shown in Figure 8. Domain size is
100D by 50D by 25D. The plate length varies depending on
the nozzle, but in the majority of cases it is approximately
6D. The injection time is between 200 and 250 ms. This
time is enough to reach the steady state conditions based on
our investigations.

The simulation is performed for different cases to test the
code accuracy. Although there are many experiments
addressing jet impingement, but most of the studies do not
provide sufficient input data for comparison with numerical
results; for instance, the plate geometry specifications are not
mentioned (e.g., plate length). Because of the mentioned
problem, the code results are only compared with the experi-
ments performed by Ahmed et al.'® (small scale nozzle) and
two other experiment for Spielbauer et al.'* (large scale noz-
zle). The physical properties of experimental test are
presented in Table 1. We have used exactly the same nozzle
geometry as in the experiments.

Results

Figure 9 shows the comparison between the experimental
results and the numerical data for nozzle diameters of 1 and
2 mm with water as running fluid. Four different velocities
for each of the nozzles are tested. Both cases show a rela-

Table 1. Experimental Conditions Used to Examine the
Numerical Results
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Figure 9. Measured and predicted mean droplet sizes
generated from splash plate nozzle with noz-
zle diameters of 1 and 2 mm using water.

A: d; = 2 mm, experiment, o: d; = 2 mm, numerical,
@: d; = 1 mm, experiment, l: d; = 1 mm, numerical.

tively good agreement with the experiments; although the 2
mm nozzle has better accuracy comparing with 1 mm noz-
zle. This may be due to the fact that the model for the sheet
thickness distribution works better for thicker sheets because
thin sheets may perforate early and not follow the sheet
instability theory. Generally, we expect the mean size to
decrease as velocity is increased. As the injection velocity is
increased, liquid sheet spreads through a larger area resulting
in a thinner sheet. Thinner sheets result in smaller droplet
sizes at the center of the spray.

Two large scale nozzles, which are mentioned in Table 2
are also examined. The injection fluid is black liquor and the
nozzle diameter is 9.5 mm, which is much larger than previ-
ously tested nozzles. Unfortunately, due to the lack of data it
is not possible to compare more cases for large scale
nozzles. Two injection velocities of 11 and 13.7 m/s are
studied. The numerical results show good agreement with
the experiments with a maximum error of 7%.

Spray droplet size and velocity

Figure 10 shows the droplet size distribution across the
spray 50d;, downstream of the impingement point. Nozzle
diameter is 2 mm, injection velocity is 21.2 m/s, and the
running fluid is water. The size is maximum at the centerline
with 320 um and it decreases towards the edges. It reaches
the minimum value of 140 um and again it increases slightly
to 180 um. Droplet size at the center is expected to be the
maximum since most of the mass flux flows through the cen-
ter region and the sheet thickness is the maximum at the

Nozzle Injection Injection center region. Towards the edges of the spray, sheet thick-
Diameter (mm) Velocity (m/s) Fluid ness decreases, therefore, so does the droplet sizes. At the
1.0 12.44 Water
1.0 23.7 Water
10 32.44 Water Table 2. Comparison of the Numerical and Experimental
1.0 53.03 Water . R
20 10,61 W Results for a Commercial Scale Splash Plate Nozzle with
B B ater Bl K L. R . Fl . d
20 15.92 Water ack Liquor as Running Flui
2.0 21.22 Water
20 26.63 Water d; (mm)  U; (m/s)  d,(Exp) (um)  d,(Num) (um)  Err (%)
9.525 11 Black liquor 9.5 11 2810 2888 3
9.525 13.7 Black liquor 95 13.7 2470 2306 7
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Figure 10. Droplet size distribution across the spray
for the nozzle diameter of 2 mm and injec-
tion velocity of 21.2 m/s, the running fluid is
water at room temperature.

extreme edges of the sheet, rim formation has been observed
for most of the cases in the experiment. Neither the sheet
formation model nor the simulation has accounted for the
rim formation in its physical sense. But to compensate for
the rim formation effect, the sheet thickness distribution
from the wall model is assumed to be periodic accounting
for the returning fluid from the backward flow in the sheet.
This periodic function has compensated for the rim forma-
tion; therefore, we see a rise in the droplet size at the edges.

The droplet size distribution from the centerline to the
edges declines by about 50%. This may be important in
many applications, especially in combustion processes. In
those processes, fuel mass distribution has direct effect on
the fuel and oxidizer mixture and consequently on the com-
bustion stoichiometry. Undesired stoichiometry can effect
process efficiency, combustion temperature, and pollutant
production.

The velocity distribution for the spray cross section at
50d;, downstream of the impingement point is shown in Fig-
ure 11. Two nozzle diameters of 1 and 2 mm with injection
velocities of 42.2 and 21.2 m/s, respectively, and with water
as running fluid are considered. The figure clearly shows

w v .2 8 v -
gso- 1
z
320
s
>
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210

M e , |

-10 -5 0 5 10
Spray Cross Section (cm)

Figure 11. Velocity distribution at spray cross section
downstream of the flow.
@®: 1 mm, 42.2 m/s, ¥: 2 mm, 21.2 m/s.
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Figure 12. Velocity distribution along the spray center-
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that depending on the physical and operational conditions,
the velocity distribution can take different profiles. For larger
nozzles with larger droplets and lower velocities (due to the
lower injection velocity), droplets with very low velocities
(which will disperse randomly) in a location between the
centerline and the extreme edge are observed. These low
velocity droplets are observed in the case of 2 mm nozzle
with low injection velocity and they cause the average veloc-
ity to be minimum somewhere between the centerline and
spray edge. For the smaller nozzle of 1 mm with high
injection velocity, no minimum velocity is observed.

The other important parameter to investigate is the spray
velocity along the centerline from the impingement point
onward. Figure 12 shows the spray velocity for the same
two cases presented in Figure 11. It shows that in both cases
the velocity decreases almost linearly with the distance from
the impingement point. This decrease is more significant for
the smaller nozzle, which has a higher jet velocity. Droplet
velocities reduce by about 30% for the smaller nozzle,
whereas the change for the larger nozzle is about 16%. The

Nozzle

Total Velocity

\ .'." S

Nozzle Io(al\'eldcit\‘ 246 8101214161030 - .

Figure 13. Velocity distribution of the spray for the noz-
zle diameter of 2 mm and injection velocity
of 22 m/s, the running fluid is water at room
temperature.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 14. Droplet size distribution at the spray edges
for different injection velocities.

smaller nozzle generates smaller droplets, which lose their

momentum more rapidly than those for the larger droplets.
Figure 13 shows the top and the side views of the total

velocity. The velocity is maximum on the centerline with
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Figure 15. Droplet size distribution histogram at the
center of the spray.

Nozzle diameter is 9.5 mm with black liquor as the fluid.
(a) Injection velocity of 11 m/s and (b) injection velocity
of 13.7 m/s. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 16. Spray tip penetration definition.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

23-25 m/s and it decreases to 10-15 m/s at the edges. The
flow slows down toward the downstream and reaches to 19—
23 m/s on the centerline at the distance of 100d; of the plate
tip. The side view of the spray shows that the droplets are
dispersing in the plane vertical to the spray sheet and they
lose velocity (momentum) as they detach from the sheet in a
random direction. The dispersion intensifies along the spray
axis.

Figure 14 shows the average droplet sizes at the edge of
the spray for the two cases discussed earlier. Comparing
these results with those of Figure 9, which are for the same
cases but on the spray centerline, a significant decrease in
size from the center to edges is observed. The amount of
decrease varies from 20% for 2 mm nozzle with injection
velocity of 10.61 m/s to over 60% for 1 mm nozzle with the
velocity of 53 m/s. For large nozzles with low injection ve-
locity, rim formation is observed which will cause the drop-
let size to rise at the edges, decreasing the difference with
the centerline. Small nozzles with high injection velocity
(for a liquid sheet with no rim), the droplet size significantly
decreases from the centerline to the edges.
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S = 8
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Figure 17. Time history of the spray tip penetration.
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Figures 15a, b show the droplet size histogram at the cen-
ter of the spray. The vertical axis is the number of parcels
with the size specified on the horizontal axis. The majority
of the droplet sizes are in the 1-4 mm range for the injection
velocity of 11 m/s and 1-3 mm range for the injection
velocity of 13.7 m/s. As the jet velocity is increased, the
droplet distribution becomes narrower and more monosize
droplets are produced.

Spray tip penetration

Spray tip penetration is also simulated and compared with
an experimental result to validate the model in transient
sprays. The transient spray starts with an initial injection and
ends when the spray becomes fully developed. The time
duration of the transient spray used is in the order of 1 ms.
Figure 16 shows the definition of the spray tip penetration.
Time evolution of spray tip is a measure of spray transient
state which is the length from the plate edge to the tip of the
spray. It is usually plotted vs. the elapsed time, which is the
time passed from the injection start. Simulation is performed
for an experiment reported by Inamura and Tomoda'® with
nozzle diameter of 0.33 mm and injection velocity of
50.5 m/s. The running fluid is a dry solvent with density of
775 kg/m®, viscosity of 0.792 mPa S, and surface tension
coefficient of 24.5 mN/m.

Figure 17 shows the numerical results for the tip penetra-
tion vs. elapsed time. The tip penetration is increasing
almost linearly with time, which means that the spray is
moving with almost constant velocity forward. Experimental
data show a small acceleration in the spray tip, which is not
observed in the model.

Summary and Conclusion

An atomization model for splash plate nozzles is devel-
oped, which replaces a continuous liquid sheet with discrete
droplets. A KIVA-based model is used to model spray
dynamics and droplet sizes further downstream of the noz-
zle. A theoretical wall model is used to determine the sheet
thickness and velocity on the plate. The wall model includes
the boundary layer development on the plate. The model
comprises of the following steps:

e Sheet thickness and velocity distribution is determined
on the plate in every angle according to the following rela-
tions:

For ry < rgo: th = ﬁA.B2 + 1.79, /r:;) and Uy = U
_oenap | S0

r A.B?

Forrg > rgo : hg
¢

Uj

and U, =

0.8988 + 7.042.14*2.3*4.)*:;)3

where all the parameters are defined throughout the text.

e Parcels of droplets, having a diameter and a velocity
equal to those of local sheet thickness and velocity, are
injected from the nozzle.

® Droplet parcels impinge on the plate.

e Number of droplets in a parcel after impingement are
determined:
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" i [ R(0)V(0)d0

e Data from the above relations are associated to the
newly produced parcels in every angle (the new parcels are
produced from the parent parcel which was impinged on the
plate).

® The newly produced parcels move along the plate and inter-
act with the surrounding gas, and through collision and breakup.

Average droplet sizes predicted by the present model are in
good agreement with those experiments under similar conditions.

The results show that the droplet sizes for splash plate
nozzle are the largest at the centerline of the spray and the
smallest between the centerline and the edges of the spray.
Edge droplet size can be as low as half of the droplet size at
the centerline of the spray.

The lowest droplet velocities may be between the edges
and the centerline of the spray or at the edges of the spray.
But generally, the lowest velocity for the droplets occur at
the center of the spray and it decreases toward the edges.

Notation
Parameters
o = start angle in a slice of fluid sheet
p = end angle in a slice of fluid sheet
0 = boundary layer thickness
p = density
1 = viscosity
@ = angle in the sheet plane
0 = nozzle angle
A, B = geometrical parameter
D = droplet diameter
N = number of droplets in a parcel
P = portion
Re = Reynolds number
U = velocity
a = nozzle radius
d = diameter
h = sheet thickness
m = mass flux
N = number of parcels
ro = distance from impingement point to plate tip
rp = parcel diameter
Subscripts
* = nondimensional
0 = fully developed boundary layer
@ = parameter in the angle in the sheet plane
f = finish
g = gas
J = Jet
i = parcel number i
ini = initial
1 = liquid
m = mean
p = parcel
relative = relative velocity between gas and fluid
s = start
sh = sheet
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