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Abstract

A new computer model for liquid atomization and breakup has been developed.
The new code, LISAM, was written specifically to model non-reacting liquid sprays
injected into simple chamber geometries. Momentum and continuity equations are
- solved to model the gas flow, and gas/droplet intéractic;n is included through a gas
momentum source term. Parametn';:‘ studies and comparisons with expeﬁmental data
were performed. Parametric studies yielded conclusions about drop size distributions
and spray penetration behavior. Turbulence niodeling is not currently included in
LISAM, however the results of parametric simulations with viscosity levels set at higher
levels suggest that turbulence effects may be imponaﬂt for both drop sizes and spray
dispersal. Parcel injection rates must be large enough to ensure statistically significant
results. Trade-offs in parcel injection rate and grid density must be made to find a level
that provides accurate predictions without resulting in unreasonably high run times.
Comparisons with NASA water/air experiments underscored the need for more
complete experimental information. Experimental researchers need to provide as much
detailed information on experimental setup and da{a acquisitibn as possible. Simple test
configurations that provide drop size and velocity distributions as wéll as spray
penetration rates and even gas field visualization would be useful for defailed ev»aluation

of code models.
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Chapter 1

An Introduction to Liquid Sprays

1.1_Introduction

The 'dispcrsal of liquids into gas (liduid ;c,praying) is an important and common
problem in engineering applications.' Liquid sprays are found in a wide variety of
industrial and commercial applications. Théy provide fuel for combustion processes in
rockets, gas turbines, furnaces, and automobile engines [1]. They deliver agricultural
materials for crop dusting and feftilizatién [1]. Liquid sprays are also used m industrial
and commercial paint spraying, as well as, many other applications [1]. As the role of
liquid spraying in advanced technoiogiés expands, so does the need to describe and |
predict the bcha\rlio.r of these sprays. Computer simulations of liquid spray behavior in a
gas 'all'ow. engineers to dptiirﬁze the conﬁguratién of a liquid injection system to meet the
needs of a spcciﬁc liquid spray pfbblem. This dissenaﬁon focuses on the devélopment,
evaluation and application of a numerical liquid injection, atomization and spray

evolution simulation for the prediction of the behavior of a liquid sprayed into a gas.

1.1.1 What is Liquid Atémization and Why is it importaﬁt?
Liquid‘atomization is a process where liquid is ;:hanged froma 1arg§ continuous
mass to a distribution of small drops [1]. Atomization occurs when the surface tension
forces that serve to hold the fluid together are overcome by internal forces, like those
created by the liquid’s radial velocity, and external forces, e.g. acrodynamic forces [1].

Even after a liquid droplet has broken away from the main body it can still atomizel‘

1




further if conditions are right. This multi-stage process creates a wide range of drop
sizes that depend not only on the initial injection conditions of the bulk liquid, but also
on the conditions that can allow secpndary atomization (breakup of initial or primary
drops) to occur [1]. |

| Thé desired distribution of drop sizes is very dependant on the process or
applicatilbn being considered. In combustion processes, a well dispersed spray of small
droplets promotes more efficient heat and mass transfer between liquid and gas [2]. A
well vaporized spray uses less fuel and reduces pollutants by promoting more complete
combustion. A large number of very small drops will have a great deal more surface
area than a few large drops. This large amount of surface area helps promote mixing
and evaporation, and therefore, a more efficient combustion process [1,3]. For other
applications, however, very small drops would not be desirable. In crop s;;raying,
small, low velocity drops would be more prone to evaporation and drifting to the wrong
settling location [1]. These effects would result in poor spray.coverage and wasted
liquid [1]. Therefore, for these applications, an injection process that results in larger
droplets is required. The ability to predict the performance of a liquid injection system

without expensive trial-and-error testing is extremely advantageous.

1.1.2 Computer Simulation of Liquid Atomization

By using computer simulations, many different liquid injection configurations ’
can be evaluated without the time or expense of real-world testing. ‘Also, there are
significant difﬁchlties in accurately measuring droplet/spray characteristics in dense
sprays. The lack of reliable data makes computational prediction of spray characteristics

even more valuable.



-There have been many different approaches to the modeling of ‘liquid spray
atornization [4,5,6,78]. Most ’attemp't to model the formation and growth of waves
on the sufface of liquid jets and‘dfeps. By predicting how these waves grow and
‘disrupt the liquid, it is hoped that dreplet behavior during atomization can bé predicted.
Generally, droplet (or Jet) dlsmtegratlon will begm when the wavelength of the

disturbing wave grows toan appreciable fraction of the: droplet (or Jet) dlameter Details

of several atormzatlon modelmg methods are given in Chapter 2.

1.2 Mechanics: of Liquid lII‘et 'L::&tomiz“z'itio‘nv |

As a—liquid column, or jet, passes threugh‘a gas field there are compeﬁng forces
on the surface of the liquid.,' Surface tension forees tend to heid the liquid column
together, whﬁle external aerodynamic forces tend to pul'l,‘ the surface apart. The conflict
~ between these opposing forces creates perturbations on the liquid surface which, if large .
enough, will lead to the breakiip of thé liquid colqui [i]. The breakup of the liquid jet
is referred to as the ‘primary’ atomizatiéh process [1]. If the resulting droplets'a’re large
enough, they too will endergo a breékup process, known as ‘secondary’ atomization
[1]. Many different preperties contl'ibute to the atomization process, making it difficult
to accurately model. The physical propertieé of the liquid and ga%, the veldcitiee and
femper‘ziﬁnes of both fluids; and the‘injector configuration all contribute to the
" atomization pfoeess [9]. To better describe thie breakup of liquid jets the atomization
process is broken into different mgiﬁes whjch"describe—the behavior of the jet during

breakup.



1.2.1_Liquid Jet Breaku\p 'Re'gimes

Liquid jet breakup is commonly broken into four regimes [1]:

* Rayleigh regime

&

* First wind-
induced breakup

regime

* Second wind-

induced breakup

regime

| o e Atomization

regime

Breakup occurs many jet diameters downstream of the -
nozzle and is caused by axisymx_ﬂetric wavé "growth.
Surface oscillations are iﬂduced by surface.tension forces. .
The resulting drops have a diaméier larger than the jet
diameter. [9] (See Figure 1-1a) |

Breakup also occurs many jet diameters from the nozzle,

but the drops are now smaller than the jet diameter. The

relative liquid/gas velocity induces a pressﬁre‘ distribution

- across the jet which augments the surface tension effect ’

seen in the Rayleigh regime. [9] .(See Figure 1-1b)

The relative liquid/gas motion induces short wavelength.
waves.. The unstable growth of these waves causes jet
Breakup closer to the nozzle and results in drops much
smaller than the jet diameter. In this regime, the wave
growth indu;:ed by the relative velocity is oppoégd by .

surface tension forces. [9] (See Figure 1-1c)

The jet completely disintégrates at the nozzle and bréakup o
is complete. Average drop size is substantially smaller
than the nozile diameter. The breakup mechanism is not

well understood. [9] (See Figure 1-1d)

By defining the characteristics of different regimes of liquid jet breakup, physiéal -

models can be developed to represent the behavior of liquid during an ihjec_tion prpcéss.
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Figure 1-1. Illustration of Liquid Jet Atomization Regimes.

Adapted from: [10]

(a)

©

(d)




1.3 Computational Modeling of Liquid Atomization

Typically, computer programs attempting to model the behavior of a twoh-‘
phase, liquid/gas, systém rely on a combinatio‘n of techniques ‘to predict the beﬁavior of
the flow. The gas flow is n}odqled by solviﬁg the Navier-Stokes equations using any of
the commonly used corﬁputatiénal ﬂu‘i_d dynamics methods for internal flows [11]. The
presence of thc' I;qﬁid phase in the gas lﬂow' is 'accoﬁnted for in the momentum
conservation eéuations by ihcluaing a source term [4,5,6,12], thereby coupling the gas
behavior to the liquid behavior. The liquid flow is typically modeled using a stochastic
computaﬁonal particle technique [4,6,12] with randomization of velocities and directions
of drops and Monte Carlo techniques included to allow a relatively small number of
computational particles to represent a largé number of physical liquid droplets [4,12].

(See Chapter 2 for a complete description of the techniques used in this dissertation.)

1.4 Organization and Purpose of This Dissertation

This dissertation describes a study in which various computational
injection/breakup models were critically examined to determine their relative
effectiveness. To make a consistent evaluation of these‘models, they were all tested
using the same numerical code to resolve the gas flow field. The gas solver was also

developed as part of this dissertation work so that all of the variables that can effect the

‘predicted jet atomization behavior and spray evolution could be controlled. This

consistent framework allowed the author to study the effects on the predicted results of
computational parameters such as grid density, grid dimensions, timestep, etc. (see
Chapter 4). Comparisons to experimenfal and other computational data were also made.

A complete description of the computer program used in these studies is given in




Chapter 2. Data analysis is discussed in Chapter 3, and results are presented in Chapter

4. Chapter 5 ‘presents conclusions drawn from this study and makes recommendati’dris '
fof future work. | |

-, The overall purpose of th'jslis,tudy was to provide‘,é computational environment in
_ which to conduct a critical review, evaluation, comparison and development of liquid -
injection and atomizatic;n mddefs for éing}e stream and coaxial injectors. Also, the
computer <;ode prO\.'ides 5 framework for predicting the performance of new liquid
injector designs, particularly for liquid rocket mdtqrs. The user can select a liquid
injection and atomization model to use from a meﬁu of those models incorporated into

the code. This will signiﬁcantljredhcel the computatiohal effort and expense of

evaluating new injector designs.




Chapter 2

LISAM Computer Simulation

2.1 Introduction

Preliminary studies of liquid sprays for this work were made by the author using
the computer simulation program KIVA-3 [13], developed by Los Alamos National
Laboratory. KIVA-3 is capable of modeling complek chemically reacting flows with
moving grids {13]. Based on the author’é experienc~e with the KIVA-3 program the
decision was made to write a new rhore efficient code specifically to model non-reacting
liquid sprays injected into simple chamber geometries. This effort resulted in the code
described in ti'liS chapter. Many of the liquid modeling concepts used in this code were
taken directly from KIVA [12], however, different assumptions and solution techniques
were used in other areas of the code, including. atomization modeling and gas flow

modeling.

2.2 LISAM Overview \

This section provides a detzliiled descriptioﬁ of the computer simulation
developed to model the behavior of liquid jets injected intc; a gas filled chamber. The
primary ’mod;elir'lxg features and §s§umptions of the Liquid Injection Spray Atomizatibn
Model (LISAM) are given. In;;ut and output parameters are discussed. An overview of

the program logic is bresented. Grid generation is outlined and the gas flow solver is

briefly discussed.

After this basic introduction to LISAM, a detailed discussion of both the liquid

8
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and the gas phase models is presented, including discussion of the various atomization -

models used and an in-depth description of the gas phase equations and solution

techniques.

2.2.1 Features and Assumptions -

The primary features and assumptions of the Liquid Injection Spray Atorni.zation
Model (LISAM) are: |
« three dimensional, time dependent code with gas phase modeled using an
Approximate Factorization computational fluid dynamics technique [11],
coupled with a particle-in-cell liquid phase model
. rectang}llar, uniform grid
*a single straight tube and a coaxial liquid/gas injector were modeled
_* inner itérétions Aan(-i dual time stepping numerical techniques are implemented
for solQing the gas: flow
* gas velocity, gas pressure and gas density are solution variables
* liquid and gas temperature and viscosity are assumed to be constant
* turbulence effects are not modeled |
* liquid phase change (evaporation) is not modeled
Features of LISAM that were taken from KIVA-3 directly include the particle/gas drag
model (Section 2.3.1.4), the particle collision/coalescence model (Section 2.3.1.2) and

particle/gas momentum source term calculation (Section 2.3.2.1) [12].




2.2.2 Input Parameters
The LISAM code requires input parameters that describe both the gas and liquid

injection, the physical dimensions of the chamber, and the combutational parameters
needed. A sample input file is shown in Appendix A. A detailed listing of input
parameters is given in Table 2-1. All variables in LISAM are in cgs (cm-grams-éec)

units, to maintain consistency and continuity with KIVA.

2.2.3 Qutput Parameters

All pertinent gas and liquid properties are available as output. Distributions of
gas pressure, density, and velocity are available, as well as the positions, velocities, and
sizes of droplcts.' With this information the flow field can be characterized and

conclusions about the predicted liquid spray behavior can be drawn.

2.2.4 Program Logic

LISAM can be divided into three computational phases: input and program
control operations; droplet and gas flow computation; and output control. A flow chart
of LISAM logic is shown in Figurc'2-1. The first column in the flow chart shows the
basic prograni control mechanisms of ‘LISAM: parameter input, grid generation, \}an'able
initialization. The first column also includes the time incrcincntation, particle injection,
and a computational logic check for droplet presence. Column two contains the primary
functions of LISAM: particle breakup, particle drag c%ﬂculation, gas flow solver and
particle mover. Column three shows the output control functions in LISAM: data output

and program shutdown. A detailed description of LISAM’s primary functions (column
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Table 2-1. LISAM Input Parameters.

Code control | Physical Gas Liquid
parameters dimensions properties properties
P
primary timestep | chamber width ggﬁ)cc t:?; . injection velocity
dual timestep chamber length pressure density
| relaxation factors - |
(velocities and g?:r;;nc;l,lus temperature viscosity
density) ‘ O
gg?cvrcia;gence ‘post thickness viscosity surface tension
grid d_imensions g%unil(itr;)zzle gas éons@nt . gtagicle injection
| restart file (in/out) ' gravitational droplet breakup
acceleration model
collision model
(y/n)
drag model

(y/n -single/cluster)
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Figure 2-1.  LISAM Logic Flow Chart.
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* _ It can take several cycles at the beginning of the program before the first



-2) will be given in Section 2.3.

2. 2 S Grld Generatlon |
LISAM utilizes a very basic gnd generation scheme. It calculates a uniform
Cartesian grid in each coordinate direction. The number of grid points in each direction. |

- isaLISAM input. The spacing in a coordinate direction is defined as:

T | | @.1) -

where ,
h = the width of a grid cell,
L = the total dirllension in th'e'coordinate direction,
‘Ngrid = the number of grid points in the coorditiate direction. ‘
Details ol ho§v the grid is applied to. the two;phase modeling situation, including the

implementation of a staggered grid, are giVen in Section 2.3.2.

2.2.6 Solving the Flow Equations
The liquid and gas flow fields in LISAM are coupled. The particle behavior

affects the gas behavior and vice versa. By calculating the drag effects the gas has on a

- pafticle anew particle velocity can be deterrriined (see Section 2.3.1.4) and a particle’

drag momentum source term for the gas momentum equatlon can be calculated (see
Sectlon 2 3.2, 1) In this way, the gas momentum equatlons are coupled to the particle

: movements _]ust as the partlcle movernents are coupled to the gas. A complete
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description of this algorithm is given in Section 2.3.2.2.

The gas flow equations are also coupled to each other. The momentum
equations for the three velocity components are solved sequentially for their respective
velocity component. Once all componehts are found, the continuity equation is solved
for density. The perfect gas law is then used to solve for pressure (with temperature
held constant). In this way, each velocity component is coupled to the others and they
are all coupled to density and pressure. The momentum solver is described in Section

2.3.2.1 and the continuity solver is described in Section 2.3.2.2.

2.3 LISAM Description
LISAM is a computer code that predicts three-dimensional, time dependent, two

phase flows. It uses a Cartesianqcoordinate system with the z axis oriented along the
chamber length (the ‘ax1a1’d1rect10n) The ‘x’ and ‘y’ notation refers to properties
perpendicular to the chamber axis (iri the “transverse’ direction). This gives a
computational domain that is a rectangular box. The origin of the coordinate system is
placed at the center of the injection plane. All other spatial variables are referenced ﬁom
 this point.

| In‘the'foll.owing sections, the various components of the LISAM code \;vill’be
“described in detail. The computatxonal algorithm can be broken into two sections, one
modelmg the 11qu1d (droplet) phase and the other modeling the gas phase The two

: phases are coupled but solved sequentlally. liquid then gas.
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2.3.1 Liquid Phase Modeling -

The liquid phase is modeled in several steps. The first step ls the introduction of
liquid into the system using an injection model that is baeed on mono-disperse drop size .
distributions. However any initial drop size d1str1butlon could be 1ncorporated Once
liquid particles. (droplets) have been 1ntroduced 1nto the system, the1r phys1cal behav1or
(breakup, 1nteractlon, and movement) is modeled Droplet injection and breakup in

LISAM can be modeled us1ng one of several dlfferent techniques: a liquid 1n_|ectron and

- breakup model developed by Reitz [4], the O’Brien model (a modified version of the
~ Reitz model developed for LISAM), the Taylor Analog Breakup model used in KIVA

[12],a non-dimensional time breakup model [14], and an injection-and breakup model] -
developed by Andrews [5]. Collisions between particles which can lead to droplet . :
coalescenee or a,ehange in droplet velocity and direction can be simulated. After
breakup and collision, any drople‘ts that have been broken into particles small enough to
be considered vapor (0.1% of Ainl’tial droplet mass) are removed from the system.
Gravitational effects on the particle r'elociﬁes are accounted for (optionally), and the
effect of the gas motion on the drops (caueing either droplet deceleration or bacceleration)
is calculated. These 'gas interaetion effects are also used to compute the particle/gas .
interaction momentum-source‘ term used in the gas momentum equation (see Seetion_
2.3.2.2). The g_as flow is now .solved (see Section 2.3.2.2). -Once a new gas field has
been determined, the particle positionS are updated (see Section 2.3.3)‘,. and a new

iteration is begun.
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2.3.1.1 Liquid Injection and Breakup
As previously stated, LISAM incorporates several injection/breakup models

which the user selects for predicting injection, atomization and spray evolution. The
injection model used depends on the breakup model that has been chosen by the user. .
Each atomization (breakup) model makes different assumptions of how ﬁquid enters the
system; these assumptibns must bé accounted for in the corresponding injection routine.
‘The ﬁrsfinjection/étonﬁiétibn fnodél to be discussed was developed by Reitz and

- Diwakar [6] and latet modified-by Reitz [4].

2.3.1.1.1 Reitz Model

The Reitz injection model assumes that liquid enters the system as discrete
computational packets or parcels comprising several physical droplets, with each
physical particle having a diameter equal to the injector nozzle diameter. This injection
method creates a mono-disperse jet-[4]. Reitz’s model involves several steps:

« determine the number of computational particles to inject,

.= compute the number of real particles represented by each computa{ﬁonal
particle, | |
* determine their initial position in the chamber, and
* specify their injection velocity based on input values.
- The first step in the Hqtﬁd injection model is to determine the number of particles

to inject during the current timestep. The computational particle injection rate, Py, (an

input parameter), when combined with the injected liquid mass flow (th,,=pVA),

determines the number of computational particles that should be injected during timestep

| n [12].
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‘ A My,
npinjn I (2.2)

where

np;,; = number of computational particles that should be injected in timestep n,

Am;y; = the mass that should be injected during this timestep [g], _

~my, = the mass per computational particle injected [g/particle], = P -

inj

where

Pin;j =the rate at which computational particles are injected

[particles/sec],

mhy;, = the physical liquid mass, injectioh rate [g/sec].
- The expected injected mass, Ay, is the maximum possible mass of liquid that could
be injected during this timestep. It is defined as [12]:

AMmy, = (mliq 't ) T Mprey o (2.3)

where

=]

t" =Y At,, time at the end of the timestep n [sec],

i=1

n-1

m,.,= y npy M, = the total mass that has previously been injected into the -

i=1

system [g].

This éxpected injected mass fixes the maximum number of particles that can be injected

17



- into the system. The number of computational particles injected must, however, be a

discrete integer. For example, if np . <1, no particles would be injected during the ith

tirnestep. The uninjected mass from that and subsequent timesteps would then
accumulate» urrtil eneugh mass to form a computatiorlal particle is available. This method
of accumularing excess mass ensures that mass that should be injected into the system is
not lost to due partrcle dlscretlzatron [12].

Once the number of computatlonal partlcles to be injected during a tlmestep has
been determined, the size of the phys1cal particles can be ass1gned and the number of
phys1cal pamcles per computatlonal particle can be calculated The Reitz model assumes
a mono-disperse jet [4], i.e. all the phys1cal droplets have the same initial dlameter equal

to the nozzle dlameter an mput parameter The phys1cal drop size and mass per

computat10na1 partlcle my, are then used to calculate the number of physical particles

represented by a single computational partlcle [12], as shown in equation (2.4).

p =5 |
T @9

| where
| pn = number of physical particles per computational particle,
Plig = inpur liquid density [g/em’], | |
rp = physical particle radius (nozzle radius) [cm].
The denommator of equation (2 4) 1s the mass of a smgle physical drop. Therefore the

ratio of the mass of a computatlonal particle to the mass of a phys1ca1 particle gives the : |

" number of physical drops per computatipnal drop. This value, py, does not need to be a

discrete integer "(unlike nI;). Because the physical drops are not individually modeled,
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partial drops can be represénted. Representing multiple physical droplets with a single
computational particle allows a liquid spray coﬁlposed of an extremely large number of
physical droplets to be fnodeled by a relatively small nﬁmber of cohlputaﬁonal pércels
and changes an unfeasible direct calculation ifito a manageable statistical model [15].
The value of ij; rather than py, ié controlied by 'thefuéer because it is Pyy; that direcily '
effects the statistical accuracy of the‘ ch}el results [15, 16]. The number of
computétional I;I)arcels requjred to adequétely mode] a system is determined by the size of
the éoniputaﬁonal mesh, and the dispersion of tile corriputatignﬁl parcels within that
mesh '[15]. As the number of computatiohal parcels is increaée’d, the statistical accuracy
of thé model will imprer, bﬁt with a corresponding loss in cémphtétidn,al efﬁciency. |
Therefore, given computational résoufces, itis often’ necessary to balance the need for
accuracy in a solution with the cbmputational limitations of the available computing -
facilities [15, 16]. | - |

With the number of 'both p'liysieal. and computational particles determined,
. particle vglbcjties can be (.;o~r'npi1ted'._‘ The input value of liquid injegtibn‘ velocity is taken
to be the axial cbmpdnent of 4dr.01v)let‘ véldcity [4]. The radial component of Avelocitvy is

given by [4]:
| V. =Vj;tan ('2") N | (2.5)
where
V; = radial component of particle velocity [éﬁl/sec.],
0 = the spray angle [rad]. .

The spray angle used in equation (2.5) is chosen, by psedo-random nurber generatof,

to vary uniformly between 0 and a maximum spray angle, © [4]. This maximum spray
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" coné angle is defined empirically by-[4]:

(2.6)

| 3[@, ]_ AAQ

tan 7 Vinj

where
© = maximum possible spray angle [raq],
Ay = empirical parameter = 0.188,
A = the wavelength-of the fas;est growing wave for the droplet, to be defined in
equation (2.7) |
Q =the Ieaximum wave growth falte forrthe droplet, to be defined in equation
- (2.8).
A is a parameter whose value is nozzle designl dependent [4].» The value given here is

the one used by Reitz for “sharp entrance constaﬁt diameter tube nozzles with length-to-

diameter ratios of 4-8” [4]. The parameters A and Q are developed ih reference [4].

They “characterize the fastest growmg wave on a hqu1d surface.” [4] They are derived
from a perturbatlon -type stablhty analysis of ﬂow in a liquid cyhndcr where the fastest‘
growing waves on the cylinder is assumed to represent the wave that would most likely

result in liquid jet breakup [4]. A curve fit of wave growth rates versus Weber number

yields equations for A and Q (Equations (2.7) and (2.8)). A detailed explanation of

how A and rest;lt from this analysis is provided by Reitz [4].
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where
o = liquid surface tension (input)“ [g/secz],
Weps

Re;. ~’

liq

Z = Ohnesorge parameter, =

T = Taylor parameter, = Z -We:‘5 ,

" where
: ‘ ) p ivfe;t-p I
We, = Weber number =——— (x: liq - liquid, g - gas),
, v .' Vrel'rp'pliq
Rejiq = Reynold’s number for a physical droplet = —————
u liq

where
Vrel = relative velocity betWecn liquid and gas [cm/sec],
Miiq = liquid kinematic viscosity [dynes-sec/cm?].

With the maximum spray angle determined, a spray angle for the particle
injection is chosen. This spray angle determines the radial velocity of the injected

computational particle, and therefore that of the physical particles. The two components

.- of the radial velocity areassigned using the poiar-to-cartesian transformation. The

particles are randomly-assigned an angle in the radial plane. The ‘x’ and ‘y’
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components of particle velocity are given as:

u,=V,cos (9,,,) | 2.9)

v,=V,sin(9,,,) . (2.10)

| ' ' where
up = the ‘x’ component of transverse velocity [cm/sec],

Vp= the ‘y’ component of transverse v'f,:locity [cm/sei:],
Oran = an angle chdsen from an uniform deviate [0:27] [rad].

Once the'parcél vélocigies have been determined, the location of the new droplets
- ié caiculated. Becatise this ihjéctioﬂ method places drops in the system at the beginning
of 4an iteration, 4 randomization .;echnique"is used to simulate a continuous injection
process [4]. Without this randomization, the particles would be injected in ‘waves,” and
- the inject(;r would appear to operate in a pulsed, rather than continuous, fashion. The

initial particle position is determined using equations (2.11), (2,12), and (2.13) [4].

xp= Xinjector+ up at ‘% ' (21 1) |
yp = Yinjector+ vp at '% ' (212)
Zy=W, ot % S (13)

where
Xp = initial x-component of the droplet position [cm],
yp = initial y-component of the droplet position {cm], ‘

.Zp = initial axial droplet position (downstream of injector) fcm],
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: ijgct;; = ):('-"compc;néi‘n:t‘Qf‘ ;ﬁé'ihjec‘tor location [cm],
Yinjector = y-cémpoﬁent of the injector location [cm],

up = initial x-compohent of the liquid velocity [cnﬂsec], _
vp = initial y-gomt)onent of the liquid velocity [cm/s;:&:], |
Wp = initial axial liquid velocity [cm/sec],

At = the input timestep [sec],

R =[0:1], chosen by a pseudo-random number generator with a ﬁniform

deviate. -
The use of the fractional random number allows LISAM to simulate a continuous
* - injection of particles by varying the location a particle will first appear in the system

(within the limits of the maximum possible distance traveled in a single timestep, V*At).

With particle position, {{elocity and humber known, the particles can be included
. in the computational model. - After particle injection is completed, LISAM determines if

any particles in the system have met any breakup c;‘itex‘ia. '

2.3.1.1.1.1 Reitz Model Breakup -Criteria
The Reitz model éllow:s._ physicéi droplets to breakup into smaller drops
" (equation (2.14a)) or grow into larger drops (equatién (2.14b)) [4]. The radius of the:

new drop being formed from an exisﬁng particle is given as -
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B,A BoA<r,) (2.14a)
r ) 0.33 ' '
3ﬂ:rp Vrel ’ .
Toew™=| . 2Q .
min (B, A>r,, only once per parent drop) (2.14b)
0.33 R :
{ 3A )
4
where

. Inew = radius of newly formed drop [cm],
Bo = 0.61, empirical constant [4].

Equation (2.143) assumes that new,’smalAl drops will form with a radius directly
proportional to the wavelength of the fastest growing wave (;n the parent drop [4].
Equation (2.14b) applies to the mére unusual simatioﬁ in which a parent drpp actually
increases in diameter. This situation oécurs physically in the Rayieigh regime (see
Section 1.2.1) of liquid injection where it is possibie for drops shed from the primary jet
to form with a larger diameter than the liquid jet itself [4]. This initial jet-to-droplet
breakup process, with droplet growth, is never allowed to happen more than once for

each computational particle. Equation (2.14b) “assumes that the jet disturbance has a

. frequency /27 (a‘drop is formed each period) or that drop size is deterrhined for the

.volume of liquid contained under one surface wave” [4]. For all other droplet breakups,

the primary particle breakup mechanism is modeled by equation (2.14a).
On a real drop, the wave, of wavelength A, that forms on the surface will take a
finite time to develop, and induce droplet breakup. To model this behavior in LISAM,

the parent particle size is adjusted at each timestep, even if new particles are not created.

In this way, the changes in the particle characteristics leading up to droplet breakup are
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modeled. Reitz and Diwakar [6] give an expression for the rate at which the size of the

parent drop changes prior to shedding a new drop.

dr, —(r,—ru,) ,
P _ P new
at - . . (2.15)
where
3.726 B, 1, 4
=" 2.
AQ (2.16)

T is a characteristic time for droplet breakup [4]. In equation (2.15), both rp, and rpey,
are being adjusted to satisfy the changing conditions of the droplet during its breakup

" process. The parameter, By, is an exhpirical constant that is not well defined [4]. Reitz
uses the value B; = 10 for his high speed liquid (>85 m/s) injection studies [4].

Durmg thlS ‘formatlon period, the parent droplet number, py, and size, rp, are

. adjusted to conserve mass. The adjusted parent size is found by using an implicit finite

dlfference form of equatlon (2 15) This form is shown in equation (2.17).

5t (3) .17

ne
1+ (5

S—

As parent particle size is adjusted prior to “new” droplets being created in the system,
the number of real droplets per computational particle in the parent parcel must be
adjusted to conserve mass. The adjusted physical parent particle number is found using

equation (2.18).
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-where

: r, 3 '
. p"adj=p"[rpd-j] . | (2.18)
When the breakup c1jiteria specified by Reitz [4] are satisfied, newly created “child”.
paﬁicles ‘afe added to the system as a new computational particle. Reitz sets the bfqakup
criteria to be [4]: | "
| ¢ the total mass that has been accumulated for a “child” co.mputational pafcel
representing the newly formt;:d drops is greater than 3% of the computational
parent’s total injected mass, and
e the number of new drops in the “child” c;omputational parcel is greater than the
original number of bhysical drops in the parent parcel.

The mass transferred from parent parcel to the “child” parcel is calculated as:
4 3
mcﬁld?Tnpannpm (rpa)_rga)m> ' (2.19)
wheré the sum over ‘i’ is over all timesteps since tﬁe last parent breakup. The number
of real drops in-the child computational parcel is determined using equation (2.20)

S ~
P, =7 ‘““’3 (2.20)

4
ey n'pliqrchild
Ichild=BoA

and A has been recalculated as the parent drop radius was changing.

Once the breakup criteria are met, a child computational parcel is introduced to
the system at the same location as the parent parcel, but given a velocity vector oriented '
randomly ina plane normal to the parent’s velocity vector (thus not conserving

moinentum). The magnitude of the velbcity change for the child parcel is given as [4]:
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Avchi]dzAlAQ;'Vinjtén(G/2) o 2.21)

This equation is simply a re_an‘angéd fonﬁ of équation (2.6) which defined the parent
parcels initial radial velocity comﬁqneﬁts. A
After a breakup event has occurred, the number of réal particles in the parént
pafcel is reset to its original value, but the sizé of the real particles remainé at its last
-calculated reduced value. Total mass of ‘the pafcnt and child ﬁatcels is, therefore,
conserved during breakup: ' \ |
A coalescence model is also included in the Reitzfnodel, allc;wing forthe
- possibility that the parérlt parcel could irmhediately impact. its child parcel after breakup,
and a coélescence could occur. This coalescence model uses the same method as the

primary collision model used in LISAM, described in Section 273.1.2.

2.3.1.1.2 O’Brien_Model |

The O’Brien model, developed for LISAM, is a modified vérsion of the Reitz
model [4]. It uses the same injection and breakup Vmodeling methods with modiﬁcations
to some steps. In the O’Brien model, the initial location of the child particle after.
Breakup is not assumed to be the samé as the parent location, and the parent parcel
velocity vector is adjusted after breakup to conserve momentum.on a local scale. While
these modifications do not constitute a major revision of tl]é_Reitz model, they do
address some possible sources of error.

In the Reitz model the child parcel is initially given the same location as the
parent [4]. This assumes that the child parcel was shed at the beginning of the 'curreth

timestep, before the parcel position is incremented. But the child parcel could, in '
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reality, be shed by the parent at any moment during the timestep. To approximate this
behavior in the O’Brien model, the initial position of the child parcel is adjusted a small
distance from the parent’s position at the beginning of the timestep. This distance is
some fraction of the distance traveled by the parent parcel during the timestep. A |
pseudo-random number generator with a uniform deviate is used to select the location

along the parent path where the parcel is shed (equation (2.22)).

Octita = O pureat (V¢ At) R (2.22)

parent

where
¢ = X,y, or z position [cm],
V¢ = velocity in ‘the X,y, or z direction [cm/sec].
Another modification made to the Reitz model was to adjust the velocity of the
parent parcel after a breakup event to account for the. momentum lost to the child parcel.

This adjustment is made after the breakup and possible coalescence processes are

complete. The change in velocity of the parent parcel is calculated by assuming the

~ parent’s original momentum in each coordinate direction is conserved during the

breakup process. With this assumption, a new parent velocity can be computed using - -

equation (2.23).

V¢ B (mpareny¢ )before_ (m‘:hildv¢child ) ‘ | . (223)

after mpa,en;

fter

where ¢ is X,y, or Z.
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2.3.1.1.3 Taylor Analogy Model

The Taylor Analogy Breakup (TAB) model was used in KIVA-3 [13] to
simulate liquid atomization. The»basic principles of the injection method for the Taylor
Analogy model are similar to those used in the Reitz model [12]. The primary
difference comes in the determination of the initial velocity given to each parcel. In the
TAB model, the velocity is detenhined by the input injection velocity and an input spray
cone angle. The magnitude of the total velocity vector is equal to the input velocity.
Two pseudo-random numbers are used to evenly distribute the parcels through the spray
angle and in a circular spray pattern. |

The breakup model used, however, is quite different. The TAB model uses “an
analogy by Taylor [17], between an oscillating and distorting droplet and an oscillating
spring-mass system.” [7] Surface tension corresponds to the restoring force on the
spring-mass system, and gas aérodynamic forces are like the external force on the
system [7]. In addition to the ‘forces’ included in the original Taylor analogy,
O’Rourke et al. include liquid viscosity which acts as the damping force [7]. The
primary drawback to the TAB model is that it can only account for a single mode of
oscillation, the fundamental or lowest spherical zonal harmonic, on a drop [7]. This
harmonic should be the most influential, because it is the longest-lived oscillation mode
[7]. Other modes can be significant, especially for large Weber numbers, but
computational limitations restrict the TAB model to a single mode [7].

The equation used to model the droplet distortion, a forced, damped harmonic

oscillator, is given in equation (2.24) [7].

mX =F— kx—dx (2.24)
where x is the displacement of the droplet diameter from its equilibrium value at its
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equator. Using the Taylor aﬁélbéy, the terms in equation (2.24) are [7]:

: a V2
Foc Lol (2.253)
m
pliqrd;op
k o o
m-C (2.25b)
pliqrdrop
d C Hiiq
"m —d ‘ 2.2
m pliqrgrop ‘ ( SC)

where Cp, Cy, and Cq are 'dimensio_r'lless constants defined later in this section. The

: TAB model assumes tﬁere is a critical value of the drop diameter displacement, x;m, :
above which breakup will occur [7]. This value is taken to be proportional to the drop
radius, and breakup only occurs if x>C£,rd,0p, where Cb, is a constant of proportionality.

The next step in the development of the TAB model is to use this critical value of droplet

- displacement to nondimensionalize equation (2.24). This results in equation (2.26) [7].

. Ce P, Vr2e1 - C,o Cdu’liq .
Y=~ - y- y (2.26)

2 3 2
LY liq de"’P P liqrdrop Y liqrdrop

. .where y=x/Cyr. In tl»lisl form, a ciroplet would breakup when y>1 [7]. Equation (2.26)
is the form of the displacement equation used in both KIVA and LISAM.
If Vil is asshrried to be constant, equation (2.26) can be solved for y as a

‘ Ifunction of time [7].
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CF —t/td CF
y()= c.C. We, +e y(0)- c.C, We, |cos(wt) +

Ce (2.27)

= |30)- : sin(wt)

where
. dy
:y=Ey
1_Ca Ky
td 2 pliqrzrop
o 1
m2=ck -z

3
p liqrdrop d

The variable tq is the viscous damping time and  is the oscillation frequency [12]. The

constants, Cf, Ck,énd Cq, introduced previously, are given in Reference [7] as Ci=8,
C4=5, and Cg=1/3. Reference 2-8 also gives Cp,=1/2. These values were defermined

using both theoretical and experimental results [7].

There are two possible cases for equation (2.27) that must be examined. The

first is the case where @?<0. This case only occurs for extremely smzﬂl particles,

therefore the TAB model sets y an‘d.y equal to zero (since droplet distortion would be -
negligible), and the next parcel is examined. For the case where ®>>0, y and ¥ must be
evaluated to determine if breakup will occur Rather than actually calculate yz (the value

of y for parcel p, at time level n) using equatioﬁ (2.27), the undamped oscillation
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amplitude, A, is calculated [12].

C 2 yn
Al=lyl-—We ) +| =2
typ C.C, ¢ [a)

2
] (2.28)

If the value of this undamped amplitude plus the driving force term add up to a value

less than one,

CFWeg
A+—zct<1,

kb

then y, can never be greater than one and the breakup criterion will not be met [12].

n+1l .n+1

If breakup does not occur,‘a new value fory,” and y° are calculated using

equation (2.27) and its time derivative [12]. Written in a finite difference form, the

. 1 . 1 .
equations fory," andy,"" are given as:

n+1 ch —Aut, n Weg
Yo =715 t€© Yoo o cos(wt)+
. We, (2.29)
1 . n yp— 12 .
F 0 re— sin(wt)
d
Weg n+1l WC
a+1_ 12 yP +e—At/td y;— 12g
P ty y;+T cos(at)— (2.30)
. We, )
Oy~ 13 sin(ot)
Once updated values for y;*" and y5*' have been calculated, the code moves to the next

parcel.
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If the breakup criterion is mét, then a breakup ﬁme must be calculated. This
time, tpy, assumeé that the droplet oscillations for the first period wouid be undamped

[12]. This assumption should hold for all but the smallest drops. The time, tyy, is the

“smallest root greater than t" of the eqﬁation” [121:

F

.G,

We + Acos[(t—1")+ @ =1 | (2.31)

where
cos(0+¢)=cos(0)cos(¢)—sin(0)sin(dp)
CF
We

Y-
cos(d) =

kb
A

30

sin(®)=— 22
Ao

If the time tyy is greater than the computational timestep, At, there is not eﬁough.time

n+1 . 0+ 1

available for the breakup process to be completed, so y, andy = are merely updated

(using equations (2.29) and (2.30)) and the code proceeds to the next parcel [12]. If thu
is less than or equal to At then breakup will occur and new droplet values must be

calculated. New values of the instantaneous drop radius are found by first calculating a

new \;alue of Sauter Mean radius, r3;, and a post-breakup velocity change (normal to

the current path)'are calculated [12].

Tp

=—3
l‘+ pliqrp yz 4 (2'32)
3 8 °

I3,
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| :
AV=—2—rpyp | ) (2.33)

The value of y, used in equatioris (2.32) and (2.33) is calculated at ty, using equation

(2.27) [12]. The size of the post-breakup droplets is decided by randomly sélecting a

radius from a x-squared distribution using r3; [12]:

g)=1e¢

where
T =130/3
After the new size has been determined, the number of physical droplets in the parcel

must be adjusted to conserve mass using an equation of the form of equation (2.18)

[12]. Once the parcel size and velocity has been adjusted, ypn+1 and y;” are set to

zero and the next parcel is evaluated [12]. It should be noted that unlike the Reitz
method described in Section 2.3.1.1.1, the TAB model does not add new parcéls to the

system, it resizes the physical drop diameters in the original parcel.

©2.3.1.1.4 Non-Dimensional Breakup Time Model

The Non-Dimensional Breakup Time (NDBT) quel is an empirically modified
version of the atomization model presented by Reitz and Diwakar [6]. The injection
model presented for the Reitz method (Section 2.3.1.1.1) is used to inject particles into
the system for the NDBT method. The atomization modéi of Reitz and Diwakar uses -

experimental correlations [6] to predict if and when droplet breakup will occur. The

breakup criteria used are:

7 ' - (2.34)




6.0 Bag Breakﬁp (2.35a3)
“G'.':r~- o

- We, | o
' —==30.5 _ Stripping Breakup (2.35D)

,,/Reg

If either of these criteria are met then a droplet has the potential to breakup. As in the

TAB model (Section 2.3.1.1.3), a breakup time must be calculated to ensure that the
breakup procésé can be completed during the current timestep. Reitz and'lDiwakar also
gi;'e equations for the breakup times for these two modes of droplet breakup.

Hdwevér, the NDBT uses an experimental correlation of water spray data to give a non-
dimensional breakup time [14]. This experimental correlation is in the form of a
distribution function based on experimentally determined values for breakup time. The
shape of this distribution function is shown in Figure 2-2. A uniform random deviate is
used to select a value for the probability function along the ordinate and the |
corresponding non-dimensional breakup time, from the abscissa, is returned. This non-

dimensional time is then multiplied by (2rarop/Viarop) to give the breakup time, ty;, for

this .drob. If the breakup time is less than At then breakup occurs. If breakup criteria

are met, the drop size and velocity must be adjusted.
The post-breakup drop size is chosen from a gaussian distribution centered

around an average drop size calculated as [18]:

1.5 . 0.4
. m..
fyew =1.81 Hia_ ([ Bhig |03 (2.36)
P v 0.5 h rel
ave PO g

This value is a correlation to experimental water spray data taken at thé NASA Lewis

Research Center [18], and is only valid for water sprays. With a new drop size
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Figure 2-2. Probability Function and Distribution of the Non-Dimensional Breakup

Time.
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calculated; the number of real paflticles in the computaﬁonal parcel must be adjusted to_
qoﬁserve mass. Once the size adj'ustnient is complete, the velocity is adjusted. Justas
iﬁ the previously discussed models the post-breakup droplet velocity is altered in the
direction normal to its current i)éth. The change in velocity for the NDBT model is also
chosen from a gaussian distribution, centered on some percentage of the relative
liquid/gas velocity [14j. The value currently used is 5% of the relaﬁve velocity. Tms
value chosenA using numerical experimenté to find-a reasén;lﬁle value for velocity
change. Just as in the TAB model (Section é.'3.1.1.3) no new liquid parcels are added
| to the system, the size and the velocity of the original are merely 'adjusted.» Oncch the

calculations for the droplet breakup are compléte the code moves to the next parcel.

2.5 .1.1.5 Andr(;wé Model

The injection aﬁd breakup model described by Andrews [Sj takes a differenf
approach to 1iquid spray modeling. It not only attempts to model individual parclels of
liquid, but also tries to simulate the effects a coherent coré of fluid would have on liquid
injection and breakup [5]. Andrews expands upon the concept presented by Reitz and
others [4; 6, 7] that the liquid near the injector, which would represent a core region,
can be modeled as a series of liquid fragments with a diameter equal to the nozzle
diameter. Andl;ewé presents a different “model of liquid core breakup that assumes a
core breakup mechanism in which the dominant surface wavelength continuously
increases from the mdst unstable Taylor wavelength [19] at the nozzle exit to a
‘w‘avelength of the order ‘o.f the core dfameter at the distance at which the core breaks”

51
Andrews makes the assumption that the liquid jet will behave as a ‘self-

37



preserving’ ﬂowv[S]. The theory of ‘self-preserving’ flow assumes all the features of
the fluid motion, except those directly dependent on viscosity and surface tension, will
have similar shapes at all times [5]. Any differences in flow features can then be
described “by change§ in velocity and length scales that are functions of time or position
| in the flow direction.” [5] The primary instability mechanism present in the Hquid jetis
taken to be a Kelvin-HelxItholtz instability [5,20]. Itis assumed that the fastest growing
wavelength will be the one that becomes most prominent, and will therefere be the most
likely to cause jet breakup [20]. The time before this wavelehgth actually appears is
taken to be N times the e-foldlng time. The e-folding time is the time 1t takes the
dominant wavelength of a Kelvin-Helmholtz instability to grow by a factor of e, and is

given by [5]:

A;d p liqg + p gas
2nV" el 'Jp hqp gas

Ty=

(2.37)

where
Tg= e-,foldihg time [sec], -
Ad= dominant wavelength [cm].
The time, t4, at which A4 appears wbuld be Ntq4 [5], where N is the number of e-folding

times before A4 appears.

" Now the criteria for liquid jet breakup must be specified. Andrews assumes the

liquid jet core will break when the dominant wa'velengthi reaches a specified fractionﬂ of

the core diameter, Ay = 0D. The time for this wavelength to appear, ty, would then be

given as [5]:
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NoD ) pliq + pgas
varel "/ p lig p gas

b=

_ The length of the liéuid jet when it breaks would be

V. +p,.V V. +p.V
'Lb=tbvwave=tb P gas Vgas Piiq g =BCD P gas ¥ gas Piiq bg
,pg‘as + an Vreﬂ’ pgaspliq
where

Ly, = liquid jet length when breakup occurs [cm],
Vwave = the wave speed of the fastest growing wave [cm/sec],
B, = Na/21r,

D = diameter of tﬁe jet nozzle [cm].

" (2.38)

(2.39)

The values of the empirical constants, N and a, are given as 10 and 2, respectively, by

Reid and Youngs [21]. N=10gives an adequate time for the dominant wavelength to

appear and 0i=2 gives the‘p'ossibili”ty of substantial distortion of the liquid jet [5]. Thesé' ‘

values of N and o give B;to be 3.18. However, experimental results [22] give a value

of 7 for B, which would correspond to a value of N=11 and 0=4.

The core is assumed to penetrate into the gas flow at 70% of the liquid injection

speed (a value typically seen experimentally) until a steady length is reached [5]. This

gives a transient-core length of

Leore =0.7 -V, 't

tr
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and a steady core length of

L
o

U VeV |
- Lo, =B, D| P T Pra (2.41)

.y S e erel"/pgaspliq

where By, is an empirical constant equal to 2.9 [5]. The aétual length of the core at any

‘timestep is minimum of the values from equations (2:40) aqd (2.41).

Lcore= mln(L cor%'_’ Lcoris) . ’ (242)

' The intact core length, Ly, is taken as the maximﬁm possible length an intact
core could achieyé. The shapé of that intact core is assumed to be a cone, because liquid
is beingr shed along its leﬁgth as it'is inje'cted.' The actual core is assumed to take on the
~ shape of a truncafed cone [5] fSee Figure 2-3). v
With the length of the core, Lcdre’ calculated and the shape known, the mass
contained in the core can be determined. Using geometry to calculate the volume of a
truncated cone with its length and the iength of the full cone known, the liquid mass in

the core can be shown to be:

| D’ L. (LooV)
M= punLm[s R (L—] ] (2.43)
- When the core is still in the trénsient period, liquid can be input to the system in
. two ways. It can be added to the core, orlit can be added to the flow as mass that has .
been ejected from the core. The determining factor on whether any mass is ejected from
the <-:ore is how much mass should be. in the system at the current timestep and is it

greater than the amount of mass that should be in the core. If the amount of mass

available for injection is greater than that negded to fill the core to the level of Meore, then
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this excess- mass is added to the system as ejected droplets in a new computational parcel
[5].
~ Mass is added to the core by dividing up the core region into sections (see
Figure 2-3). The total available core mass is divided among the sections based on the
area of each section [5]. The humber of drops that are added to any one section is
determined using equation (2.2). The mass per computational particle that is used,
however? is only 10% of that used in equation (2.2) because the vvolume of each section
is too small to allow injecticn of the standard parcel size. The droplets are randomly
-placed jnside their respective sectiqns and assigned an axial velocity equal to the input
. hqu1d mjectwn ve1001ty and a Zero. radial velocity [5]. Once all of the mass has been
| mcluded anew core mass 1s calculated and the total mass injected into the system is
‘ updated.
| ~ Any available excess mass is assumed to be ejected from the core tip [5]. The
number of parcels that can be.injected is calculated in the same fashion as previously
described, except 30% (instead of lO%)ﬂ of the calculated injected particle mass, is used
for the mass per particle. AIt is placed-along the core axis w_ith an axial position randomly
chosen frcm the distance [0:Viy;*At] from the tip of the core.

Once the core has reached a steady state, , liquid can be input to the system in
three ways 1t can be added to the core; it can be added to the flow as mass that has been -
» ejected from the sides of the core; or it can be added as mass included in the broken tip

area [5] (See Figure 2.4). The number and size of droplets added to the core region is
' determined for the steady case in the same manner as the transient case. The amount of
mass added to the broken tip region is the amount of mass that would fill the volume of

 the tip region between the broken and unbroken core (See Figure 2-3), assuming there »
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Injection
Plane

Figure 2-3.  Diagram for Andrews Liquid Core‘ Injection Model.
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is enough injected mass available during the timestep [S]. The amount of excess mass
ejected from the sides of the core is any available injected mass that has not been placed
in the core or tip regions. Liquid piaced in the core and tip regions are assigned axial
velocities equal to the liquid injection velocity and zero radial velocities. Droplets in the
steady tip and core regions are assigned positions in the same manner as in the transient
core. Parcels ejected from the sides of the c;)re have a randomly selected axial position
using an area weighted distribution [5]. The radial position is taken to be radius of the
core at that axial position and the azlmuthal angle is chosen randomly. The axial

velocity given to these ejected droplets equalé the injection velocity and the radial

' 2n p gas .
Vrad= F \/ rey| ’ (244)
. Piig _ ‘

With the injection process complete, Andrews uses the Reitz model of droplet:

velocity is given as [5]:

breakup [5] (See Section 2.3.1.1.1) with some modification. Andrews takes the slip
velocity between liquid and gasto be one half of the relative velocity betwe;en the two. -
Reitz uses tlhe full rélative 'vello'city as the slip velocity, but then allows local coalescence
. ifnmediately ;;ftér breakup t5]. ‘Ah(_irg\'vs uses the factor of 0.5 to account for gas

.bdundary layer effects without having to calculate coalescence dun'lng breakup [5].

| 23 1.2 Liquid Collision and Coalescencé
_ A collision model has been incorporated in the LISAM code which uses the

same principles as the collision model in KIVA [12]. A probability sampling procedure

is used to determine whether dropléts undergo a collision, and if so, whether it is a




coalescence or grazing collision. The KIVA collision model assumes that only parcels -

in the same computational grid cell are close enough to possibly collide [12]. If two -
parcels are in the same cell then they are evaluated for possible collision. This selection
method is grid dependent. A parametnc study of other methods for determining
poss1b1e colhs1ons other ways of deﬁnlng a paIcel s Sphere of Inﬂuence (SoI), was
conducted The most sat1sfactory approach was found tobe a method in which a

colhs1on ‘cell’ is defined to have a width in each coordinate direction 10 times the
maximum distance parcel 1 could travel during the timestep (Vp*At). If the path of
parcel 2 passes through parcel 1’s Sol during the timestep then a collision is possible.
- A collision frequency for the drops in parcel 1 (containing larger drops) with drops in

parcel 2 (containing smaller drops) is cnlculated as [12]:

v, = N, 1t(r +1,)*[V,=V,| ' 245
A | Volcen 1 2 1 2 (' )

where -
v; = collision ffequency of drops in larger radius parcel [particles/sec],
N> = number of droplets in parcel 2, the smaller parcel, |
1x = radius of the drops in paIcel x [cm],
Vx = magnitude of the velocit}t of parcei X [cm/sec], .
Voleey = volume of the computational cell containing both parcels [cm3]
X = 1 - parcels with larger drops,

2 - parcels with smaller drops.

A probability distribution is used to predict whether the two sets of particles will

" undergo a collision event. The most commonly used distribution function for
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describing the number of times a rare event, such as collision between two parcels, can
occur over a finite interval of space or time is a Poisson distribution [23]. A Poisson
distribution is used to determine the probability that parcel 1 has a collision with parcel 2
[12]. The distribution is

_; A"
P =e o - (2.46)

where

n = the number of collisions drops in parcel 1 have with drops in parcel 2,

fi = the mean value of n, = VAt.
When there are no collisions, n=0, and P,=Py. This gives Pg as [12]

Po=e . (2.47)

In LISAM, a random number, &, is chosen from a uniform deviate (0,1) [12]. If this

value is below Py, then no collisions are calculated between the two parcels and the code -

considers the next parcel pair [12]. If & is greater than Py then a collision is assumed

to have occurred [12].

If a collision occurs, a second random number, &5, is chosen to determine

whether the collision will be a coalescence or grazing collision [12, 4]. The collision
impact parameter, b, which characterizes the type of collision that will occur is given by

[12]:

b=of R, @, +1,) ‘ (2.48) -

A critical value of this impact parameter, by, is defined, below which drops will |
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coalesce.. hc,' was determined by O’Rourke andiBracco [24], based on experimental

drop coalescence results 'from Brazier-Smith et al. [25]; to be:

b, =(r, + rz)J min [1, 2;:(7) ] . (2.49)

lig
where
’f(v)=r? —2.47°+ 2.7y
y=r,/r_2~ | j“ .
Weuq=p,,.q|V1—V-2|r2‘/d

When b<b;r, a coalescence collision is assumed to take place. In this case, the

value of n, from equation (2 46), g1ves the number of colhs1ons that occur [12]. n
'droplets are removed from the smaller parcel and their mass is added to the larger parcel.

-:The s1ze of the drops m the larger parcel and velocity are adjusted [12]." If there are not '
g n droplets in the smaller parcel then the ent1re smaller parcel is removed from the system
and the mass is added to the larger parcel [12]

When b>bcr, then a grazing coll1s1on 1s assumed to occur. The velocity of each
parcel is adjusted to conserve both lmear and angular momentum after an energy transfer.

between the two parcels durmg the collision [24]. No other parameters are effected.

2.3.1,3 Gravitational Effects

~ The effects of gra\lity on the liquid phase are accounted for by adjusting the
parcel velocities, according to: | -
Vp¢=V;:l+gQAt - ‘ (2.50) -

where
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¢ denotes the component direction,

go is the gravitational acceleration in the ¢ direction [crn/secz].

Gravitational acceleration is given in vector form. This allows the chamber to
' effeétively be oriented in space in any manner desired. By giving LISAM a zero gravity .

vector, the user may chose to neglect gravitational effects on the simulation.

2.3_.1;4 Droplet Drag »

The drag model used in LISAM is a modiﬁed form of the model used in KIVA
[12]. The drag law in KIVA represents the drag of an isolated sphere in a gas stream.

The aerodynamic drag force per unit mass on a particle is given by [12]:

3 V.. .
Fp LS J Co Vi g 2.51)
v 8 pliq I‘drop ¢

where
‘Cp = drag coefficient,

' V,e,l= [h(u'p'— ﬁg)2+ (Vo= v,)*+(w —‘wg‘)z]m, the magnitude of the relative

P
~ liquid/gas velocity [cm/sec],

V”% = Vp. - Vgas. ,the relativg liquid/gas vélocity in the coordinate direction ¢

[cm/sec],

where

Vpy = parcel velocity in the ¢ direction [cm/sec],

Vgasy = gas velocity: in the ¢ direction of the cell containing the parcel
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[cm/sec].
The Cp used in equation (2.51) is an empirical drag coefficient for flow over a sphere

in the presence-of other spheres (cluster drag) [8], given by

(24 - -
= (07 + 5 Ref*7M)  Rey, <1000
lig
=1 - - 2.52).
Cp R24 (19 265+—‘15R612i;3‘ﬁ 1.78) (2.52)
max | "Clig Re,, > 1000
| 0.424
where
Vil 2 Tgon P oas
Reliq= | rell arop Pg

u gas

particles
in cell

4
Vol = X 3 P Tp,

i=

Vol

¥ is the void fraction = max , 0

cell

This equation for droplet drag coefﬁcient is based oﬁ experimental studies of fluidized
beds with varying void fractions [26]. Note that as the void fraction goes to unity (a
single particle present) the drag coefficient reduces to the standard equation for drag
over a sphere [1]. LISAM offers the user an input choice whether to use this ‘cluster’

drag model or the standard single sphere drag model.

2.3.1.4.1 Velocity Adjustment Due to Drag

The droplet velocity is adjusted using a finite difference form of Newton’s
Second Law (F=ma). If F=ma is solved implicitly an updated value for the parcel

velocity can be found. The solution procedure is as follows for each velocity
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component.

FD‘ ) mparcel= mparcel ) aparcez

Canceling mparce] and writing aparce in a finite difference, forward Euler, form gives:

-FD= (Vp' _VP‘)

¢new
[ At

When the velocity terms are separated from Fp, using equation (2.51) it yields:

(Vp¢ — Vp¢ )
Dp (Vga.xs‘ - VP¢new )= n: t
where
_30, [V
P8 Piiq Farop ©

Solving this equation for V, gives the updated value for the drop velocity component

to be [12]:

P, (+D,aD (Vo, + Dy 2 OVe ) (2.53)

new

\Y

The velocity components for allipz'ircels are updated in this manner, the same manner
that was used in KIVA [12]. The gas velocity used in equation (2.53) is calculated for

each drop based on its location within the computational grid. An inverse volumetric

weighting is used to calculate an average value for the gas velocity component based on A

~ the eight gas velocity points that define its control volume. Local gas velocities for each

drop were calculated so drops would see a smooth velocity profile across a gﬁd cell,

rather than an abruptly changing profile of cell based average velocities. This smooth- ;
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profile allows more realistic drop motion. It was found in early studies for this work
that using cell averaged velocities tended to produce results in which the drops lined up
with the gross motion of the flow rather than reflect the variations of gas movement
across a cell. Figure 2-5 shows the two-dimensional version of inverse volume
weighting, inverse area weighting. The area coniaining the parcel, bounded by the four
velocity components in the direction of interest, is divided into sections based on the
parcel location. A weighted average of these four velocities is then calculated by using
the fraction of the total area represented by the region opposite to a point as its weighting

parameter. The x velocity at the point would be given as:

Vo=as (VaAg+ VA + VeACHVA, ) o (2.54)
' This method is extended into thrée dimensions by calculating volume fractions instead
.of area fractions.” = - P

After the liquid injection, breakup, collisions and gas interactions are computed,

the gas phase is updated to account for thé effects of the liquid phase on the gas.

2.3.2 Gas Phase Modeling
In LISAM, the gas flow is solved sequentially (see Figure 2-6). The momentum

equation for each vcloqity component is solved individually (see Section 2.3.2.1); once
the changes in velocity for all three components (u,v,w) have been found, their values
are updated. Next, the ‘gas density is determined from the continuity equation (see
Section 2.3;2.2), and the pressure is obtained from the 'i‘dcal gas equation. Once the
new values of velocity, density and pressure have been computed, the magnitudes of the

change in their values since the last timestep are examined. If the change in value of any
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Figure 2-6.  Flow Chart for Gas Solver Sub-Iteration Process. -
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of the parameters during this sub-iteration is higher than the input convergence criterion,
then the gas calculations for the current timestep have not reached convergence and

another sub-iteration must be performed. Sub-iteration continues until all variables have

- . met-the convergence criteria.

In LISAM the gas flow field is discretized using a three dimensional, uniformly
spaced, cartesian grid. A staggered mesh system is used [27]. A two dimensional
version of such a grid is shown in Figure 2-7. Gas density, pressure, and particle
momentum source terms are calculated at the grid “points”. The components of gas
velocity are calculated midway between adjacent grid points in the direction of the
component, the location of the normal face of the control volume for tﬁe grid point (See
Figure 2-8). This technique of using a ‘displaced’ grid allows adjacent velocity
components to be used in calculating density from the continuity equation, and the
pressure at adjacent grid points to be used in the momentum equation. This will prevent
physically impossible ‘wavy’ or ‘checkc;rboard’ solutions from being calculated [27].
While using a staggered grid does require frequent interpolations, the elimination of
unreasonable solutions offsets the added computational load [27].

The momentum and continuity equations were developed in the delta formulation -
[11] and an Approximate Factorization method was used to solve them [11]. Sub-
iterations and dual timestepping were used to speed convergence and reduce error [11].

A detailed description of these numerical techniques is given in Section 2.3.2.3.

2.3.2.1Solving the Gas Momentum Equation

As stated previously the gas momentum equation is solved for velocity. The

momentum equation that is solved for the velocity components in LISAM is
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o - p, P, particle momentum
X - uvelocity

¢ - v velocity

Figure 2-7.  Two dimensional Staggered Grid.
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Figure 2-8.  Three Dimensional Staggered Grid.
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where

d) denotes the coordinate direction, x,y,z; i.e.: Vy=u, Vy=v, V,=w,

8¢ is the gravitational acceleration in the ¢ direction [cm/secz],

P is the gas pressure [dyncs/cmz],

Sd,op; is the source term, in the ¢ direction, for gas-liquid momentum exchange.

The gas-liquid interaction source term, Sdrop, is defined for each coordinate direction. It

is the sum of the change in momentum in that direction (due to drag interactions, see

Section 2,.3.1.‘4) for all of t}}e liquid droplets in each cell. These sums are then summed
- over all ,clell‘s.: ’TI;c eqqatién forr‘ thls sotirce term, taken directly from KIVA, is [12]

# of particles

Prq in cell ic ‘ y
I new _ olay[ 2.56
S dmp@,ic P -Vol, nz—_:l w N ( (VOIP Vp )ic,n (VOI P qu’ )ic.n ) ( )
gas. . ic

1c

where
W, is a weighting function,

Vol, =p, %r?,,op , volume of the drops in parcel n [cms].

The weighting function used in equation (2.56) is an inverse volumetric weighting
based on each particle’s location in the cell. This weighting scheme is similar to the

method described in Section 2.3.1.4.1 for calculating local gas velocities based on

droplet position.
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2.3.2.1.1 Gas Moment.um Egilation Numerical Methods

To numencally solve the momentum equation for velocity, finite dlfferencmg
was used. Equation (2 55) was solved 1mphcltly using an Approximate Factonzatxon
method in the Delta formulation [11] to yield Equation (2.57) First order temporal

-differencing was used. . The Delta form of the equation is written as:
aV, +at: [Fxl(AV%)-i- G, (a Vs J+H, (aV,_ =

~at: [F (Ve )+ Gy (Vs )+ H. (Ve )]+ At go' at qu: Sum, (2.57)

B

ic |

_where
aV, =V;“—V;
. " azx oy
F ()=

+ux—

92 oy
GY(X)=—:_26 726'*"’%’

9?2 0
Bld=-s vy

= dummy variable ‘ ‘
n = last tiine level
n+1 = current time level

In an Approximate Factorization method, equation (2.57) is written as [11]: -

(1+at-F, (1)) (1+at°G, (L))(1+at-H,(L))aV, =
—at[F, (V5 )+G (V:?h)*'Hz(V;,,)]-JfM'gq,

- A—t ? +S d,op ~— (splitting error)

P,

1c

(2.58)

The splitting error introduced by the Approximate Factorization method can be removed

by using sub-iterations to reach a converged solution at each timestep [11].
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:l‘he left hand side of equatibn (2.57) is discretized using second order central
differencing for both first and second derivatives. Details of this process are given in
Appendix B. This allows a tn'diagonal matrix solver to be used to solve for the change
in velocity. The terms on the i ght hahq side of the équation can be calculated from
known values from the previous timesfe‘p. The derivative values can be calculated in
two different manners. For the .ﬁfst deriﬁtives a 'chéiée of first order accﬁrate upwind

‘differencing using a two point stencil or second order central differencing with a three
point stencil is avéjlable. For the second derivatives second order central différencing
(three point stencil) is used.

_Equaﬁon (2.57) is solved sequeﬁtially for the change in each velocity |

component. Once all of the velocity compoﬁent changes have been determined, the

values of the gas phase velocities are updated using equation (2.59).
Vel '=Ve +aV, @.59)

Once new values for velocity have been calculated, new densities can be

determined from the continuity equation.

2.3.2.1.2 Momentum Eguatidh ‘Boundary Conditions
The gas phase velocity boundary conditions used are: no—slip'(V.=.O) for all solid

walls; constant velocity (equal to input gas injection velocity) for the gas velocity on the

inflow boundary, and zero-slope (‘dV /dx=0) on the gas velocity at the outflow

boundary. |
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2.3.2.2 Solving the Gas Continuity Equation
The continuity equation solved in LISAM is: _

‘9 - B ‘ *
a‘:+v eW=0 ~ - (2.60)

Much like the momentum 'equation," the continuity’ equation is written-in the delta
formulatlon and an Approx1mate Factonzatlon method is used to solve for the new

values of dens1ty The finite dlfference form of equatlon (2.60) is written as’ [1 1]

aun+’l :avn-fl awn
aptap|—z—+ 3y +=35

1 S . . (2.61)
fat u“*‘——a(Ap)+vi‘*"—a'(Ap)+w““—a(Ap) =—at-R(p") :
' 0X dy - dz . P
‘where
. . aun‘-f_l 'avn+l awn+l ‘“n+lapﬂ n+lépn «n+lapn
R )—[p ( ax ay T’ )+u ax 7V 0y AP

The left hand side of equation (2.61) is discretized using second order central
d1fferenc1ng to allow a trrdlagonal matrix solver to be used. Second order three point,

central d1fferencmg was used to discretize the ri ght hand 51de .

2. 3 2.2.1 Contmulty Eguatlon Boundary Conditions
A constant density boundary condition, con31stent with the no-slip boundary

condition in the momentum equatlon, equal to the initial value, was assumed at all solid
. boundaries. -Input density was held constant at the inflow boundary, and a zero slope
was assumed at the outflow boundary. Other density boundary conditions were

explored during this work. A zero slope condition-on all boundaries was tried at
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different times and at the same time, having the effect of allowing the density field to

‘float’ and have no ties to any base value. The final set of conditions used (those first
described) were found to be the simplest, most stable and most physically reasonable set

of boundary conditions for the situations modeled in this study.

2.3.2.2.2 Solving for Gas Pressure
| Pressure is then solved using the ideal gas equation.
- P.=p.RT . (2.62)
where
R = gas constant [erg/g-K] (input)

T = gas temperature [K] (input)

2.3.2.3 Dual Timestepping

Dual timestepping is a numerical technique used to reduce the splitting errors,
and increase the speed of convergence [11]. Dual timestepping adds an additional
derivative term using an intermediate time level, which goes to zero at convergence.
This extra time derivative, which has no physical significance and does not effect the
time accuracy of the solution, can be adjusted to give a more rapid, yet still stable,
convergence [11]. Tﬁe general form of a finite difference equation with dual -
timestepping is:

n+1

aq’ i —q° n n+ o+
L3 —d4F,@")+6,@ ) +H,@")
AT

0 (2.63)

where
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- Aq* is qk“-qk (where k is an intermediate time level, n<k<k+1<n+1)

. Atis the ‘dual’ timestep (input) [sec].

When a sub iterative approach is used, each sub-iteration advances the solution from

time k to trme k+1 (n<k<k+1<n+1) When the solution converges k equals k+1, and

'  the k+1 value is equal to the value at the new trmestep, n+1 Therefore when the

solution converges Aq goes to zero. Therefore, the addition of the ‘dual’ timestep has -
no effect on the final value of the converged solution at that timestep.
‘The Delta formulation with dual timestepping will have the form:

[(1+—]+At F (_)+At G (_)+At H,Ol|aq"

AT (2.64)

| - 2q*"~at[F,(@")+G,(q")+H,(q"]
where
Aq=q*-q™ (due to sub-iterations).
' The addition of the dual timestepping term alters the form of the equation and
: affects the Approkirhate Factorization (AF) method introouced previously. The Delta

- . formulation no 1onger'has‘the form (1+A+B+C), instead it is (k+A+B+C). The AF

form for the new equation is

[+ A+B+C]=(0+BA)Ya+BB)(0 +BC)~+ (AB+BC+ AC++ ABC) 2.65)

[ vy
V"

splitting error

where

K=1+——
AT
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(X=Kl/3

3=K-2/3 )
When AT goes to infinity, k goes to 1, and the dual timestepping method reduces to a

standard sub-iterative method. Because K will always be greater than 1, the term 1/

which multiplies the splitting error serves to reduce the value of that error for each sub-

iteration versus that seen with no dual timestepping.

2.3.3 Particle Mover

Once the gas field has been updated, the particles are moved to their new
position for the start of the next time step, using the same method as employed by KIVA
[12]. The computational parcels are assumed to move in a straight line along the
direction of their total velocity vector between timesteps. The equation used to update

their position is

d,=07 +V, at (2.66)

where

¢p, is one component of the parcel position (xp, yp, or zp) [cm],

V, is the parcel’s velocity component in the ¢, direction [cm/sec] as calculated

in Section 2.3.1.4.1, based on gas velocities from the previous timestep.

Once the new particle positions have been calculated, selected output is written and the

computational time is updated. If the new time is less than the input maximum time then
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a new iteration begins. If the new time is greater than or equal to the input maximum

time the code stops and final outpit is written.

2.4 LISAM Summary
The LISAM computer prografn models a three dimensional, transient, two-phase

liquid/gas injection problem. Physical dimensions of the injection chamber and nozzle
can be altered, and the physical properties of both the liquid and gas can be changed to
simulate different media. A variefy of liquid injection/breakup models are incorporafed
into LISAM and are availabie to address various types of liquid injection probléms.
Droplet céllision/coalescignce can also be modeled. An Approximate Factorization (AF)
method, using sub-iterations and dual timestepping, is used to solve the momentum
equation for velocities and the continuity equatién for denéity. Pressure is found using

the perfect gas law, with temperature held constant.
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Chapter 3

Spray Characterization and LISAM Data Analysis Techniques

3.1 Introduction

Liquid spray experiments are conducted, and computational simulations are
performed to evaluate the performance of a liquid injection system. In order to
obJectlvely assess the effect of changes to an injector setup, spray characteristics that
adequately descrlbe the behav1or and performance of a system must be defined.
Characteristics typically of interest in conabustion applications include: mean drop sizes,
drop size distributions, spray patternation, and spray penetration rates [28]. These
characteristics can, with varying degrees of success, be measured experimentally.
Computer simulations can also be used to predict these basic flow characteristics.
Computational models have the added advantage of also being able to predict other flow
properties, such as gae velocity vectors, gas pressure distributione, drop size |
distribution in the interior of the spray, etc.; values ;Nhich can not be readily measnred
experimentally. | ,

Whether data is gathered expenmentally or ca]culated by computer simulation, it
is important to know how values are determined and how error is accounted for, in

order to understand how the spray is characterized.

3.2 Experimental Techniques

There are certain basic requirements for any experimental spray measurement

technique: be able to measure drop sizes without disturt_hing the spray, be able to detect a
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wide range of drop sizes, make measurements quickly, and be able to handle a large
sample count [1]. It can be quite difficult to meet all of these requirements at once and
still make accurate measufemeﬁts. The difﬁcﬁlty in making accurate measurements
arises from the large number of drops that must be measured; the in.termittent nature of
‘many spray processes, and the very nature of the liquid itself [29]. The high, variable
drop velocities that ’a're seen, the wide range of sizes that must be measured, and the
changes in drop size due to evaporlation‘z‘md coalescence, over time, also make it very
difficult to obtain accurate spray measurements [1]. There are three categories of
experimental inethods for measuring spray chéracterisﬁcs: mechanical, electrical, and
optical [1]. Each method has advantages and disadvantages. Each technique qffers
some method of méhsuring drop sizes and many offer ways of measuring spray
densities and drop velocities.

Mechanical systems (such as collec;ting drops 6n slides or in suspension cells,
niqlten wax techniques, and drop fréezing) are relatively simple [1], but suffer from
limitations. Limitations and problems in’clu’dé: restrictions on the types of fluids that can
be tested (molten wax, suspension cells); corrections‘ for disturbance by the
measuremént device, such as flattening on slides, drbp shattering on impact with
collection cells; droplet overlap on slideé; and corrections for size changes due to
freezing can be required [1]. In general, mechanical methods can provide a general
description of drop sizes in the measurement plane, but cannot prdvide a time history of
drop sizes or »an axially resoived distribution of drop sizes [1]. |

Electrical systems (such as Wicks-Dukler technique, chaigéd wire, and hot wire
techniqués [1]) require intrusive measurements, although often with minimal
disturbance. The primary disadvantage to electrical technjqﬁw is that the measurement

instrument can cause large drops to shatter because of high velocity impact on the
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device, so these techniques canriot be used in high speed flows. In charged wire
measureménts, !ow conductivity liquids create long electrical pulses, which can léad fo -
impingement overlap (signals from more than one drop being sent at the same time);
therefore this technique is limited to dilute, high-conductivity sprays [1]. Electricall
techniques are also limited to ﬂﬁids. which do not deposit residue on the wires or
needles. The Wicks-Dukler technique, which uses two sharp needles to measure the
change in electric potential when a drop passes between them, cannot distinguish
between changes due to variations in drop size or drop velocity. The signal-to-noise
ratio for these device$ can also be low, so that signals from small drop measurements
are often lost in noise [1]. These techniques can provide a radial profile of drop sizes, |
and a temporal history of drop sizes, but are limited in the fluids which can be tested and
also to relatively dilute sprays [1]. |
Optical measurement techniques offer the most advanced and accurate

measurement methods available today [1]. These techniques include: high speed
photography, hologrép_hy, single-particle counters, Malvern particle sizers, and other
interference and djffrac;ion ‘me.thods [1]. All of these techniques are non-intrusive and
. can provide a high level of measurement accuracy. They are, however, limited to fairly

diluté _sprays‘, and re;;uirq careful alignmeht and calibration for reliable results [1].
| ﬁnaging techﬁiciués; such as I;hbtography and holography, require a great deal of
human involvement, which introdﬁces the risk of human error [1]. Even when image
analyzer software is utilized, human jnféraction is still required [1]. Non-ifnaging
techniqiles are susceptible to multiple scatter (light hjtﬁng more than one drop prior to
detection), vigﬁetting (scattergd light measured from drops too far from the detector),
and beam steering (refraction of the lasef beam dile to thermal gradients) [1]. These

techniques are also limited by beam extinction (how deeply into the spray light can
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‘ penetrate) which is a function of the number density of the spray.

In general, experimental techniques can only provide drop size and velocity
measllurerrients for d sr‘nalvl,d':djlu‘te:;region of a spray. To study other variables of interest,
‘such as gés_breééﬁre distribhtibﬁs,l ahd spray behavior in the dense core region, and to
study the overall development process of a liquid spray, coﬁlpupaﬁonal methods must be

‘used.

3.3 Spfay Characterization

Computer simulations often use experimentaily obtained data to mai(e
comparisons'and for validation. Since most experimental data sets consist of mean drop
sizes, drop velocities and spray tip penetration rate, these quantities are usually
calculated in numerical simulations. Additionally, because any of the variables used in a
computer program is available for study‘, many other flow characteristics can also be
predicted and analyzed. The éffect of a liquid spray on the surrounding gas can be
observed. Also, computer simulation allows the temporal development of ‘the spray,
and the gas/spray interaction, to be studied. The primary variables of interest are still,
however, the size of the spray droplets and their trajectories. A simulation can provide

both a spatially and a temporally resolved distribution of drop sizes and velocities.

3.3.1 Drop Size Measurements

Typically, spray drop sizes are measured at discrete points in space to create a
local droplet size distribution. From this size distribution, mean drop sizes can be

calculated both at a particular point in space over time, and over a region of space and
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‘ove‘r a period of time. Theée.mcan values allow a spray’s general behavior for a period

of time and throﬁgh a region of space to be described. The same averaging process can

‘be uséa to define mean "drop s:izés, \l‘)oth spatially and temporally, in the computational

domain of a liquid spray simulation. The mean size used in this work is the Sauter '
mean diameter (SMD), also denoted as Ds;. ~The Saﬁter mean diameter is often used as
a representative quantity in combustion processes, because the surface area and volume
of fuel drops are extrémely significant in gvapofaﬁon and éombusﬁon processes [291.
Also, only the SMD can provide a measure of the “fineness”, or atomization quality of a

spray [1]. The Sauter mean diameter is defined as the “diameter of the drop whose ratio

- of volume to surface area is the same as that of the entire spray” [1]. The Sauter mean

diameter is calculated using Equation (3.1) [1].

L N.D;

(3.1)

32

B Y N.D}
where |
D32 = Sauter meanvdiame,ter {cm],
i=agiven range of drop diameters,
N; = number of drops in the fange i, and

D; = is the middle diameter of the fange i[cm].

In the LISAM computational mbdel, SMD’s are calculated at various axial and
transverse locations throughout the spray by counting all parcels that pass through a
given volume. By storing the accumulated value of the total volume and area of all
drops in all parcels that have passéd through the volume, a time-averaged SMD is
calculated. |
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| (3.2)
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N 2l Lz
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. where ‘
k = a given time level (k<t),
t = the current time level,
i = a parcel which passed through the volume of interest during time levg:l k,
Nx = number of parcels which passed through the volume of interest during
time level k.. . ©-” |

D; = the diameter of drops in parcel i [cm].

A second mean drop diameter that can be used to characterize a liquid spray is

the Mean Volumetric Diameter (Dy,y) or D30 [1]. This value provide's the diameter of a

drop whose volume would be equal to the average drop volume in the s ray.
p \ q Y p
Z N D3 1/3

D,,= (3.3)

An additional mean diameter that is sometimes used is the Mean Length Dialheter
or le0 [1]. This value is the average of all of the drop diameters with no other
weighting.

Y N,D,

D, ,=— | \ - (3.
TN o (34)
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3.3.2 Spray Penetration Rate

Another parameter of interest in many combustion processes is the rate at which
the liquid spray penetrates the gas. Over-penetration of the spray could lead to wall
impingement of fuel, where it would not properly combust, make soot, and would be
wasted [1]. If the spray does not penetrate far enough into the combustion chamber,
there may not be adequate liquid/gas mixing for optimum combustion [1].
Experimentally, the penetration rate is measured using high-speed photography to image
the spray, and then taking spray tip position measurements from the photo images.
Because the location of the spray tip cannot be precisely defined, there is always error
associated with these measurements [6]. Similarly, the location of the spray tip in a
computational model can be defined in many ways [4, 6, 7, 30]. Some researchers take
a cutoff percentage of the maximum drop velocity to be the tip location [6, 30], while
others take the axial position behind which a certain percentage of the total liquid mass is
located [7]. Reitz [4] simply defines the spray tip to be the location of the computational
parcel farthest downstream, and this definition was initially used in the LISAM model.
While comparisons between experimental and computational tip penetration rates are of
interest, it is well known that spray tip penetration is relatively insensitive to variation in
modeling parameters of the liquid spray [6, 7], particularly those affecting the gas
interactions, and the correlation, good or poor, between experimental and computational

results should not be used to judge the performance of a computational model [7].
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3.3.3 Particle Locations and Distributions

The position and size distribution of the liquid drops, and the spatial
concentrations of the liquid mass fractions in the spray called the si)ray patternations, are
also of interest. The development of areas of either low or high fuel concentrations

during a combustion process can lead to undesirable increases in pollutants and areas of

" .. increased temperature [28]. The distribution of drop sizes is of great interest, because it

is the small drobs that vaporizc,_ahd facilitate the ignition and combustion processes.

For many liquid sprays, the o;ter edges of the spray will be populated with small
droplets, while the interior regions will contain large drops [31]. In other sprays, the
opposite is true, which makes nozzle_ charactérization, not presently incorporated in
LISAM, extremely important. Nozzle charﬁcterization can provicie a dpminant influence
on the resulting spray chafacteristics and droplet parameters, in many sprays of practical.
interest. Nozzle charactenzatlon as an mput parameter, is therefore an important area of

future work fori 1mprov1ng LISAM, but is beyond the scope of the present study.

3.3.4 Fiow Field Quantities

Bc;th gas and droplet velocity vector fields are predicted to study the effects of
gas/spray interactions. The effects of recirculation on the spray evolution in the test
region can be studied. Gas pressure distributions provide additional insight into the

gas/liquid interactions.

71



3.4 _Evaluating Simulation Results

In the next chapter, results from the LISAM simulation will be compared to the
results of comparable calculations by other authors, as well as to experimental daté
obtained from the literature. _An analysis for LISAM’s performance will be made using
the spray characteristics described in this chapter and comparing them to reported

simulation and experimental results.
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Chapter 4

LISAM Simulation Results and Comparisons

4.1 Introduction |

This chapter will provide a detailed description of computational studies
performed using the LISAM computer program. Parametric studies, as well as
comparisons with experimental data, were pefformed. It is of great importance that a
well designed set 6f cases bé chosen to characterize and assess the performance of a
computer program used to model real world systems. It is éccepted that there will be
some deviation from reality and a reliable method of quantifying this deviation allows
the code to be used with confidence. It is also important to have reliable experimental
data for use in assessing the performance of the computer code, to kﬁow how it was
obtainéd and any anomalies involved in the recording or presentation of the data.

The data used for comparison with the LISAM code includes watér spray data -
taken by the NASA Lewis Research Center [18], and tetradecane spray data taken by
Hiroyasu and Kadota ['29],>whjch is a classic data set used in diesel fuel computations.
In addition, compaﬁsons are also made with cofnputational data obtained using KIVA
by Reitz [4]. This allows LISAM’s performance to be compared to another spray

modeling code.

" 4.2 Experimental Data "~

Results from experiments using two different liquid/gas combinations were
used. Steady-state coaxial liquid water and jet air results from the NASA Lewis

Research Center [18] and the transient tetradecane liquid jet into nitrogen results from
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Hiroyasu and Kadota [29] were used. The water/air spray data was selected for
comparison because it matchs conditions that LISAM was designed to simulate, and it
also provided detailed information o'n drop sizes and velocities. Other experimental data
of water sprays typically modeled more complex situations (i.e. cross-flow, swirl
injectors), or did not offer detailed quantitative results for comparison. The transient
tetradecane liquid jet hinjection’ex.peﬂmental data was choseﬁ because it is the standard
data used in the literature for comparison of experimental results in diesel fuel type
atomization modeling. The injéctor configurations for the experiments are given in

" Table4-1. A sketqh of the experimental configurations is given in Figure 4-1. Figure
4-1(a) refers to the coaxial air/water experiments [18], and figure 4-1(b) refers to the

tetradecane experiments [29].

4.2.1 Water Spray Data

The water spray data used were obtained usiﬂg an unconfined single coaxial
injector, sprayed into ambient air. The water was injected as a liquid core with an
annular air jet surrounding it, with dimensions given in Table 4-1. Liquid and gas
velocities were varied, as shown in Table 4-2. Zaller repbrts that the water flow rate
uncertainty was 2%, and the aJr ﬂo_'w rate uncertainty was +5% [18]. Drop size and
one component of drop velocity were simultaneously measured using a phase/Doppler
interferometer (PDI). The PDI was calibrated so that variation in measurements made of

two different monodisperse drop streams were within 2% [18]. The experimental

setup allowed for measuring drop sizes in the range of 2-230 um [18]. Drop velocities

from 0-250 m/sec could be measured. Sample sizes were increased in the experiments

until the standard deviation of mean measured drop size no longer changed. A sample
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Table 4-1. Configurations for Experimental Studies.

Diesel fuel

Water/air - /nitrogen

Liquid nozzle 0.132 0.03
diameter [cm]
Post thickness [cm] | 0.093 none
Gas nozzle diameter | 0.556 none
[cm] _ -
Liquid injection 234.4-732.6 | 10200.0
velocity [cm/sec] ,
Gas injection 14161.7- 0.0
velocity [cm/sec] 28854.0

- | Liquid density 0.9974 0.77
[g/cm3] - :
Liquid viscosity 0.008966 0.01925

| [dynes-sec/cm?] ,
Liquid Reynold’s 3442-10757 | 12240
number
Gas density [g/cm3] | 0.0011667 0.0122564
Gas viscosity 1.811e-4 1.77268e-4
[dynes-sec/cm?] '
Gas (annulus) 10857- none

- |Reynold’s number | 22121 4

[ Reference . 4-1- 4-2
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Figure 4-1. Diagrams of Experimental Configurations.
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Table 4-2. Water/Air Injection Experiments Modeled using LISAM.

~ Case Liquid (water) Gas (air)
Designation | injection data injection data
[gfsec] [cm/sec] | [gfsec] [cm/sec]
wl 3.2 2344 27 141617
w2 32 2344 | 41 215094
w3 3.2 2344 | 55 288540
w4 5.0 366.3 4.1 21509.4
w5 7.3 534.8 2.7 14164.7
w6 7.3 5348 | 4.1 +21509.4
w7 7.3 = 534.8 5.5 2.8854.0
ws | 10.0 'V 7326 4.1  21509.4
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size of 6000 valid drops, per sample location, was used [18]. Drop size and velocity
measurements were made at 5.08 cm (2 in) downstream of the injector. Results were
taken along four different radii to ensure axial symmetry. Variation in results between
tests were attributed to experimental repeatability [18]. The repeatability was found to
be affected by the photomultiplier tube (PMT) gain [18]. Drop sizes decreased as PMT
gain increased. No correlation to an “appropriate” gain value was found and the gain
was selected to provide a maximum valid data rate [18]. Results from these experiments

are shown in comparison with results from LISAM in a following section.

4.2.2 Diesel Spray Data

The Hiroyasu and Kadota experiment {29] was of a transient high pressure
diesel 'spray. Because of visibility and access limitations in making measurements
inside of a pressure vessel, the available measurement techniques were limited [29].
The liquid immersion method [1] was ohOSen because of its minimal equipment needs.
Because of this measurement technique, the data available are more limited [29]. An
average drop size at one location and the rate at which the spray penetrated the gas were
all that was provided. A circular orifice nozzle, pointed down, was positioned at the top
of the pressure vessel. The immersion liquid was positioned 6.5 cm downstream of the
injection. The position of the immersion fluid is important to insure that the spray
velocity is aufﬁciently low so that large drops do not shatter when they contact the
immersion cell and that small drops are not entrained in the air flow around the cell [29].

A photograph of the 111um1nated 1mmers1on cell was taken for analysis. Images at 100x

magniﬁcatlon were analyzed. Drop sizes were correlated in 10 um intervals, the results

piotted ona hisfogram and a characteristic size then calculated [29]. Atleast 3000 valid
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drop counts were required for a valid measurement [29]. Results from this experiment

are compared with LISAM results later in this chapter.

4.3 Computational Studies
A well chosen set of parametric studies can reveal both the strengths and the

limitations of a computer model. For the LISAM code, parametric studies were run on a
wide range of éomputational parameters. The complete list of parametric studies is
given in Table 4-3. Studies were run to determine: maximum reasonable primary
timestep and dual timestep; sensitivity of computational results to grid spacing;:
sensitivity of computational results to overall grid dimensions; sensitivity of
computational results to rate of computational particle injection; results of using différent
atomization models; effects of variation of atomization modeling constants on computed
results; and the impact of convergence criteria on computed results. Also, the effects of
physical sub-models were studied: both coilision (or drop coalescence) modeling and
gravity were evaluated. The different grids used in these studies are shown in Table 4-

4.

4.3.1 Results of Parametric Studies

There are several methods for quantifying differences between computational
results. To see the effects of changes on the ‘computational models, the most convenient
quantities to study are Sauter mean diameter (SMD) distributions, spray penetration
rates, and also the spray pattern itself. The parametric studies carried out in this work

show that SMD results are most greatly effected by changes to the atomization model, or
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- Table 4-3. Lisam Parametric Studies Using Tetradecane/Nitrogen.

Parameter Baseline Variation
Atomization model Reitz Andrews, O’Brien,
) TAB, NDBT
Atomization constant, B; | B;=20 B,=5,10,50
Computational particle: | p. .—105 P. =10 10%.107
injection rate, Pip, i e
-| [part/sec]
Grid spacing, [cm] Ax=0.05 Ax Ay Az
.| Ay=0.05 0.1 0.1 |05
Az=0.5 0.025 |0.025 |0.25
0.05 {0.05 ]0.25
0.025 {0.025 |0.5
Grid dimensions [cm] R=0.5 .|R=0.5, L=5.0
L=10.0 R=1.0, L=10.0
-| Primary timestep, [sec] | At=1076 At=5x1075,10"7
Dual timestep A1=10"8 A1=10""
Convergence criteria . V=10 ‘ Verr=10-9
| Per=107 | pen=10"
| Gravitational forces | gx=0.0 £,=0.0
[cm/sec?] - | gy=0.0 gy=0.0
BT .| g2=0.0 | 2,=981.0 cm/sec?
Collision model - . off: Sol=5V-At radii

Sol=20V-At radii

Sol=10V-At-Zp radii
Sol=one grid cell
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" Table 4-4. Grid Configurations for Parametric Studies.

Grid . | Length | Width Ax Ay Az
designation | [cm] fcm]

A-A 10 1 0.1 0.1 0.5

B-A 10 1 0.05 0.05 0.5

CA 10 1 0.025{ 0.025| 0.5

B-B 10 1 0.05 0.05 { 0.25

C-B 10 | 1 0.625 0.025| 0.25
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other quantities that directly impact the particle model (atomization constant, particle
injection rate, collision modeling); on the other hand, spray tip penetration is primarily
affected by the gas/particle drag interaction and is therefore highly influenced by
variation in gas phése queling parameters (drag law, grid spacing, timestep, étc). This
is not to say that changes to the gas phase modeling did not affect the drop sizes
calculated, or that ﬁp penetrafion was not effected by changes to the particle modeling,

merely that the effects stated previously were more pronounced.

4.3.1.1 Comparison of Baseline Results with Experiment

The diesel fuel spray experimental data [29] used in this study consisted of a
single circular orifice nozzle with diesel fuel being injected into a pressure vessel. The
pressure in the chamber was 1.1 MPa, and the liquid was injected at a bulk velocity of
102 m/sec. LISAM was used to predict the transient behavior of the diesel fuel spray.
The LISAM computation used as a baseline comparison with this experimental data used
the Reitz injection and breakup model with an atomization constant, B;=20. Appendix
A contains the input file for this baseline LISAM case. Figure 4-2 shows the values
calculated by LISAM for an axial distribution of time-averaged SMDs along with the
computational results reported by Reitz [4] and the experimental data point [29]. This
figure shows that LISAM underpredicts the average drop sizes predicted by Reitz at all
locations. LISAM élso underpredicts the experimental data point. One possible
explanation for this discrepancy is that the baseline compﬁtation showr} in Figure 4-2
does not include the effects of collision modeling, which is included in the calculation
reported by R:aitz[4]. The collision model would allow for droplet coalescence and

recombination, which could increase drop sizes at downstream locations. The effects of
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collision modeling are investigated later in this»chapter. Also omitted from the LISAM
model is turbulence modeling, which is included in the KIVA program used by Reitz.
Turbulence would tend to slow the liquid drops and reduce the relative gas/liquid
velocity which vt'ould slow the rate of droplet breakup. These turbulence effects could
increase predicted drop sizes.. No turbulence model was included in LISAM. Figure 4-
3 shows a drop size population and mass d1stnbut10n for all of the drops that passed the

. 6.6 cm measurement station dunno the 4.5 msec run time of the LISAM prediction.
4’41“he largest population of is below 20 pm. The mass is also primarily concentrated in
* the small drops, but the very large drops constitute a significant portion of the mass,

even though they are not a si gni-ﬁcant pcrtion‘ of the drop population. Figure 4-4 shows

the rate at which the spray penetrates the gas field. The LISAM calculation predicts a

 faster penetrating spray than either the experimental results or the computations made by .

Reitz [4]. Possible e)gplanaticns for this are the lack of a collision and turbulence
. .models.and also, as uvill ‘l')e sn:o.\’;vn‘ in the parametric studies, the tip penetration rate is
" very 'sensiﬁve te cnnnées in .‘the'g‘é.s field, therefore any parameters which affect the gas

ficid, such as grid spacing; wiﬁ »a-]so. affect penetration rates.

Also, the LISAM calculations show a non-smooth or ‘Wavy’ penetration curve.
Later simulaticns showed that this behavior was directly related to the definition used to
identify the leading tip of the liquid spray. Further discussion of this behavior is
included in a later section. '

Effects of varying these parameters are investigated later in this chapter. Figures
4-5 and 4-6 show two side views ef the liquid spray at 4.5 msec of simulation time.
Figure 4-5 shows a side view looking at the x-z plane, with a one-to-one aspect ratio for
the axes. Figure 4-6 shows the same view, with the transvérse x-scale reduced to

enlarge the image for easier viewing of detail. The drop sizes shown reflect three size
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regimes, represented by different symbols. The largest drops (200-300 um) are

concentrated near the injector, and disappear after approximately 4 cm. Drops in the
100-200 um range persist in the flow until about 9 cm downstrearn of the injector.
Figure 4-7 shows the flow i_n the x-y transverse‘plane, with the flow coming directly out
of the page. This view serves'primarily to verify that the liquid spray is symmetric
eround _the axial (z) axis. Note, however, that the spray does not exhibit perfect
symmetry. This is a result of the statistical or stochastic, three dimensronal nature of the
computation. Later results will show that when more computational parcels are used in

the calculation the spray becomes more symmetric.

4.3.1.2 Impact of Statistics on LISAM Predictions

The ability to use representative computational parcels to model an actual spray
is vital to the computational modeling of sprays. If a spray had to be modeled using a

realistic number of droplets' the computational requirements would be onerous.

,;_Therefore a computer model must able to represent the * average behavior of a large

number of drops with a relatlvely small number of computational parcels The primary
parameters that affect the statlstlcal results of LISAM are the computattonal particle

injection rate, Piy; and the grid spacing of the computational domain. If there are not

enough particles in the system, the statistics of the model will be poor. The third factor

in this study that must be considered is the assumption of negligible liquid density in a

grid cell, the assumption is made in LISAM that any effect on the gas flow caused by -
the volume of liquid‘ present in a grid cell has been neglected. Because this assumption
of negligible liquid volume was made, the ‘cluster’ drag model that is available in

LISAM was not used for the studies presented here. The impact of the variation of
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these statistical parameters must be examined and trade-offs must be made. Of course,
the larger the number of parcels used to represent the flow, the more accurate the
statistical model will be, but this increases the burden on the computer model and can
greatly degrade code performance. This requires a modeler to decide at what level the
statistics of a problem are adequate, do not violate model assumptions, and still allow
the program to run at a reasonable rate.

Figure 4-8 through 4-11 show the same liquid spray modeled with 4 different
computational parcel injection rates. It can be clearly seen that when a greater number of
computational parcels is used to model a flow, the physical characteristics of the spray
are moré clearly defined. This does not, however, mean that predicted spray properties
change for each case. It will be shown in the following sections that the results shown
in Figure 4-9, 10, and 11 all given very similar results for both drop size measurements
and spray tip penetration rates, but the spray in Figure 4-8 gives different, poorer,
results. For this lower particle release rate (104 particles/sec) there are not enough
computational parcels in the system to adéquately define a spray. The physical
appearance of the spray is poorly defined, and the spraytip penetration and SMD
calculations do not correlate with expedmental data. Experimental bench mark data
including the number of droplets passihg through a measurement volume during a given
time would provide valuable data for use in model validation. This data could provide a

critical correlation feature for spray models to simulate.

4.3.1.3 Time-Averaged Sauter Mean Diameter Measurements

The parameters found to have the greatest impact on Sauter Mean Diameter

dlstnbutlons were: atormzatlon model the atomization constant (B1), and collision
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modeling(see Figure 4-12 through 4-15). Figure 4-12 srlows the axial distribution of
time-averaged SMD:s as a function of jer/dreplet breakup models, at a computational
time of 4.5 msec. The SMD distributions for all of the atenrization models available in
LISAM, as well as the tetradecane experimental data pomt and computatlonal values
reported by Reitz using KIVA [4] are shown As can be seen, there a substantial
variation in computed drop sizes for the different atomization models. Most
significantly, the Andrews model predicts substantielly Jess droplet breakup than any
other model and overpredicts, by about 250%, the SMD value at the location of the
experimental data. The LISAM calculations made using the Reitz and O’Brien
atorniiation models are indistinguishable, which is not surpdsing since they have only
srrlall differences in modeling technique. They both predict drop sizes about half of that
predlcted by Reitz’s computatlons [4]. The TAB and NDBT models calculate an
extremely rap1d breakup process and then very small drop sizes downstream. These
results tend to favor the Reitz/O’Brien modeling technique as the superior method for
modeling droplet breakup"fer this experimént. While LISAM’s predicted drop sizes are
smaller than the single experimental data point and the computational data from Reitz,
the shape of the predicted curves are similar and the predicted drop sizes near the
injector are much closer to the Reitz caleulétion. Figure 4-13 shows the SMD

distributions calculated using the Reitz model, for various values of the atomization

-constant B;. A baseline value of B1=20, in the Reitz breakup model, was used.

Variations of B; from 5 to 50 were made, and for these cases a B;=20 best matched
Reitz’s own computations in the near nozzle region. Farther downstream all of the
computations predicted values were below those calculated by Reitz and the experiment

data point. Reitz tried several values and chose the value B1=10 to be the best for his

| calculations, but he included a droplet collision model in computing his KIVA-based
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results [4]. This d1screpancy between the LISAM results and the Re1tz computat1on and

 the expenmental results can be, at least part1a11y, attributed to the lack of the |

- coll1s1on/coalescence model in the LISAM calculatlons F1gure 4-14 shows the SMD

distributions calculated using the Andrews model for vanous values of the atorruzat1on ’

constant B;. A value of B;=5 was found to give the best match with Reitz’s
computation while still majntajmng a similar shape to the distribution curve. AB=1

reduces the predicted SMDs further but also predicts drastic droplet breakup near the

injector resulting in drop sizes much smaller than those predicted by Reitz. Figure 4-15

shows the SMD distributions when collision modehng was 1ncluded These results |

‘ clearly indicate that the process of colhs1on and coalescence plays a vital role in .
establishing the SMD drop s1ze of a-spray. The vanous results shown in Frgure 4-15
show that the collision model is affected by how large a parcel’s sphere of influence
(Sol) is. Reitz used the KIVA method of deterrmmng the Sol, one grld cell. This
method is highly grld dependent and if a variable gnd is used (as in the Reitz paper [4])
the Sol can change within'a calculat10n based on the parcel locatxon in the computat1ona1
domain. As d1scussed prev1ous1y, an alternate form was developed by the author for
LISAM (See Section 2.3.1.2), where the parcel’s SoI is deterrmned by its velocity and
the computational t1mestep, thxs offers a gnd 1ndependent solution to this problem
However this techmque is s1gn1ﬁcant1y more computanonally 1ntens1ve A Sol of -
+10V*At*zp (where zp 1s the parcel s amal locat10n) was found to best match the results
from the Re1tz paper Th1s method of calculatlng Sol mimics a vanable gnd s1ngle cell
Sol, like that used by Reitz. The variation in results based on how the Sol is calculated
hlghhghts the s1gn1ﬁcance of the choice of the SoI The best rnatch results show SMDs
rising in value near the chamber exit much like the Re1tzpaper results. Further study -

into the choice of Sol should be conducted to better determine an optimum method. The
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A diop population and mass distribution for the Sol=120-V-dt are shown in Figure 4-16.
Similar to the baseline distribution (Figure 4-3) the largest copulaﬁon of tlrops are
below 30 pm. The mass distribution is almost equally weighted to the smallest and
largest drops.’ If the coupling betvlie’e_n ‘i)al‘ticle drag and 'gasl momentum is severed so
that the gas causes drag on the'd}oplets but the particle drag no longer induces a
momentum_change in the. gas, some interesting behavior is predicted. Figure 4-17
shows the SMD distribution for this ‘one-way’ drag. coupliﬁg. Drop'sizesT near the
injector are larger than the baseline combutation, but approach the baseline ‘two-way’
coupled results farther downstream The last data point calculated on the ‘one-way’
coupled curve was very much larger because very few drop parcels penetrated the gas to
that point and is not shown on the figure. It will be shown later that the spray never
fully penetrates the gas field when gas mot1on is not induced by the spray.

Other parametric vanat10ns had httle effect on the SMD distributions. Particle
injection rates of 105, 106 and 107 provided effectively identical results, while a

Pinj=104 gave slightly larger average drop sizes. This effect can be attributed to a

reduction in statistical accuracy. Grid spacing had memal effects on average drop size.
: Gnd dimensions had no effect cn average drop size, showing that there are no side
wall, or edge effects altering the results. Thjs allows a smaller chamber to be modeled
to better to fcc.us on the areas of interest. However care must be taken to make the
chamber large enough that edge effects from the solid wall, i.e. ameaﬁstic recirculation
effects, are not induced. A small ccfnputational domain allotvs a denser grid to be used

without raising computational run times to unreasonable levels. Variation of the primary.

' timestep showed no difference betWeen average drop sizes calculated using At from

5x10-6 to 10-7, however, the overall stability of the computation degraded for pn'mary
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‘timesteps above 5x10-6. So 5x10-6 sec is taken as an upper limit for these

| compotations. The change in dual timestep, At, also had no noticeable effect on the
average drop size. It did however have a dramatic effect on actual runrtime of the
LISAM program. By decreasing Ar from 10-6 to 10-7 ‘the number of inner iterations
per timestep needed to converge on a solution for the gas ph"ase nrodel doubled and run

time increased by 68%. Relaxation of ‘convergence criteria from Verr=10-9, per= 109, A

to Verr=10-4, per=10-2 had no effect on drop size distributions, but did have an.effect

on run time. This relaxation of convergence criteria allowed for fewer inner iterations .
and therefore a 70% reduction 1n run .tline from 25 8 minutes to 74 minutes. The
inclusion of grav1ty asa body force on the droplets had no effect on drop s1ze

drstrlbut1ons

4.3.1.4 Spraytip Penetration Rate

As mentioned previously the calculated rate at which the spray penetrates the gas ;
is greatly influenced ‘by changes to the gas ﬁeld computed by LISAM. Figure 4-18 -
illustrates this poi'nt (See Table 44 for grid desi gnation descriptions). It shows the |
calculated tip penetration rate calculated for the same spray using five different grid ‘
spacing setups. The range of computed penetration rates is‘caused by changes in the |
~ gas field. Figure 4-19 shows the centerline axial gas veloc1ty profile at 1 msec. As the

transverse grid becomes denser the predlcted gas veloc1ty rises. Denser transverse grlds :
predict profiles that have propagated farther downstream. Denser axial grids lower the

predicted gas velocities. Clearly, the importance of accurately predicting the gas field
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resulting from spray interaction can not be underestimated. In combustion situations the -

ability to predict where the spray is, as well as the drop size constituency, is of great
irrlpprtance. The breakup method used also affected spray penetration rate (see Figure
, 4-20). Clearly the effects of breakup also impact the rate at which the spray penetrates
the gas. Faster clroplet breakup rates result in smaller drops, which are more strongly
affected by gasAdrag ewffects and thus more significantly retard the spray tip penetration
rate. The Andrews mo‘del predicts that the spray will penetrate the gas more rapidly that
the other models, because the Andrews model also predicted, in Figure 4-12, larger
drops farther downstream than the other models. This reinforces the concept that the

: large drops injeeted at the nozzle are less affected by drag influences from the gas than
small drops resulting from droplet breakup. The O’Brien model, the TAB model, and
the NDBT model show an 1ntermed1ate value between that of the Reitz and Andrews
model. None of the results pred1ct the tallmg off seen in the expenment Figure 4-21

shows the variation of t1p penetratlon rate with the atomization constant By, using the

" Reitz breakup model Clearly thls parameter has a nonhnear effect on penetration rate.

The results do not vary greatly from each other however, indicating that B; does not
have a strong influence on the tip penetration rate. B;’s primary function is to control
the rate of droplet breakup, so lts.inﬂuenee on'tip penetration is through control of the
size of the leading drop parcel. .Tllese results indicate that all of the values of B; used in

this study predicted droplet breakup that was fast enough for all cases to create leading

drop 'parcels of about the same size. Similar studies of B; variation using the Andrews
model showed little effect on tip penetration. Variation of computational particle

mjectron rate, ij, also leads to the changes in the tip penetratron rate, Figure 4 22.

Values of Pip=106 and 107 gave very similar results; the results for Pip;=105 predict a
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slower tip penetration, and Pip=104 results predict a faster penetration. This nonlinear
Pinj=104 result strengthens the argument that this low particle injection rate does not

provide adequate droplet representation to maintain statistical quality, or to adequately
: represént» spray interaction with the gas field. A reduction in the dual timestep resulted
in a slightly slower penetration rate (Seé Figure 4-23), again resulting from changes in

the gas flow field. Figure 4-24 shows the centerline axial gas velocity profiles at 1 msec

for both values of At. The faster spray penetration of the At=10-6 case predicts a faster

gas velocity profile.

The author also ~investigated the use of upwind differencing of the velocity
derivatives in the mémentum equation (See Section 2.3.2.1.1). Upwind differencing
resulted in a slower predicted tip penetration thaﬁ central differencing, Figure 4-25.
Figure 4-26 gives the centerline axial gas velocity profile for both differencing schemes.
Central differencing predicts a slightly faster gas field, but the pro‘ﬁ'le becomes very
choppy near the downstream end of the gas flow. A stricter convergence criteria
increased the penetration rate (See Figure 4-27). Figure 4-28 shows a correlation
similar to those seen previously between penetration rate and gas velocity. The gas
velocity is faster when the tip penetrates the gas more quickly. The ‘one-way’ drag
coupling (Figure 4-29) retards the spray penetration so much that it does not traverse the
entire chamber during the modeling time. As the drops pass through the chamber the‘
gas continues to create drag on the parcels but the gas velqcity never increases, so that
the relative liquid/gas velocity remains large and the drops eventually become almost
stationary. Other parametric studies conducted (collision modeling, timestep variation,
chamber dimensions, and gravity) had minimal effect on the penetration rate. Most Qf

the variation of spray penetration rate seen in Figures 4-18, 4-20-4-23, 4-25, 4-27, and
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4-29 is due to differences in the calculated gas flow. None of the results,,>however,
accurately predict the experimental results.

As mentioned previously, an interesting feature common to almost all of the
LISAM calculated spray penetration rates is the ‘Wavy’ or non-smooth features seen in
the curves. This waviness occurs when the parcel that is defined as the ‘spray tip’
changes, wheﬁ the lead parcel slows and another parcel overtakes it. This leads to an
important point of discussion of the definition of the spray tip. Reitz defines his tip to
be “the location of the leading spray _parcel.”[4]. If this definition is taken to mean the
first parcel injected into the system, rather that the parcel that is closest to the chamber
exit, the spray tip penetration rate changes considerably; Figure 4-30 shows how
significant the spray tip definition can be, also note that the waviness discussed
previously is no longer present. If the tip is defined to be the first parcel that enters the
system, the tip penetration rate shows the tailing off seen in the experiment [29] and
predicted by Reitz’s computation [4].

Finally, Figure 4-31 shows a LISAM simulation where the initial liquid injection
velocity was reduced (60% of Viy;) until the spray penetration curve matched the
experimental results. This simulates a ‘ramp up’ time at startup, the time it takes for the
liquid velocity to reach its maximum injection value. By adjusting the initial conditions
the LISAM prediction more closely matches thé experimental results. LISAM neglects

any effects due to evaporation and the subsequent increase in gas density would directly

effect drop drag and therefore spray penetration. Additional research needs to be done

to more completely evaluate the necessity of the inclusion of this phenomenon and

appropriate methods to model the behavior.
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4.3.1.5 Conclusions froni‘ Parametric Studies

From these parametric studies several conclusions were drawn about the basic
 behavior of the LISAM code. - Variation in Pyyj shows that great care needs to be taken
to ensure that an. appropriate 1eve1 of computational parcels is maintained throughout the-

simulation for these studies a value of Piy=105 was found to prov1de adequate global

rneasurements The Reitz atomization mode] used in LISAM gave the best

' correspondence to the shape of the curve of the calculated drop sizes reported by Reitz
[4], although it does not correspond well to the actual experimental values or those
reported by Reitz using KIVA. This 'correspondence improi'es with the addition of
collision modeling and‘ when the tip is defined to be the ﬁrst parcel injected into the

system. A value of B;=20 provided the best correspondence to the values calculated by
Reitz [4] near the injector and B1 had little impact on down-stream SMD values. The

steady state LISAM predictions should improVe somewhat 'with the addition of
turbulence rnodehng Some preliminary calculations based on arbitrarily increasing gas
v1scos1ty showed an 1ncrease in the LISAM-predicted SMD. This suggests that spray
generated turbulence should be included in future versions of LISAM. The variations
in the predicted results due to grid size and tirnestep variations were shown to be small
enough to declare the results both timestep and grid independent for this case. With
these studies complete, LISAM was applied to study another liquid/gas flow from a

. different injector. ‘Simulations of the water/air experiments from the NASA Lewis

Researc'h Center [18] were conducted and are discussed in the following sections.
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« 4.3_.2 Com’Darison‘ of LISAM results to Water/Air Experiment

The eight experimental cases described in Table 4-2, were modeled using
LISAM. Simulations were run for long enough periods to achieve steady state results.
Steady state was defined to be when the comnuted SMD at all axial stations stop
changing. The \yater/ajr simulations were run for 10 msecs. These cases used a coaxial -
injector and therefprel,both liquid and gas injection velocities were varied. The
'experimental results provided were limited to radial distributions of SMDs and mean

* axial velocities at 5.08 cm downstream of the injector. Computational results were .
measured at5.1 cm downstneam of the injector. A computational domain '6 cmin :
diameter and 6 cm in length was used. The chamber was made wide enough'to'
minimize edge effects and to'model the conditions of the unconfined spray in the
experiment. Sohd wall boundary condmons were used for these calculat10ns, which
may induce some unreahshc gas- phase re01rculat10n to the system 120 transverse grid
cells (0 05 cm/cell) and 6 axial grid cells (1 cm/cell) were used to d1scret12e the domain.
The results-of the parametnc studies show that s1mulat10n results were greatly effected

" by radial grid den'sity, and less so -by ax1al grid density. A coarse axial grid density was -

used to reduce'éomputatlonal~run time, A primary timestep of At=2x10-6 sec was used

for cases "wl through w6, and At=1x10-6 se'e was needed for cases w7 and w8 A

tighter grid and smaller t1mestep wete not found to s1gn1ﬁcantly impact the quahtatwe or
quantitative features of the predrcted spray, but did greatly increased run times.

Therefore, the calculat10ns reported here used the coarse mesh and larger t1mestep
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4.3.2.1 Comparison of Experimental-and Numerical Results

Figures 4-32 and 4-33 show the comparison of experimental and simulation
SMD distributions for case wl. Figure 4-33 shows an enlarged view of the area near
the centerline. These figures ‘show three curves: the experimental results, the SMD

predicted by LISAM, and the SMD curve predicted by LISAM with only those drops

below 230 pm included in the prediction, because the experimental results came only

from méasufed drops below 230, umin diameter, The figures also includes the number

of drople‘ts.that wé’ré méasﬁ'red'for each data point in the LISAM computation. The
predicted drop sizes near the centerline show good correlatioﬁ with experimental results.
Away from the centerline, the computational results begin to deviate from experiment.
Ext;ernely large drop sizes were predicted beyond the largest experimentally measured
radius. At large fadji, the nufhber of drops measured for each average drop diameter
declines rapidly and by 1.2 cm radius falls below-the.experimental level of statistical
significance (6000 dropé). Sdrne of the large drop sizes predicted can'bé attributed to
the lack of statistical accuracy. Figure 4-34 shows the comparison of experimentél and
simulation axial droplet velocity results. LISAM overpredicts the centerline velocity and
crosses the experimental curve at about 0.75 cm radius and correlafes well with the
experimental results at larger radii. Also, the LISAM predicted particle velocity Aproﬁle
peaks off centerline, while the experimental curve peaks on the centerline. Tﬁe>velocity
] p;éﬁle predicted by LISAM is what would be expected from a coaxial injector with gas
velocities higher that tﬁe liquid core, and one would expect the same profile to occur

, experimentally. Zaller and Klgm [18] noted this featﬁre but had no explanation for its
occurrence. | )

Results for cases w2 and w3 are presented in Figures 4-35 through 4-38..
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Results were similar to those seen in case wl. Figure 4-39 and 4-40 show drop size -

population distributions at two dlfferent radial locations in the 5.1 cm axial plane.

Drops near the centerline, at 0. 035 cm, have the hlghest populatlon below 20 yum and no
drops above 125 um. At a larger radius (1.0 cm), the highest population still occurs

below 20 pm, but there are drops with sizes above 600 pm. Figure 4-41 and 4-42

“show the results froﬁ the siﬁulations of cas;e wd. Th1s case differs from those shown
previously; predicted drop sizes are very similar to thé experimental values for the entire
region of experimental data. The drop‘ sizés beyond this region still increase to
extremely large values beyond 1.2 cm as seen before, but as before, the statistical
significance of these numerical data are questionable. The velocity profile (Figure 4-42)
is also different from those seen previously. The centerline value predicted by LISAM
is much smaller than seen experimentally, but the predicted value rises to the match the
experimental value at 0.3 cm radius, but does not tail off as fast as the experimental |
results. The case w5 rcsulits(Figures 4-43 and 4-44) are similar to those for w4,
especially for drop sizes. The velocities predicted by LISAM underpredict the
experimental values at all points. For case w6, LISAM underpredicts the experimental
SMDs, but the predicted SMDs agéin riée at larger radii (See Figure 4-45). The average
‘velocities predicted underestimate the experimental values for the majority of the
experimental values, but _over¢stiinate the experimental values at a radial location beyond

1 cm (See Figure 4-46). The results for cases w7 and w8 (Figure 4-47 th:oﬁgh 4-50)

| are sinﬁlar to those of w5 and w6 LISAM underpredicts the experimental drop sizes,

but predicts large drops at larger radii. The velocity i)roﬁles‘ underestimate the

experiment near the centerline and overestimate the expenment at larger radii.

In'addition to the poor statistics séen on the outer edges of the simulated spray,
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138



4000 T T T T - T T T T ' T T T T T T T T ] T T T T I T T T T

3500 Z\’\ -———— Experiment :
N L LISAM ]
3000 | \ .
g I \ . T
Em 2500 [ Injected Velocities ]
) ' C ' ]
- r \\ =14164.7 cm/sec -
5 2000 | 53 :
2 - T \ TV ES2T S e 5
> S " ]
g T 1500 [ \ \\ :
1000 L S S — :
500 | :
0 C 1 1 1 1 S | 1 1 1 1 1 1 1 )] 1 1 [} 1 I} 1 1 1 1 1 ]
0 0.5 1 1.5 2 2.5 3

Radial position [cm]

Figure 4-44. Comparison of Numerical and Experimental Axial Velocities for Case wS5.

139



50

40

30

SMD [um]

20

10

Figure 4-45. Comparison of Numerical and Experimental Drop Sizes for Case w6.»

T I I

T N T )| T 1 1 )i

T

T

1

|

T

Experiment
- m - - only drops < 230 pm included - LISAM

N

I

I D I R

NG

A

1 Lt 1

11 1 1

1 | 1 1 1 1

| I S

0.4 0.6 0.8

Radial position [cm]

140

1

1.2



T T 71 L L T T T T T . 1 117 1T " T1T-"T""T T T T T"7T

Experiment

1 L1 i l 1l 1 1 1

T T 1T T

.4000 Injécted Velocities

L T T
11 1 1

Ve \" as=21509.4 cm/sec
3000 . Vg

\ =527.5 cm/sec
.. lig
2000 [ \\ I

1000

T LI
11 1 1

—
2
E
—
fn
k3]
2
Q
>
g

T 1 1 7T

A 1 1

T T 1 7T

11 i 1

0 1 | ] 1 il 1 1 1 1 1 1 1 1 1 1 1 1 1 I | 1 1 1 |

0 0.5 1 1.5 2 2.5
Radial position {cm]

w

_ Figure 4-46. Comparison of Numerical and Experimental Axial Velocities for Case wo6.

141




Experiment
" - ®- - only drops < 230 um included - LISAM

\_’__‘ ' i
N 7]
-H- _
] " 4
0.4 0.6 0.8 1 1.2
Radial position [cm]

Figure 4-47. Comparison of Numerical and Experimental Drop Sizes for Case w7.

142




10000 T T T T T T T T T T T T 1 T T T I T T T T I T T T T
: —_— Expen'rhent -
A T S R LISAM .
8000
2 I ‘ \ . Injécted Velocities T
£ 6000 : . -
E', - " V i=28854.0icm/sec -
»y— ! N . gas
§ o . qu=527'5 cmy/sec
S i . 4
Z 4000 ~
é - \ R 4
2000 . \ i —
I AN I
0 1 1 1 1 1 1 1 1 1 | D | 1 1 1 1 1 1 1 1 1 i 1 1
0 0.5 1 1.5 2 2.5 3

Radial position [cm]

Figure 4-48. Comparison of Numerical and Experimental Axial Velocities for Case w7.
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Figure 4-50. Comparison of Numerical and Experimental Axial Velocities for Case w8.
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experimental factors affecting simulated drop sizes must be considered. No information
i§ given in the experimental description regarding the surface roughness of the interior
of the injector surfac'c_(thc coaxial tube surfaces, Figure 4-1(a)). If there was significant
surface roughness present, this would a’dd‘additional turbulence and distortion to the
liquid stream before it gnters‘the corilputatioﬁal domain [32]. These factors would
increase the breakup seen oﬁ thé ‘cdgcs‘of' the spray resulting in smaller drops in these
regions. It would also create additional spray dispersion moving more drops to the
outer edges of thc‘spréy, which would improve the statistics in the outer region. These
roughncsé effects are not modeled in LISAM. |

_ Aﬁothér factor is determining average drop sizes that should be studied is how
that average is calculated. Figure 4-51 shows the radial drop size distribution for case
~ wl with drop size averages calculated in three diffcrcﬁt ways. The SMD calculation |
gives the largest average size, with the Dy,y next and Dyg giving the smallest. Each of
these mc’thods gives different weight to the size of a drop and the frequency of its
appearance. The D1g distribution gives the smallest drop sizes because it is strictly an
averaée of the drop diameters in the spray. This method gives less weight to parcels
with larger, but fewer, drops and therefore predicts smaller sizes than other methods..

An interesting study was also conducted to determine the effects of initial drop

size ‘on the simulation results. .Figure 4-52 shows the SMD distributions for various

initial drop sizes. Drop sizes were varied from the original value of one nozzle diameter

(0.13.2 cm or 1320 um) to 20% of the nozzle diameter (264 pum). It is interesting to

note that even for smaller initial drop sizes, large drops are predicted near the
computational boundary. These average drop sizes are larger than the initial drop size

for the Dpo,/3 and Dy,/5 cases. This drop enlafgemenf can occur in the Reitz
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Figure 4-51. Comparison of the Effects of Methods of Average Drop Size Calculation.
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atomization model because :a drop-ligament can grow into a larger spherical drop in the

Rayleigh breakup regime (See Section 2.3.1.1.1.1). An additional case was run with
droplet growth or enlargement suppressed, and the results from that simulation are also
shown in Figure 4-42. These results show that initial 'drop size does not greatly impact
the downstream size distributions. Large drops will undergo more breakup and create
more small drops while smaller initial drops will experience less breakup as they pass

through the spray. -

4.3.3 Summary of Comp'utational Studies Using LISAM

Parametric studies and expenmental compansons were performed for
fundamentally dlfferent hqu1d injector cases. The parametric studres showed that drop
size predictions are sensitive to liquid modeling parameters, such as atomization model
and collision model, and re1at1ve1y less sensitive to gas modeling parameters The spray
tip penetration rate predlcted by LISAM exh1b1ted the opposite trends. It is pnmanly
affected by gas modelmg parameters such as grid size and drfferencmg algorithm, and
is less influenced by liquid modeling vanables. It does depend on the definition of the
spray “tip” that is used. Turbu‘lencemodel'ing, riot preserit in LISAM, is believed to be
of importance and strould be included m future modeﬁrrg efforts. Statistical accuracy
was also shown to be of great' importance and care must be taken to ensure that adequate
statistical representation of a spray is made, both experimentally and numerically.

Tlre comparison betweerl the NASA water/air experimental data and the LISAM
predictions alsov yielded rnteresﬁrig information. The importance of a good experiment
descriptiorr was seen; it is vitally important to define in detail how the data was obtained

and analyied. This detail will directly effect how the spray is modeled and how the
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computational results are analyzed. Also, the need and importance of a thorough

description of the experimental setup was seen; the unknown surface roughness of the
liquid injector used in these experiments call into question the smooth tube surface
modeling assumptions used in LISAM. Some knowledge of the time involved in
collecting the data would be useful to accurately compare predicted results to
experimental results. If 20 minutes of experimental run time or sampling time was
required at each measurement point in the spray to meet the requirements for statistical
accuracy, this information is important to the modeler to ensure comparable spray
statistics between experiment and predictions. The ‘spray conditions predicted during
the startup phase can be significantly different than those seen once a steady spray has
been established. Knowledge of when the data was taken would allow the modeler to
calculate drop size averages only during specific periods during the computation and

better mimic the test conditions.
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Chapter 5

"Conclusions and Recommendations -

5.1 Introduction

N ‘Thi's':chapte‘r prOvides' a sumhlai'y‘aﬁd overview of the findings presented in this
work. ‘Conclusions drawn from the nurnerical studies are Agiven and recommendations

for future work are proposed.

Paramétrié studies yielded conclusions about drop size distributions and spray
penetration behavior. Drop size distribiltioris are highly debendent on liquid mbdeling
parameters, such as: atomizétion model, empirical atomization constants, and collision
model. Spray tip penetration rates are primarily dependent on gas modeling parameters
such as grid spacing and convergence criteria and may also depénd strongly on the
transient of “famp-ﬁp” behavior of the initial velocity of the s.pray droplets. Turbulence
was not included in LiSAM, but based on the‘compan'son of LISAM results to results
of Reitz, as well as on viscosity dependent parametric calculations (done, but ﬁot shown
in the present study), is believed to have a impact on the predicted steady spray
behavior, especially drop sizes. The sphere of influence (Sol) used in the collision
model is very important and its size greatly impacts the ‘predicted»_d'rop size distribution.
Parcel injection rates must be large enough to ensure statistically significant results;
Parcel injection rates that are too low result iﬁ poorly defined sprays and results that are
not reliable. Trade-offs must be made in parcel injection rate and grid density to find a

level that provides accurate predictions without resulting in unreasonably high run
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times.

Steady state compérisons with NASA water/air experiments underscored the
need for more ’complete experimental infoqnation. Experimental researchers need to
provide as much detailed information on. experimental setup and data acquisition as
possible. More infonnatioh about details of injector surface roughness and sample data
acquisition times would gfeatly aid computational research. Researchers need also to
provide more experimental results for simple test configurations to allow for more
complete code validation. Experimental data on the initial transient period of the first
few milliseconds of a liquid jet injectioﬁ process near the injector face would be of great
importance to improving and validating simulations such as LISAM. Also, simple test
configurations that provide drop size and velocity distributions as well as spray
penetration rates and even gas field visualization would be useful for detailed evaluation

of code models.

5.3 Recommendations for FutureA Work

A turbulence model needs to be included in LISAM to improve steady state
predictions. A method to account for injector wall surface roughness, in order to
introduce additional d priori turbulence to the fluid could be usefﬁl, even critical, for
improvement of simulation predictions. Additional numerical studies with more detailed
numerical results are needed. Results such as: Details of drop trajectories, drop
statistics, drop distributions, gas phase data, and grid sensitivity, would enable

researchers to better predict and study spray atomization behavior.
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"Appendix A

Sample LISAM Input File

Tetradecane spray injected into N2. (Reitz case. 4/21/98)

" none

restart_tl
5.e-3

yes

l.e-4
10000

500

l.e-6
l.e-6

no

grid_t1

21

21

21

20

upwind
l.eb
1.02e4

0.

0.

0.

298.

21.8
.01925

.77

l.e-2
l.1e7

298.
3011723.63
1.77268e-4

o

Input restart filename (Enter none to start from zero).
Restart filename to write to. '
Length of time to model (sec)

Should subcycle output be written? (y/n) .
Convergence criterion for drag sub-cycle.

# of sub-cycle iterations.

# of cycles between output dumps, and restart writes.
Time step (sec)

Dual time step

Read grid in from file?

Name of grid file to open or to save to.

Number of grid cells in x direction (only useful
Number of grid cells in y direction if read file
Number of grid cells in z direction is no.)
Constant bl for breakup routines

Axial differencing scheme (central/upwind)

Injected comp. parcel flow (#/sec)

Injection velocity (cm/sec)

Gas velocity in x direction (cm/sec)

Gas velocity in y direction (cm/sec)

Gas velocity in z direction (cm/sec)

Liquid temperature (K)

Liquid surface tension (g/sec”"2)

Liquid viscosity (dynes-sec/cm”2)

Liquid density (g/cm”3)

Density convergence criterion

Chamber pressure (dynes/cm”"2)

Chamber temperature (K)

Gas constant (erg/g/K)

Gas viscosity (dynes-sec/cm”2)

Gravitational acceleration in x direction (cm/sec*2)
Gravitational acceleration in y direction (cm/sec”2)
Gravitational acceleration in z direction (cm/sec”2)
Chamber length {(cm)

Chamber ‘radius (cm)

Gas nozzle diameter(cm)

Post thickness (cm)

Diameter of nozzle (cm)

Radial location of nozzle (cm)

Use drag model or not - [drag or nodrag]

Single sphere or cluster drag model [single/cluster]
Use collision model or not - [col or nocoll]

Name of atomization routine to use

- [reitz, andy, ndbt, tab, ndo or none]
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Appendix B

Discretization of Gas Momentum Equation |

The Delta form of the gas momentum equation is Written as:

AV§=+At'[FxI<AY¢t)+ G, (Av;c)}Hz(Ay%)]:
—At-[Fx <V3~=)+ G, <V$=)'+ H, <V$)]+ At'g;;—AiFl—P S ®.1)

d + dropu
Peg. '

where

RPN
F, ()= 5 rugy
y . 62 "a ;
qy(x)é—:_Zayyf v%’
L w8
H,(x)=—3 55+ w5y

In an Approximate Factorization rhethod, equation (b.1) is written as [11]:

(1+atF, (L)) (1+at-G, (_))(1+at-H,(_))aV, =

et [RL V340, (Vi) B (VE e, o2
o ” P¢.ic; (splitting error)

X

}

. Using the approximate factorization method, eqﬁation (b.2), is solved in stages.

Three equations are solvéd sequentially. They are-

- [1+at'F,( )]s =RHS . . o (b.3)
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(b.4)

(b.5)

where

RHS is all terms on the right hand side of equation (b.2).
Using second order central differencing for both first and second derivatives on the left

hand side of equations (b.3), (b.4), and (b.5) allows a tridiagonal matrix solver to be

used to solve for each level of A@. The first derivative, using second order central

differencing, is approximated as

aX_Xi+l_Xi—l . (b.6)
ox 2h

The second derivative, using second order central differencing, is approximated as

az~x. Xie1— 2%+ Xiz1
== AL ®.7)
x> h?

where
% is the variable being differentiated,
x is the variable being used to differentiate,
h = x;-x;.1, assuming uniform grid spacing [cm],
i is the point around which the derivative is being calculated.

If equations (b.6) and (b.7) are substituted into equation (b.3), it becomes

=¥

20

Koot AP =289 +A0Q;_, AQ, 1 —AQ;_,
- +uat]|— L

° = o ]=RHS (b.8)
gas
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Grouping like terms gives

[ H’gasAt ﬂuiAt] - [ ZugasAt] v..
- - AQ  +[I+——— 140"+

4 pgash2 2h

gas

(b.9)

: At u.At . .o
{u 20| gt =RIS

p gash 2 2h

This.cquation, for all i fprms a t@diag’onal matrix, which can be solved numerically,
>using étri-diagonal matI:ix squér .'[b-i].

The right hand side of é:ciuation (b.3) was discretized using a first order upwind
(or central) Scheme [b-1] for the first derivative and a second order central scheme for

the second derivative for the interior points. The first and second derivatives are written

as:
Xx=% (Xis1—%:) (wpwind, %,<0) (b.10a)
%= (X=X ) (wpwind, x,>0) (b.10b)
Xxl'—'»’le (xi“—xi_l) (central) (b.10c)
Xxxi=—:T(Xi+l _2Xi+xi-1) (b.11)

On the boundariés, first order, one sided differencing was used. The derivatives for

these points are written as: .

_ X=X . _ AN~ Xn-1 ‘ . 12
XXI"‘ h-.° XXN— h ' 4 (b )
: X3=2X2t X, . _ XN+2_ZXN+'1+XN .
Xxx =_h2—-) XxxN"‘ h2' (b13)
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Once the right hand side of equation (b.3) is known, the left hand side of equation (b.3)

can be solved simultaneously for all values of A@** using a tridiagonal matrix solver.

Equations (b.4) and (b.5) are then solved in a similar fashion.
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