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Abstract

A new basis for the prediction of the drop size and velocity distribution in a spray is
developed, using the maximum entropy formalism. The prediction considers the imposition
of integral conservation constraints for mass, momentum and mechanical energy on the
breakup of an undulating liquid sheet. The resulting drop size distribution is similar to
the widely used empirical distributions, while the velocity distribution is Gaussian, with a

variance that decreases with increasing drop size.

Measurements were made in a simple water spray using the Phase / Doppler technique
to obtain the joint size / velocity PDF. Photographic measurements were used to obtain an

estimate of the geometry of the breakup region.

Good agreement was found between the measurements and the predictions, except in
the region where drag forces had strongly influenced the distribution. This discrepancy was

expected, as drag effects were not included in the model.
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Chapter 1

Introduction

The modelling of spray flames requires information on the joint drop size and velocity dis-
tribution of the fuel spray, and its variation over the spray volume. Its behaviour governs
the distribution of the heat release over the combustion volume, as well as other phenom-
ena important to the nature of the flame. Together with the gaseous flow field, the joint
drop size and velocity distribution provides information of fundamental importance to the

understanding of spray flames.

It is commonly suggested that a major area of uncertainty in spray modelling is in the
definition of initial conditions. Until recently there has been no analytical basis for the dis-
tribution of drop size and velocity resulting from breakup. Recent work by the author [1,2,3]
uses the maximum entropy formalism to analyze the breakup of a thin flat sheet of liquid,
predicting a joint drop size and velocity distribution, and presents a simplified analysis of
the downstream behaviour of the spray. The predicted distribution is similar to the Rosin—
Rammler distribution in drop size and has a Gaussian distribution in velocity. However,

the unrealistic flat sheet model requires the artificial inclusion of an arbitrary momentum



source term in the calculation of the velocity distribution. In real sprays produced by sheet-
forming nozzles, the sheet does not remain flat prior to breakup, but develops undulations

which contribute substantially to the breakup process.

1.1 Objectives

The objectives of this work are:

e to obtain a prediction of the form of the drop size and velocity distribution in a spray

resulting from the breakup of an undulating liquid sheet.

e to make experimental measurements of such a spray, and compare them to the pre-

dictions.
To achieve these objectives this works builds on the previous work by:

e introducing a model for the behaviour of the undulating sheet.
e expanding the constraint equations to incorporate two components of velocity.
e introducing the additional constraint on the partition of surface energy.

e performing measurements for comparison with the results of the model.

1.2 Previous Work in Liquid Sheet Breakup

The importance of atomization in the combustion of liquid fuels has prompted a great deal
of research. Nevertheless, there are still large gaps in the understanding of many of the

mechanisms.
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Figure 1.1: Idealized disintegration of a liquid sheet. After Dombrowski and Johns [4].

The research literature on atomization can be divided into two parts. By far the larger
part is concerned with the description of sprays. This work is primarily empirical, usually
involving the measurement of the drop size distributions produced by practical devices and
fitting a distribution equation to the data. Practical parameters, such as the Sauter mean
diameter (Ds3;), may then be extracted and correlations developed between the important
features of the drop size distribution and the design and operating parameters of the atom-
izers used. Much of the modern work of this type has been reported in the proceedings of
the International Conferences on Liquid Atomization and Spray Systems (ICLASS-78, -82,
-85).

The remaining research has focussed on the stability of liquid sheets and ligaments
subject to some specific forms of disturbances. This work begins with Rayleigh’s 1878 paper

on the stability of cylindrical jets subject to sinusoidal disturbances [5]. It goes on to include

the effects of liquid viscosity [6], deformation wavelength and asymmetry (7], aerodynamic



Figure 1.2: Disintegration of the conical sheet produced by a swirl jet nozzle. This photo-
graph shows a spray of water from a Delavan 1.50 80 B nozzle. The water temperature was

20° C and the injection pressure was 345 kPa.



effects of relative gas-liquid velocity [6,7], growth and breakup of surface waves [8], liquid
sheet breakup [4], and secondary breakup of drops at very high relative velocities [9]. These
theoretical studies are well supported by many experimental studies. However, such work
does not yield any description of the spray produced beyond some expression for an average
or maximum drop diameter on the basis of the parameters of the disturbances which are

most readily amplified. The main features of this research are well summarized by Rice [10].

The work of Dombrowski and Johns [4] on breakup of liquid sheets is of particular
interest in the present work. It provides the background for the present model of the sheet

behaviour prior to breakup.

Dombrowski and Johns consider the behaviour of a viscous liquid sheet in quiescent, in-
viscid, gaseous surroundings. The balance of aerodynamic, surface and liquid viscous forces
governs the growth of sinuous disturbances on a sheet. It is assumed that the disturbances

of maximum growth rate dominate the behaviour, thus simplifying the analysis.

The breakup length is reached when the troughs and crests of the undulations blow out,
leaving segments of sheet, each one half a wavelength long. These segments then contract
into ligaments and break up by the classical mechanisms of the unstable liquid cylinder. See
figures 1.1 and 1.2 for the idealized and actual behaviour of a sheet respectively. Applying
the ligament breakup model of Weber [6] to their theoretical predictions they predict a
mean drop diameter that is in reasonable agreement with experiments. This suggests that,
at least, their qualitative description of the process is reasonably accurate. That description
will be used, in conjunction with basic conservation principles and the maximum entropy

formalism, to predict the distribution of drop size and velocity in the present work.



Chapter 2

Maximum Entropy Formalism
Applied to the Breakup of a
Liquid Sheet

2.1 The Maximum Entropy Formalism

The maximum entropy formalism of Jaynes [11,12] and Tribus [13] is a method of statistical
inference which has found substantial application in scientific and engineering problems. It
was initially perceived as an alternative approach to statistical thermodynamics. However,
it is now being recognized as a method of statistical inference which is generally \applicable,

rather than specifically a tool for thermodynamics.

The formalism provides a method for maximizing the Shannon entropy

m
8 = —kij Inp; (2.1)
j=0



of a probability distribution, subject to constraints of the form
m
> pigi=<g> (2.2)
j=0
where g; is the set of values of some state function and < g > is the expectation value for
that state function, which known to exist and have a single value. This results in the least
biased distribution of probability which still satisfies the constraints of a particular physical

problem.

The constraints define some average property of the system, or moment of the probability
distribution. This form of constraint is ideal for expressing conservation equations. For
example, if the state function g were energy, a conservation constraint might read: “The
sum of the energy over the entire system is equal to the total energy”. On this sort of basis

one may make predictions of the probability distribution based on its known moments.

The author has shown [3] that, for a uniform discretization of the solution space 1, the
constraints of the formalism and the resulting probability distribution may be expressed in

a continuous form.

[ faodw =< g0 > (2.3)
¥
/fgldll’ =<g > (2.4)
P
/fgn«w =<gn > - (29)
v

f =exp(=Ao — A1g1 — A2g2.— ... — Angn) (2.6)

where f is a probability density function (PDF) such that p; = fdy;. The normalization

constraint 2.3 arises from the restriction that the probabilities must sum to unity. The state



functions go is defined as unity and therefore < go >= 1. This allows the normalization
constraint to be written in the same form as the other constraint equations. This form
is well suited to the treatment of continuous variables such as the drop size and velocity,

which form the solution space in this work.

The as-yet-undetermined Lagrange multipliers, Ao, A1, Ag,...,An, may be found using a
modified Newton-Rhapson type numerical solution. The method developed by the author
for finding the multipliers [3] was an improvement over earlier methods. The critical step in
the solution is the enforcement of the normalization constraint at every iteration. Without

this requirement the solution is strongly divergent.

When the entropy of the distribution is at a maximum, subject to the constraints, the
result is the least biased distribution which satisfies the physics embodied in the constraints.
In the language of information theory, it contains the least amount of information, i.e. only
the information embodied in the constraints. Any other distribution would be biased,
because it would contain more information than the physics provides. Qualitatively, the
result may be thought of as the smoothest distribution that satisfies the constraints. It
reveals no non-uniformities except those required by the physics of the system, as expressed

in the constraints.

For more detailed information on the maximum entropy formalism and its solution for
a probability distribution refer to references [13] and [14], or reference 3] as excerpted in

Appendix A.

2.1.1 Application Approaches for the Maximum Entropy Formalism

There are various ways to apply the maximum entropy formalism in problems involving

probability distributions. There is the obvious approach which directly parallels the deriva-



tion. A set of constraints is known a priori and the maximum entropy principle is used to

find the least biased distribution of probabilities that satisfies those constraints.

A more complex approach is the inverse problem. In this case the distribution is known,
and the objective is to obtain a set of constraints which, in conjunction with the maximum
entropy principle, would yield that distribution. There is no direct path to the solution
of this type of problem. However, if a solution is found, it may offer insight into the

fundamental principles which underlie the observed distribution.

The present work combines the two approaches. A set of fundamental conservation con-
straints is determined a priori to be of physical importance in the atomization process. The
distribution resulting from the maximization of the entropy, subject to these constraints, is
compared to the observed distributions in real sprays and some inconsistencies are evident.
This observation drives the inverse process; a search for some physical aspect which has
been overlooked. A further constraint is sought, and found, which will bring the distribu-
tion into line with the empirical evidence. This is one of the strengths of the formalism.
An incomplete analysis can point the way to an improvement in the system of constraints,

resulting in a better solution and increased understanding of the physical processes.

2.2 Conservation Constraints on Breakup

Many atomizers function by producing a thin sheet of liquid which develops instabilities,
breaking up into ligaments and then into drops. The swirl jet atomizer, for example,
produces a conical sheet in which the fluid is stretched by the initial radial momentum,
until breakup occurs. This work begins with a sheet which has already been stretched to
the point of breakup. The sheet has a thickness 7, which is assumed to be uniform, and

a mean velocity in the streamwise direction U. There are undulations on the surface of
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the sheet which are growing as the sheet moves downstream. As a result of these growing
undulations any small element of the sheet will have both streamwise and cross-stream

components of velocity.

Constraints are developed by assuming that the breakup is a nearly conservative process.
The collection of drops just downstream of the breakup zone are taken to have the same
total mass, momentum, directed kinetic energy and surface energy as the portion of the
sheet that broke up to form them. The techniques used to develop values for the average
momentum and kinetic energy of the undulating sheet are described in a later section. The

process is assumed to be isothermal, with constant fluid properties.

The probability is distributed over the drop diameter, §, and two components of drop
velocity, u and v, each of which are nondimensionalized as shown, using the mass mean

diameter and the mean streamwise sheet velocity respectively.

. Uy = = ve= = (2.7)

5= —
"~ Do U T U

The solution space consists of the three variables combined, so that d¢ = dé.du.dv..

2.2.1 Conservation of Mass

The mass conservation constraint for the liquid arises from the statement that the total
mass M from the sheet must be equal to the sum of all the drop masses, plus any mass
sources due to a nonconservative process. For example, evaporation would lead to a negative
mass source. N is the total number of drops, so that N fdi is the number of drops in an

incremental volume of solution space.

3
M= /// me-5 dy — mass sources (2.8)
¥

6
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By recalling that
M + masssources pmD3; (2.9)

N 6

the above expression may be recast in a dimensionless form.

// f63dé.du.dv. = 1 (2.10)
¥

2.2.2 Conservation of Momentum

Similar methods may be used to develop equations for the components of linear momentum.
Two components are considered. The x axis is aligned with the mean motion of the sheet,

while the y axis is perpendicular to the sheet.

. p7r53
Mu, = // Nf 5 udyy — X momentum sources {2.11)
Y
and
- pm6®
M5, = // Nf 5 vdy — y momentum sources (2.12)
"

which relate the momentum of the sheet to the momentum of the drops in the resulting

spray. Nondimensionalization then gives

/ / / P83 By sl = Ty + S (2.13)
P
and
/ / f63v.db.du.dv. = Ty + S (2.14)
¥ N

for the x and y components respectively.
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2.2.3 Conservation of Energy

Initially one would expect the conservation of energy to provide a single constraint. How-
ever, this would leave out important information concerning the physics of certain energy
transformations, as well as the prior knowledge of the energy distribution before breakup.
A single constraint would not account for the barriers to transformation between differ-
ent modes of energy. The model must incorporate the fact that kinetic energy does not
transform to surface energy unless there are deformation processes taking place that facil-
itate the transformation. Because of this each energy mode is separately conserved, with
source terms to permit the exchange of energy between modes. The two energy modes of

importance in the current study are surface energy and directed kinetic energy.

Conservation of Kinetic Energy

The directed kinetic energy of all the drops in the distribution must match the kinetic

energy present in the sheet that broke up to form them. Balancing the two gives

E— 53
M(u? +42) = // Nf%—(u2 +v¥)d6.du.dv. — kinetic energy sources  (2.15)
"

or, on nondimensionalization

/// F63(u? 4+ vl)db.du.dv, = u2, + v2, + S, (2.16)
Y
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Conservation of Surface Energy

The surface energy is simply the surface tension, ¢, multiplied by the surface area, so that

balancing the surface area of the drops with that of the original sheet gives

2
‘;f_v[ = /// oN fré’ds.du.dv. — surface energy sources (2.37)
b

for a sheet of locally uniform thickness 7. The factor of two allows for the two sides of the

sheet. This becomes

*

/ / f62d5,du,dv, = 31 + 8, (2.18)
¥

on nondimensionalization. Alternately, since the net surface area in the resulting spray

must be equal to the surface area of the sheet, plus any surface area sources,

20 M
oA, = U—T + surface energy sources (2.19)

and equation 2.18 may be expressed in terms of the net surface area per unit mass.

2 pD3o  Apet
« QU AV, = 2.20
//1[ fo.dbidudv, = en Y™ (2:20)

where R,, is the mass source term expressed on a per unit mass basis. (1 + R,)M/p is
the total volume of liquid in the spray. Examination of the definition of the Sauter mean
diameter (Dj3;) shows that it is equal to 6 times the overall volume to surface area ratio.

Thus, the constraint may be rewritten as

/// F82 8, e, = %, (2.21)
2
! |

3

the form used in the model calculations of Chapter 5. This eliminates the need to obtain
the surface energy source terms directly. The surface energy source term will be negative,
representing the dissipation of a large portion of the surface energy in the processes of

contraction that take place in the breakup region.
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2.3 The Complete Set of Conservation Equations

When all of these constraint equations are combined with a normalization constraint they
provide a complete description of all the information given by the conservation laws about

the drop size and velocity distribution. This gives the following set of constraints on the

* distribution.

Normalization // fdé.du.dv, =1 (2.22)

¥

1 pD3o  Anet _ Dso

2ds. e - = 2.23
Surface Energy // fé:dé.du.dv vy + S, 601+ Bn) M Das (2.23)

¥
Mass // f63d6.du.dv. =1 (2.24)

¥
X Momentum / / / f6u.db.du.dv, = Ty + Sy (2.25)

"
Y Momentum / / / f63v.d6.du.dv, = Ts + Sy (2.26)

]
Kinetic Energy // £62(u? + v?)db.du.dv. = uZ, + vZ, + Sk (2.27)

"

The maximum entropy formalism then yields the PDF:

f=exp (—,\0 = Bl < Al — APy = AulBue ~ XBnd & vf)) (2.28)

describing the joint distribution of drop size and velocity. The Lagrange multipliers must

still be determined numerically for each individual case.
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2.3.1 Inadequacy of the Previous Flat Sheet Model

Notice that, for a flat sheet moving in the x direction at a uniform velocity so that u, = U
and v. = 0, equation 2.26 becomes meaningless (0 = 0) and equations 2.25 and 2.27 reduce

to

/ / / f82u.db.du.dv, =1+ Spy (2.29)
P

/ / / f63ulds.du.dv. =1+ S, (2.30)
]

These are the equations used in the previous flat sheet work [1]. If the momentum and
kinetic energy source terms are both set to zero, then the drops would all have one velocity.
This is because, when both of the source terms are neglected, the constraint equations 2.29
and 2.30 taken in combination state that the variance of the velocity must be zero. Clearly
this is not the case for real spray systems. To compensate for this shortcoming a small
negative momentum source was arbitrarily included to produce an initial distribution of ve-
locity. The current, more realistic model does not require this type of arbitrary modification

to produce a qualitatively realistic result.

2.4 Addition of a Constraint on the Partition of Surface

Energy

When the equations of section 2.3 are applied, a solution may be obtained. An example of
such a solution is shown in figure 2.1. This solution is not in agreement with the character-
istics of most experimental results. The probability associated with the smaller drop sizes

is much larger than is generally observed.
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1
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Dimensionless Drop Size d=*

Figure 2.1: Sample solution of conservation constraints. This figure shows typical output
from the model when only the conservation constraints are applied. The conservation
constraints do not include a mechanism to suppress the probability at small drop sizes,

hence the high values of the PDF at small drop sizes.
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This high value of probability is due to a deficiency in the conservation constraints.
All of these constraints are positive moments of the drop size, or drop size and velocity.
The lowest order moment of drop size is the second moment that forms the surface area
constraint. The smallest drop sizes make very little contribution to the values of these
moments, therefore constraints on the values of these moments have very little effect on
the nature of the distribution at small drop sizes. Where the constraints have little effect,
the entropy maximization dominates the results. Thus the distribution at small drop sizes
is simply the smoothest curve that can be accommodated by the rest of the distribution.
This drives one to search for an additional physical constraint which will have some effect

in reducing the PDF values at small drop sizes.

In limiting the number of very small drops, the physical process at work is a limitation
of the concentration of surface energy. With fixed values of surface tension, flow velocities,
etc. it is unlikely that sufficient deformation energy will be expended on an element of mass
to reduce the drop size beyond a certain point. The critical quantity is the surface to mass
ratio of a drop. It is limited by the amount of deformation energy that a small element of

mass can absorb within that particular spray flow.

The simplest constraint that can be applied is the statement that the surface-area-to-
volume ratio of the drops in the spray has some mean value — which need not be known in
advance.

x83\ "
Mean Surface to Volume Ratio = // fr8? (T) dy (2.31)
¥

For a given spray the mean surface to volume ratio exists, and this constraint may be

rearranged as

/ / / f6-1ds.du.dv, = K, (2.32)
¥

where the value of K, expresses the strength of the partition constraint.
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When this constraint is added to the system of conservation constraints, and the entropy

is maximized, the resulting PDF is
f=exp (—,\0 — M62 = Ag8% — Ag82us — Ag8Pv. — As83(ul +07) — Xe6T1) . (2:33)

The Lagrange multipliers must be determined individually for each case. This expression

is the basis of the results presented in Chapter 5.



Chapter 3

Liquid Sheet Behaviour Prior to
and During Breakup

In Chapter 2 constraints on the drop size and velocity distribution were developed based on
a knowledge of the behaviour of an undulating sheet just before breakup. To provide that
input, some of the sheet’s behaviour must be modelled. This chapter presents a model of

sheet behaviour, and the means for extracting mean velocity information from that model.

3.1 The Present Model

In the present work the sheet is modelled, following Dombrowski and Johns [4], as having
sinusoidal undulations which are growing in amplitude as the sheet moves downstream. The
undulations are taken as fixed on the sheet, so that both move together in the streamwise
direction with an average velocity of U. This seems to be a reasonable assumption, as the

driving aerodynamic forces are essentially symmetrical about the peaks and would not be
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expected to drive the undulations along the sheet. Thus, as the sheet moves out and the
undulations grow, the same element of mass reraains at the same relative position on the
disturbance. Elements on the axis remain on the axis. Elements at the peaks remain at the
peaks. If the thinning of the sheet due to undulation growth is presumed to be uniform,
then intermediate elements will maintain the same relative position between the axis and

the peak, along the curve of the sheet.

These approximations result in an idealized model of the sheet which does not incorpo-
rate many of the small scale movements. However, the description of the large scale motion

is sufficient to provide an estimate of the mean momentum and kinetic energy.

Expressed mathematically, the centerline of the sheet is taken to follow

y= Ag"’) sin (27’“(:5 = Ut)> (3.1)

where z is the streamwise direction, y is the cross-stream direction, t is time, A is the
wavelength of the disturbance and A(z) is an amplitude function that grows with z. In this
work an exponential amplitude function is used, as that is the form predicted by Dombrowski
and Johns. Figure 3.1 shows such a sheet at two successive points in time, illustrating the
motion of individual elements of fluid. Over a short period of time an element of fluid
at the point B moves to the point B' which is the same relative distance between A' and
C' as B is between A and C. This is a consequence of assuming a locally uniform sheet
thickness. This assumption and equation 3.1 together allow the calculation of the velocity

of each element of fluid in the sheet by defining the way they move with time.

Consider s as the dimension along the sheet, so that the relative distance from A to B



Figure 3.1: Development of the undulations with time.
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B
[ds
A

C

[ds

A
Thus the points B and B’ are correctly matched when

B B'
[ds [ ds
A _ oA
4 = 4 (3.2)
[ ds [ ds
A A
The problem is brought into the z — y frame of reference by transforming coordinates.
(ds)? = (d2)* + (dy)” (3.3)
From differentiation of equation 3.1
_ (1dA(z) . (271' > ™ (271' >>
dy = (2 5, Sin T(I Ut)) + XA(I) cos { (z—-Ut)) ) dz (3.4)
so that
1dA 2 2 2\ 2
ds = (1 + <§ di“) sin (T’T(z— Ut)) + X A(2) cos (T”(z - Ut))) ) ir  (35)

Because B’ is the location of the element from point B a short distance in time later, the

velocity of point B may be calculated as

ZB' " TIB vy = Yp' 7 YB (3.6)
At At

g =
In addition, the mass averages for the region AC are

C
[ prusds
— _ A
T = S (3.7)
[ prds
A



23

C
[ prvsds
v, = & (3.8)
[ prds
A
C
 or(u2 + 2)ds
o= A 9)
[ prds
A

Since the sheet thickness and liquid density have been assumed constant over the segment

in question, these expressions may simplified.

C
T, = /usd <$> (3.10)

C
Ty /vsd (i) (3.11)

A
C

7 g I /(u3 +o?)d (i> (3.12)
A

Thus, the values for the mass averages may now be calculated numerically. Due to the
mathematics of the change in amplitude with z, the relative position of the peaks and zero
crossings within a one wavelength segment changes slightly with downstream motion. To
maintain the alignment of peaks and zero crossings specified by the model, the calculations
must be made over a quarter wavelength segment, starting at either a peak or a zero crossing.
Averaging over four segments will then provide an overall picture of a one wavelength

segment of the sheet near breakup.
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3.1.1 Numerical Calculation of Mass Averages

The values of the mass average quantities for a region of the sheet are calculated by the

following procedure

e In order to examine an undulation immediately prior to breakup, a starting point
A is selected with an z location near the breakup length, as determined from the
photographic measurements. The time base is then adjusted so that point A is a
positive going zero crossing. This locates the other end point C, one wavelength

downstream, and the corresponding end points A’ and C', At later.
e Calculations are made for each one of a set of points B. At each point

— The relative distance from A to B is calculated by numerical integration using

Simpson’s rule.

— A shooting algorithm is used to find the point B' which is the same relative

distance from A'.

— The coordinates of the two points and the time differential provide the velocity

components and the sum of the squares.

e The values for the individual points in the set are then used for another integration
over the length of the segment, yielding the mass average quantities for that segment

of the sheet.

3.1.2 Source Terms in Breakup

Each of the conservation constraints includes a source term to reflect any deviation from a

purely conservative breakup process. They are generally small but some will be significant
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in the breakup of the sheet. The following paragraphs discuss each of the source terms

briefly.

The mass source term is included to reflect any changes due to processes such as evap-
oration. Although evaporation is very important to the spray as a whole it is reasonable
under most conditions to neglect the evaporation that takes place during the short breakup
period. Exceptions would include situations such as sprays at temperatures above their
flash point. In those cases a nonzero mass source term would change the numerical results,

but the basic nature of the model would remain unchanged.

The source terms for momentum and kinetic energy will reflect any acceleration of the
liquid through environmental interactions such as drag, and perhaps some surface effects.
These source terms are set to zero on the assumption that the accelerations due to environ-

mental interactions are small within the breakup region.

The surface source term accounts for changes in surface energy during breakup. As the
liquid sheet breaks up its surface area is reduced, first by the contraction of sheet segments
into ligaments, and then by the breakup of those ligaments into droplets. Dombrowski and
Johns [4] provide a model for this reduction, however, in this case the experimental work

provides a better indication of actual values.



Chapter 4

Experimental Procedures

The experimental work described here was performed in two parts. The assembly of the
Phase / Doppler system and the measurements of the joint drop size and velocity distri-
butions were carried out during the fall of 1986 at the Lehrstuhl fur Stromungsmechanik
(LSTM) in Erlangen, West Germany. The photographic work and the measurements of
flow rates through the nozzles were done at the University of Waterloo in the winter and

spring of 1987.

The theoretical work describes the breakup of a sheet in terms of the thickness of the
sheet and the characteristics of the undulations. Because of this, it is desirable to work in a
spray where these data may be easily measured, or estimated. Two common types of sheet
producing nozzles are the fan spray nozzle, which produces a plane sheet of liquid, and the

swirl jet nozzle, which produces a conical sheet.
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4.1 The Spray Flow

The selected spray flow must satisfy several criteria:

e It must be suitable for application of the model. i.e. the nozzle must produce a thin

liquid sheet subject to aerodynamic instabilities.

e It must be feasible to make measurements of both the spray and undulating sheet

characteristics.

e It must be easily moved, as the spray measurements were to be made in Germany.

The simplest flow to which the model may be applied is a spray into a quiescent environment.
This type of flow also satisfies the remaining constraints. Since no wind tunnel or flow
enclosure is required, the important elements of the system are easily moved and there is

no interference with the optical access necessary for measurements.

The area of interest in this work is the region in the immediate vicinity of the nozzle. In
this region flow velocities are much higher than typical room air circulation velocities and
the flow is driven by the nozzle momentum. Since the flow was dominated by the nozzle
momentum, no special efforts were necessary to suppress the ambient air currents. This is
not true in the far field, however no measurements were made at distances greater than 15

mm downstream from the nozzles.

Swirl jet nozzles were chosen for the experimental work on the basis of availability.
Widely available domestic oil burner nozzles produce a thin conical sheet of liquid at mod-
erate operating pressures. The only available fan spray nozzles produced thick liquid sheets
that were unaffected by the aerodynamic instability and produced a very coarse spray.

These nozzles are similar to those found in automatic car washes. Two commercial oil
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Figure 4.1: Basic design of Delavan oil burner nozzles. This drawing shows the basic design
of the 1.50 80 B nozzle used in the experiments. The 3.00 80 A nozzle was of the same
design, except that it was fitted with a mesh strainer rather than a sintered filter. Nozzle

drawing courtesy of Delavan Inc [15].

burner nozzles were selected for the experiment. The nozzles are manufactured by Delavan
Inc [15] and designated as nozzle types 3.00 80 A and 1.50 80 B. Their basic design is shown

in figure 4.1

Clean, demineralized water was used as a working fluid.

4.1.1 Supply System

The flow rate through domestic oil burner nozzles is very low; typically of order 106 m3/s.

Thus, an experimental system may be easily operated on a batch basis, with a small water

supply tank. The arrangement of the supply system is shown in figure 4.2.

Water in a storage tank was put under pressure using compressed air from the lab
supply system, controlled by a regulator. The volume of the air blanket in the top of the

tank prevented pressure surging, and no pressure drift was observed during the experiments.
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Figure 4.2: Schematic of spray flow supply system.

The water was fed from the tank to the nozzle assembly through flexible plastic hose, with
control valves as indicated. The valves were used only in an on/off manner, so that the
flow was governed by the tank pressure. Water temperature was measured near the nozzle

assembly using a thermocouple and digital thermometer.

The nozzle assembly was composed of a Delavan nozzle adapter which would accept
either nozzle, various pipe fittings and a pressure gauge to determine the supply pressure
at the nozzle. The gauge was manufactured by US Gauge and graduated from 0 to 100
psi (approximately O to 700 kPa). The same gauge was used for both sets of experiments,
and was observed to give repeatable results. The pressure measurements are used only to
identify the different flow conditions and do not enter into the measurements or the model

in a quantitative way.

There were minor variations between the supply systems used at the Lehrstuhl fir

Stromungsmechanik and at the University of Waterloo. The differences are detailed in the
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following sections. Note that the same physical nozzles and pressure gauge were used at

both locations.

System Used at the Lehrstuhl fiir Stré6mungsmechanik

The spray was supplied from a stainless steel tank of approximately 1 m® capacity. The
tank was never operated at more than 3/4 full, so that a substantial air cushion was always

present.

The .nozzle assembly was mounted to a 0.50 m section of 1/4 inch pipe (9.2 mm inside
diameter, 13.7 mm outside diameter). This in turn was fixed to the bed of a three dimen-
sional traversing mechanism. Displacement gauges with 1075 m graduations were fixed to
the wall, so that the location of the traversing rig could be measured. The sensitivity of
both the traversing mechanism and the displacement gauges provided positional accuracy

much tighter than the dimensions of the sampling volume of the instrument.

System Used at University of Waterloo

The spray was supplied from a galvanized steel tank of approximately 0.1 m® capacity. The
tank was never operated at more than 3/4 full, so that a substantial air cushion was always

present. The nozzle assembly was clamped in a retort stand with no provision for traversing.

A rotameter was included in the system for the measurement of flow rate under different
conditions. The meter was an SK type 1875 “LO-FLO” rotameter with 1/4 — 15 — G tube
and 316 stainless steel float. Calibration was made using a mass reference technique. For
each calibration data point the meter was read, and the resulting flow collected in a beaker.

The mass of water collected and the length of time taken to collect it then give the mass
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flow rate for a particular meter reading. A quadratic was fitted to the data using a least

squares technique.

m = —0.2968 + 0.3125X + 0.01138X* (4.1)

This fit provides the mass flow in g/s as a function of the meter reading X. For flow rates
between 0.5 and 2.5 g/s the error was estimated to be less than +0.04 g/s so that the

maximum error in the flow rate measurements is £8%.

4.2 Photographic Measurements

Photographs of the sprays from each of the nozzles were taken to permit rough measure-

ments of some parameters, as input for the model.

4.2.1 Arrangement of Photographic Equipment

The photographic equipment was arranged as shown in figure 4.3. The spray was illuminated
using a mercury flash lamp connected to a microflash unit. This produced a flash pulse of

less than 1 ps duration, which virtually froze the spray image.

A 35 mm Pentax camera was used, with a 90 to 250 mm zoom lens and a combination
of extension tubes 175 mm long. This combination provided a film image that was slightly
larger than the actual size of the spray, so that when printed on 100 by 150 mm paper the

image 1s 4.5 times true size.

The camera was set horizontally, with the lens axis perpendicular to the axis of the flow.
The flash lamp was placed on the opposite side of the spray from the camera, slightly off

the lens axis both downward and to the left, as viewed through the lens. This geometry
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Figure 4.3: Schematic of photographic setup. This figure shows the arrangement of the
photographic equipment, as seen from above. The camera was oriented horizontally, with

the flash lamp situated slightly off axis and below camera level.

was established by trial and error to eliminate reflections from the inside of the extension

tubes, while still maintaining 4dequate illumination.

Iiford XP1 film was exposed at f8 and the X flash setting (approximately 1/50 of a
second). With the lab lights dimmed there was no visible effect from light other than the
flash illumination. This is confirmed by the fact that frames where the flash failed to fire

are completely blank.

4.2.2 Analysis of Photographs

One roll of film (~ 36 exposures) was shot for each of the six different conditions. The fea-
tures of the undulating sheet shown in figure 4.4 were measured using a scale and protractor
on the 4.5:1 scale prints. Measurements of breakup length, undulation wavelength and am-
plitude were made for each side of the sheet visible in profile. Those photographs where
the undulations could not be distinguished were ignored. Figure 4.5 shows an example of

the measurement technique, as applied to an actual photograph.
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Figure 4.4: Quantities measured from spray photographs. This figure defines the geomet-

rical quantities measured from the photographs. The results of these measurements are

tabulated in table 5.1.
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Figure 4.5: Sample photographic measurement. This photograph gives an example of the

measurement process. The measured quantities are indicated in white.
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The difficulty in recognizing and segregating the sheet features leads to high uncertainty
in the results of these measurements. The best indicator of the magnitude of error is
provided by the results in table 5.1. Although this flow is axi-symmetric, the average values
for quantities measured on opposite sides of the spray differ by as much as 44% for the

undulation amplitude. The figures for breakup length and undulation wavelength are in
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better agreement from side to side, but it is clear that these values must be used with

caution.

4.3 Drop Size and Velocity Instrumentation

There are various techniques available for taking simultaneous measurements of drop size
and velocity. The simplest method is double flash photography. Two exposures are made
in quicl{ succession, freezing the spray at two points slightly separated in time. Drop sizes
are measured directly from the photograph, while velocities are obtained by measuring
the distance travelled by each drop in the short time between exposures. This type of
measurement is very tedious, thus it is not feasible for taking substantial volumes of data.
In addition, this method makes it difficult to take truly local measurements, and problems
with depth of field can introduce errors in drop sizing. For these reasons, this method has

been largely replaced by laser based optical techniques.

The Malvern Instrument [16,17,18,19] uses small angle diffraction theory to analyze the
scattered light from a single laser beam. This results in a PDF for the drop size in the volume
of the beam. This instrument has been widely used to obtain data on the characteristics
of various atomizers. For further details on the theory and application of the Malvern
see Brefia de la Rosa’s [20] work on unconfined spray flames. Although this instrument is
available at Waterloo, it provides only a drop size distribution with no information on drop

velocities. For complete data further instrumentation would be necessary.

Several techniques have been developed based on extensions of the basic laser doppler
anemometry (LDA) systems used in single phase flows. The drops in the spray make excel-
lent scattering particles, so it is possible to obtain drop velocities from conventional LDA

practices. The system must then be extended to simultaneously measure some indicator
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of particle size. Analysis of light scattering from particles yields a variety of signals that
are in some way dependent on particle size, notably the intensity of scattered light and the
modulation visibility of the signal. However, the complex nature of these signals makes
it difficult to extract the information, and calibration is crucial, as any amplification or
attenuation of the signal affects these amplitude based measurements. Timmerman [21]
describes the development and testing of an instrument based on the visibility technique.

Durst [22] and Chigier [23] both provide reviews of LDA based measurement techniques.

4.3.1 The Phase / Doppler Technique

Durst and Zare [24] have shown that the phase angle of a doppler burst from a particle varies,
depending on the position at which the signal is collected and the size of the particle. If light
scattered from a spherical particle is collected at two different places in space, the phase
difference between the signals will be directly proportional to the size of the particle. The
theory and application of this technique are described by several authors. See, for example,
references [25,26,27,28,29]. The theoretical relations are developed using the principles of
geometric optics. The resulting equations may then be tested, at specific operating points,
using the more exact Mie scattering theory. Bachalo and Houser [25] have shown that the
calculations based on geometric optics are in agreement with the Mie theory for water drops

as small as three microns. At least two instruments based on this technique are commercially

available, one from Aerometrics, Inc. [30] and one from Dantec Elektronik [31].

A major advantage of the phase-doppler technique lies in the nature of the signal. Rather
than extracting information from the amplitude of a signal, the information is carried by
the phase and frequency. Because of this the technique is insensitive to attenuating or

amplifying influences in the system. In addition, the theory is sufficiently complete that
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calibration of the instrument is not required. There are no unknown constants to be found.

4.3.2 Phase / Doppler Measurement Relations

A Phase / Doppler system uses the same arrangement of transmitting optics as a standard
LDA system, with laser beams crossing at some angle §. One or both of the beams may have
some frequency shift to allow detection of negative velocities, as in standard LDA practice.
Two photodetectors are located as indicated in figure 4.7. ¢ is the off-axis scattering,
angle measured as a deviation from full forward scatter, and v is the elevation angle of the
detectors above and below the measurement plane. The size, §, of a spherical drop is then
related to the signal phase shift ® by

2D

§= 4.2
2A7mn,’ (4.2)

where ) is the laser wavelength in vacuum, n, is the refractive index of the continuous phase
and A is a function of the optical geometry of the system [28]. For ¢ in the region around
70 degrees, transparent drops in a continuous gas phase scatter light almost exclusively by

refraction and

"
0 0 2)°?
A = 2 <1+n'2—n'\/§<1+sin§sin¢+cos§cosd)cos¢>>2)

1
L L
6 6 2\’
_ (1 +n'? - n'V2 (1 — sin 5 sin ¥ + cos 5 cos ¢ cos ¢>> 2> (4.3)

where n' = ny/n. is the ratio of refractive index of the dispersed liquid phase to that of

the continuous gas phase.

With only two detectors, there may be some ambiguity in the phase shift. For instance,

it is impossible to tell the difference between some small phase shift and one that is 2,



Time [microseconds]

AT
thuvuy

cccccccccccccc

Figure 4.6: Typical signals from a Phase / Doppler system. The upper graph shows the

section of the upper graph, enlarged to show the phase difference between signals.
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or 47 larger. Although it was unnecessary in this work, this ambiguity can be resolved by

introducing additional detectors to check the phase shift.

4.4 Phase / Doppler Experimental Apparatus

The measurements that form part of this thesis were made using a Phase / Doppler rig
assembled by the author at LSTM in Erlangen. The rig is described in three parts, the
optical sending system, the optical receiving system and the signal processing hardware and

software. Error analysis and testing of the system are described in Appendix C.

4.4.1 Sending Optics and Control Volume

The Phase / Doppler system used at LSTM was based on an existing low power HeNe LDA
sending system. The general layout of the system is shown in figure 4.7, while the sending
optics are detailed in figure 4.8. The components of the sending system were mounted on

an aluminum honeycomb optical bench. The system included:

e NEC 15 mW HeNe laser

e plane mirrors in adjustable mounts, allowing the laser to be mounted beside the

sending optics.

e a rotating diffraction grating to provide both beam splitting and frequency shift,

paired with a lens to make the split beams parallel.

a 310 mm sending lens to direct the beams across one another inside the spray.
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Figure 4.7: Basic Phase / Doppler arrangement and receiving optics. The upper portion of
this figure shows the basic arrangement of the system in relation to the velocity component

to be measured. The lower drawing shows the receiving optics in detail.
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Figure 4.8: Phase / Doppler sending optics.
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Table 4.1 gives full details of the system geometry. The control volume features are
calculated from equations presented by Durst, Melling and Whitelaw [32] for the crossing
of Gaussian profile laser beams. The beam waist diameter is

5,

d, =
m D

(4.4)

where A is the laser wavelength, f, is the focal length of the sending lens and D is the initial

laser beam diameter. When two such beams cross

d, ds
= —— d dm = ——— 4.5
sin(6/2) " cos(6/2) (25)
give the length and diameter, respectively, of the measurement volume. The Doppler dif-

of the particle producing

5 3

ference frequency, vp, is related to the perpendicular velocity, U,

the signal by

2U, sin(0/2
vp = Ll/r\l(-/—) + frequency shift. (4.6)

The phase angle conversion factor is calculated from equations 4.2 and 4.3.

4.4.2 Receiving Optics

The detailed arrangement of the receiving optics is shown in figure 4.7. The receiving system

is composed of

a 500 mm focal length receiving lens, approximately 100 mm in diameter.

two 80 mm focal length lenses, 40 mm in diameter.

two multi-mode, Phillips F&G fiber optic cables, in adjustable mounts.

an optical rail and other hardware to support the components and maintain their

orientation.
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Laser Wavelength

Beam Diameter

Beam Separation

Sending Lens Focal Length

Beam Crossing Angle

Control Volume Length
Control Volume Diameter

Velocity / Frequency Factor

Scattering Angle

Receiving Lens Focal Length
Receiver Separation
Receiver Elevation Angle

Refractive Index Ratio

Phase / Diameter Factor

A
D
Ts
fs

f = 2 tan~Ye, /2/,)

I

dm

¢
fr
B
Y = tan"1(z,./2f,)

I
n = nwatcr/nair

632.8
1.10
15.0
310

2.77"

117
0.28
13.08

70°

500
40.0
2.29°
1.33

1.16

mim
mim

(m/s) / MHz
back from forward scatter

mim

mim

degrees/um

Table 4.1: Phase / Doppler system geometry and conversion factors.
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The large receiving lens is placed at its focal length, 500 mm, from the control volume so
that it collects the light scattered from the control volume and transforms it into a parallel
beam. The two small lenses then collect light from different parts of this parallel beam,

focussing that light on the receiving apertures of the two fiber optic cables.

The fiber optics transfer the light from the receiving optics to two photo-multiplier
tubes mounted approximately 1 m away. Although fiber optics may introduce problems
when used as part of a sending system, there are no particular difficulties when they are
used as part of the receiving system. An LDA sending system must deliver highly coherent
laser light to produce suitable signals. The variable optical path lengths in multi-mode
fibers can reduce coherency, resulting in noisy or spurious signals. In the receiving optics,
the Doppler difference frequency is of order 10° Hz, as compared to the laser frequency of
order 10'* Hz. At the MHz level, any small variations in optical path length will not have

an important effect on the signal.

4.4.3 Signal Processing — Hardware

The optical signals travel through the fiber optic cables to a pair of photo-multiplier tubes
(PMTs). The PMTs convert the optical signal to a voltage signal which is fed to a pair
of matched variable band pass filter banks. The filters were set to pass only frequencies
between 0.5 MHz and 5 MHz. This eliminates the lower frequency signal pedestal and any
high frequency noise from the signal, leaving only the Doppler difference signal, fluctuating
about zero. Even though the filter banks and other equipment were matched, an inherent
phase lag was found between the channels. Fortunately, this lag was constant, so it could
be measured and a simple correction applied. For more detail on this and other elements

of the system, see Appendix C.
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Figure 4.9: Schematic of signal processing hardware.

From the filter banks the signal goes to a two channel transient recorder. From the
receiver to the transient recorder, the Phase / Doppler system is identical to a basic LDA
system. The only exception is that there are two of each component, forming one path for
each of the two signals collected. Until they reach the transient recorder the two signals

remain completely separate.

The Datalab DL1080 transient recorder permits recording of 8 bit digital representations
of two analog signals, with a maximum sampling rate of 20 MHz. The device is equipped
with a level trigger which may be adjusted to detect and record particle events. The trigger
level was set to give a balance between rejection rate and bias against low power signals
from smaller drops. Some bias was accepted in order to obtain a reasonable rejection rate.

See Appendix C for details.
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4.4.4 Signal Processing — Software

The transient recorder was connected to an HP Vectra personal computer, using a Hewlett-
Packard Interface Bus (HPIB or IEEE-488) interface. When the transient recorder was
triggered, it would signal the computer, and the digital data representing that event would
be transferred to the computer for processing. The code used for data acquisition and
processing was written in the C language. It is not included in this thesis, but is available

as part of reference [33].

Each of the signals was analyzed, using a band crossing technique, to find each of the
zero crossings. The band crossing method avoids generating spurious multiple counts of
zero crossings due to small noise fluctuations in the signal. This technique is illustrated in
figure 4.10. When the time of each zero crossing is known the frequency may be estimated,
since the time between zero crossings corresponds to half the period of the signal. Similarly,
the phase difference between two signals may be determined by comparing the times at

which positive going zero crossings occur for each of the separate signals.

After the data for one event were transferred, the transient recorder was rearmed and
the entire process repeated; each event being tallied as a part of the distribution. After the
desired number of data points had been taken the results were printed in summary, and the

tally matrix recorded on disk for future processing.

Signal Verification

The method described above will yield some result for any signal, including system noise.
Additional verification tests are required before an event is recorded as valid data. The

testing used here verifies that the signal frequencies and phase shift are consistent within the
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Figure 4.10: Location of zero cr'ossings. This figure graphically illustrates the process used
to determine the location of each of the zero crossings in a signal. The lower section of the
figure is an enlargement of a small part of the upper section. To qualify as a zero crossing,
the signal must pass through a band about zero, so that small glitches in the signal will be
ignored. The location of the crossing is then estimated from a linear interpolation between

the two points closest to, but outside, the limits of the band.
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sampled signals. This effectively eliminates random noise and “garbage” signals produced

by multiple scattering or reflections.

Each signal was sampled for 15 periods. Two frequencies were calculated: one based
on the average of the first seven wavelengths and the other based on the average of the
last eight wavelengths. If the two values did not agree the event was rejected, otherwise
an overall frequency was calculated from the average of the two. Thus two self cqnsistent
frequencies were obtained, one for each channel. These were then compared, and if they
did not agree the event was rejected, otherwise a final frequency was calculated from the

average of the two.

Two values for the phase difference were then obtained: one for the first seven wave-
lengths and one for the next eight. If these did not agree, the event was rejected, otherwise
the average frequency and the average phase difference were recorded as indicators of drop

size and velocity.

If the two signal channels are represented as A and B, the verification process was:

test different parts of signal A for self consistency in frequency.
e test different parts of signal B for self consistency in frequency.

e compare the frequencies obtained for A and B for consistency in frequency between

signals.
o test the phase difference between signals A and B for consistency at different points

In time.

If any one of these tests failed, the event was rejected. The frequencies were tested for

agreement to within 4%. The phase shift was tested for agreement to within 1 transient
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recorder time step (50 ns). Typical measurements resulted in overall rejection rates of 25

to 40 percent. See reference [33] for details of individual measurements.

4.4.5 Phase / Doppler System Performance

A sample size of 10,000 validated drops was found to give good repeatability on the drop
size distribution, however even larger sample sizes were needed to provide reasonable values
for mean and variance of velocity. For increasing drop sizes there are fewer and fewer
drops within a given drop size range, so the corresponding velocity measurements show
large scatter. Due to limitations of time, most measurements were made with a sample size
of 10,000 validated drops. Some measurements were made with sample sizes of 20,000 or

30,000 drops for comparison.

The combined hardware / software system described above was able to process approxi-
mately 8 to 10 events per second, so that a distribution composed of 10,000 validated events
could take over half an hour to obtain. (The 8 to 10 event per second rate includes both
validated and rejected events.) The primary bottleneck in the system was the HPIB. Al-
though an HPIB channel is suitable for data transmission rates of up to 250,000 bytes per
second, this particular system ran at a data rate of about 10,000 bytes per second. Clearly,
a major improvement in performance is available, if a faster interface board and/or software

can be installed.

Measurement errors are estimated in Appendix C. With a 95% confidence, the errors

are estimated as follows:

e Systematic errors due to uncertainty in system geometry could be as high as +4% of

the measured velocity, and as high as +£3% of the measured drop size. These errors
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Figure 4.11: Effects of errors on drop size distributions. This figure shows drop size distribu-
tions taken under identical conditions, except for the variation in the phase shift validation
parameter. Values of 0.5, 1 and 2 were used, so that a fourfold increase in error should
be expected. The only differences observed were in the error rates of 47%, 20% and 26%
respectively, based on fraction of total events detected. Each distribution is based on a
measurement of 10000 verified events. It appears that the actual error in measurement of
individual drop sizes is low enough to prevent significant errors in the resulting drop size

distributions.
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appear as scaling errors, through the conversion factors used to get from frequency

and phase angle to velocity and drop size.

e The random error in a single velocity measurement is dependent on the magnitude of
the velocity. It varies almost linearly from an error of £0.34 m/s at zero velocity to

an error of £0.59 m/s at a velocity of 16 m/s.

e The random error in a single drop size measurement is also dependent on the drop
velocity. This is due to the fact that the phase shift is measured as a time, rather
than as a phase angle. The Doppler frequency enters as a multiplier in converting
between the two. The estimated error varies linearly from a value of 19 um at zero

velocity to a value of 45 um at a velocity of 16 m/s.

e There is a systematic bias against drops smaller than about 50 um due to the trigger

level setting.

e There is an ambiguity error in the phase s' ift, making it impossible to differentiate
between very small drops and drops in the range of 310 um. This manifests itself in
the results as a clump of drops with both small diameter and high velocity. These
are, in fact, much larger drops. All of the small drops move at slower velocities, very
close to the velocity of the surrounding air. This error also has little effect above a

drop size of 35 to 50 um.

The random error in velocity is small when compared with the RMS velocities encoun-
tered. The maximum standard error value of 0.29 m/s (half the 95% confidence value)
would combine with a typical true RMS velocity of 1 m/s to give a measured RMS of 1.04
m/s. Thus, the measured velocities and their RMS values may be directly compared with

the predicted values, without any correction for errors in measurement.
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The estimated random error in drop size is very large, and would be expected to strongly
influence the results. As discussed in Appendix C, this estimate represents a worst case.
Actual errors should be much lower. Figure 4.11 shows drop size distributions taken under
the same conditions, but using three different values for the phase shift verification param-
eter. As there is no substantial variation in the drop size distributions, it appears that the
actual error in the drop size measurement is not sufficient to alter the measured drop size

distribution.



Chapter 5

Results and Discussion

This chapter presents the results of the experimental procedures described in Chapter 4
and Appendix C, and compares them to the predictions of the physical model described in
Chapters 2 and 3.

5.1 Sheet Parameters Obtained Photographically

The results of the photographic measurements are shown in table 5.1. At 207 kPa
the “conical” sheet formed by the 1.50 80 B nozzle shows a great deal of inward curvature,
primarily due to the effects of surface tension acting around the cone. (See figure 5.1.) Thus
it is unrealistic to measure a cone angle for this case. A value of 60° was used in transforming
from the perpendicular velocity component of the measurements to the streamwise velocity

and back again.

Typical photographs of the sprays produced at different pressures are show in figures 5.1

through 5.3. The difficulty in obtaining accurate values for the sheet parameters should be
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BL, BL, WL, WL, A Ay 9
1.50 80 B
207kPa | 7.5 7.3 1.1 1.2 0.48 0.48 (60°)
276 kPa | 6.4 6.5 1.1 1.2 0.71 0.64 66°
345kPa | 6.1 5.8 1.1 1.2 0.74 0.65 69°
3.00 80 A
207 kPa | 7.4 6.6 1.5 1.4 0.76 0.43 96°
276 kPa | 7.7 75 1.6 1.5 0.90 0.57 85°
345kPa | 8.1 8.4 1.6 1.6 0.68 0.80 70°

Table 5.1: Results of photographic measurements. This table lists the average values ob-

tained for each of the quantities measured from the photographs. All dimensions are given

in mm, except the angle, §, which is expressed in degrees.
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clear from these photographs.

5.1.1 Predictions of Sauter Mean Diameter

Using the photographic information, it is possible to make a crude prediction of the mean
drop diameter in the spray. This calculation is similar to that made by Dombrowski and
Johns [4]. The mean diameter is obtained by considering the surface to mass ratio, and how
it changes as the sheet goes through the transformations of an idealized breakup. Since the
calculation is based on the surface to mass ratio, the resulting mean diameter should be

compared to the Dsa, which represents the surface to mass ratio of the spray as a whole.

In the idealized breakup, each half wavelength segment forms a toroidal ligament. Bal-
ancing the volume contained in these ligaments against the volume flow rate through the

nozzle gives
2
7rd“g
+

Q= 27 BL sin (§> v (5.1)

2) WL

Q 1s the volume flow rate through the nozzle, obtained from the rotameter measurements.
The volume of each ligament is obtained from the cross-sectional area multiplied by the
cone circumference at breakup, and U/WL gives the number of ligaments produced per unit
time. Rearranging this expression, the diameter of the ligament would be |

B 2WL Q
diig = \/;ﬂ U BL sin(6/2) (5:2)

If that ligament then breaks up due to the Rayleigh mechanism, with a most readily
amplified disturbance wavelength of 4.508, the estimated drop size is obtained by setting

the drop volume equal to the volume of a cylinder, dj;; in diameter and 4.508 dj;; long.

D3 wd?
bt =22 = 4.508 dygg— 2

or D3y = 1.89 d[,'g (5.3)
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The mean large drop velocity, defined in section 5.2.1, is used as an estimate of the per-
pendicular component of the sheet translational velocity. As with the other modelling, the
translational velocity U was estimated from the measured U values by trigonometry.

U
e cos(8/2) 54)
The results of these calculations are shown in table 5.2, along with measured values of
the D3z. Dombrowski and Johns compare their predicted values to an unspecified mean
diameter, presumably either the D3y or the D3;. They find that the measured mean diam-
eter is typically smaller than the predicted diameter and suggest a linear relation between
them, although the data show substantial scatter. This trend is consistent with the results
presented here. Dombrowski and Johns found a constant of proportionality of 0.676. This

compares well with 0.71, the average value in these results. This is discussed further in

section 5.4.

5.2 Drop Size and Velocity Distributions

The drop size and velocity distributions obtained using the Phase / Doppler technique
all showed similar characteristics. Six individual measurements have been chosen as a
representative sample; one for each of the two nozzles, at each of three operating pressures.
These joint drop size and vel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>