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Fig. 2 Arithmetic mean diameter as a function of chamber pres-
sure showing decrease of droplet size with increasing pressure and
existence of droplets past the critical pressure of pure oxygen (P,
= 720 psig).

rate dropped with increasing pressure, starting from 26% at
450 psig and going down to 9% at 800 psig. However, the
trend was not consistent and the lowest validation rates were
not necessarily obtained at the highest chamber pressures, in-
dicating the criticality of a correct optical alignment of the
PDPA and a clear optical path through the combustion cham-
ber. Validation rates dropped dramatically when the chamber
windows became smudged, cracked, or fogged. These consti-
tute the first ever PDPA droplet measurements for LOX above
its critical pressure and temperature, indicating the existence
of drops at least slightly above its critical pressure in the pure
state, perhaps because of an increase of the critical pressure
of oxygen caused by dissolved water vapor or hydrogen.'* Sus-
pended fuel droplets have been observed experimentally to ex-
ist above a fuel’s critical pressure and temperature.'""”

Conclusions

Experiments were performed with LOX and gaseous hydro-
gen at elevated pressures with an SSME unielement shear co-
axial injector in a subscale rocket combustion chamber. An
Aerometrics PDPA was employed to examine the effect of
chamber pressure on the LOX droplet size and velocity in the
far-field region of the combusting spray. The injector velocity
and mixture ratios were held constant and the spray was sam-
pled 12 cm downstream from the injector face and 4 mm oft-
axis. The droplet arithmetic mean diameter decreased with in-
creasing chamber pressure, whereas no effect on the droplet
velocity was measured. For the first time droplet measurements
were obtained for chamber pressures 80 psi above the critical
pressure of pure oxygen (720 psig), indicating that solubility
of hydrogen or water vapor in the oxygen may have increased
its critical pressure.
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Introduction

UMERICAL modeling of atomization processes in many
liquid-fueled propulsion systems poses a challenge be-
cause it requires simultaneous resolution of liquid-gas-droplets
dynamics, and the flow regimes considered can range from
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incompressible to high-speed compressible flows. The flow-
process modeling is further complicated by surface tension,
interfacial heat and mass transfer, material property variation,
spray formation and turbulence, and their interactions. It is the
aim of this study that a general and robust design analysis tool
will be available as a result of the incorporation of advanced
numerical and physical models in a computational fluid dy-
namics (CFD) flow solver, the FDNS code.'?

Developments of numerical methods for multiphase free-
surface flows were primarily aimed at incompressible flows
utilizing the volume of fluid (VOF) method.>" Extensions of
the VOF method for atomization simulations have been at-
tempted.>® In Ref. 6 the VOF method was implemented in the
ALE-ICE (arbitrary Lagrangian Eulerian-implicit continuous-
fluid Eulerian method) algorithm for injector flow simulation
with atomization. Because of the inefficiency of the ALE-ICE
method, the ARICC-3D was found very time-consuming for
multielement computations. Recently, the ALE-ICE method
was abandoned by the code developer in favor of the pressure-
based SIMPLE algorithm.” An alternative approach is to use
an embedded grid to fit the liquid-gas interface.® A separate
parabolic equation of the liquid jet core was derived and solved
using a space-marching numerical method. Although this jet-
embedding technique offers savings in computational re-
sources, it is not general for various types of atomization pro-
cesses including impinging jet atomization.

Recently, a combined VOF/Lagrangian multiphase numeri-
cal method for all-speed flows was developed.’ The gas-liquid
interface mass, momentum, and energy conservation properties
are modeled by continuum surface force (CSF) mechanisms.'®
The CSF method is adopted for its generality and computa-
tional efficiency, particularly for three-dimensional computa-
tions. The main feature of the present method is to combine
the novel feature of the VOF method and the Eulerian/La-
grangian method used in a pressure-based particulate two-
phase flow solver"*'" into an algorithm for efficient nonitera-
tive, transient calculations of multiphase free-surface flows
involving dispersed droplet phases. The present method refor-
mulates the VOF equation to strongly couple two distinct
phases (liquid and gas), and tracks droplets on a Lagrangian
frame when a spray model is required, using a predictor-cor-
rector technique to account for the nonlinear linkages through
the convective contributions of VOF. Formations of droplets
and tracking of droplet dynamics are handled through the same
unified predictor-corrector procedure. Thus, the new algorithm
is noniterative and is flexible in the handling of any general
geometries with arbitrarily complex topology in free surfaces.
The present method can be applied for transient and steady-
state computations and can be implemented into any pressure-
based solution method.

Numerical Models

In this approach, a fixed Eulerian mesh system is used to
resolve the sharp liquid-gas interface by the concept of a frac-
tional VOF.” The present formulation is based on compressible
flow governing equations. The forms of the equations are then
continuously reduced to their incompressible forms according
to the local flow conditions and the VOF solutions. This is the
uniqueness of the present method. To illustrate this, the den-
sity-weighted averaged conservation equation of mass,
Navier-Stokes, and scalar variables in an Eulerian frame work
can be written as
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The VOF transport equation is given next
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where a = 1 stands for liquid and a = 0 is for gas. The inter-
face is located at 1 > o > 0. S, represents the volume transfer
rate across the two-phase boundaries. p,, = (1 — a)p, + ap,
where p,, denotes the time-mean density of the mixture, p, and
p: denote gas and liquid density, respectively, u, and u; are the
i component of the density-weighted mean and fluctuating part
of the instantaneous velocity, ¢ and ¢’ are the density-
weighted mean and fluctuating part of the instantaneous scalar
quantities including the species concentrations, turbulence
quantities, and the gas mixture enthalpy, p is the mean pres-
sure, and S represents sources terms because of mass transfer,
momentum transfer, species production, etc. The mixture den-
sity is used in the governing equation to represent the present
continuum interface model. For pure-liquid or pure-gas
regions, the density would recover liquid density or gas den-
sity, respectively, based on the mixture density and the inter-
face definitions. Detailed expressions of the source terms can
be found in Refs. 1, 2, 9, and 11. In the present study, the
turbulent correlation terms u; u; and u; ¢’ are modeled by the
two-equation turbulence closure models.'” For a given solution
of the a field, Eq. (1) can be rewritten in the following form
to maintain accurate transient from the gas-phase flowfield to
the liquid-phase flowfield through the interface:
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time-step size must be small enough to solve the VOF equation
with large source term. For atomization simulations, source
terms in the VOF equation such as the mass stripping rate and
the resulting droplet size distribution at the liquid-gas inter-
face have to be specified. For example, empirical correlation
of Ref. 13 were used for shear coaxial jet atomization calcu-
lations in this study. The Lagrangian method of Ref. 11 then
is used to track the droplet dispersion within the gas phase.
Extra source terms because of the droplet phase are strongly
coupled with the Eulerian flow solver using the same operator
splitting method as described in Ref. 9. To provide crisp in-
terfacial resolution that is essential for the success of the pres-
ent VOF method, all test cases were approximated by a high-
order upwind total variation diminishing (TVD) scheme’ for
the convection terms. Detailed methodology development and
validation of the method for some benchmark gas-liquid flows
are described in Ref. 9. We will present the liquid jet atomi-
zation in the following section.

Numerical Results

Laminar Impinging Jets

In this test case, three impinging water jets with different
impinging half-angle, i.e., 30, 45, and 60 deg were considered.
A grid size of 61 X 41 X 41 was generated to simulate the
three-dimensional flowfields. The injection speed was 10 m/s
and the flowfields were assumed to be laminar. Entrainment
boundary conditions are applied at some distance away from
the liquid jet. The calculation, which was a transient approach,
was terminated at 200 time steps before sheet breakup could
occur. Figure 1 shows the predicted flowfields and liquid sur-
face shapes for the three jets. A thin sheet of liquid was formed
after impingement. Figure 2 shows the liquid-sheet thickness
distribution function and comparisons with an exact solution
given by Ref. 14. In this figure, i is the edge thickness (at
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Fig.1 Laminarimpinging jet flowfield. Impinging angle 0: a) 30,
b) 45, and ¢) 60 deg.

radial location r) of the sheet formed by the impinging jets of
radius R, and & is the angular position in the sheet formed by
the impinging jets."* Good agreement is observed from the data
comparisons.

Shear Coaxial Liquid Jet Atomization

A cold flow case of coaxial liquid jet atomization reported
by Pal et al.” was employed to test the current numerical
method. Water and gaseous nitrogen were used as the liquid
and gas in the study with injection velocity 14.3 and 293 m/s
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Fig. 2 Variation of sheet edge thickness with angular position
and data comparisons. Impinging angle 0: a) 30, b) 45, and ¢) 60
deg.

(Mach number around 0.86), respectively. The operating con-
ditions were 300 K and 1 atm. At a distance from the axis,
entrainment boundary conditions were applied for the gas
phase. A grid size of 61 X 31 was used for the computation.
Droplet evaporation effects were included in this calculation,
which turned out to have little effect in this case. Figure 3
shows the velocity vectors, liquid core as well as the particle
distribution at two different time steps. Liquid jet velocity stays
fairly constant because of the large density difference between
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a)

b)

Fig. 3 Velocity vector, liquid core, and droplet trajectories. ¢ =
a) 0.6 and b) 1.5 ms.

the two fluids. The numerical model is stable even for large
time-step size and for incompressible (liquid)/compressible
(gas) flow situation. Particle turbulent dispersion effect'' has
been included and large particle dispersion is shown to be a
result of high turbulent intensity of the gas phase. The nu-
merical prediction is reasonable compared to the observed
main flow feature."”

Summary

This Note summarizes the technical development and vali-
dation of a unified multiphase CFD numerical method using
the VOF model to analyze general multiphase flow problems
involving free surface. A time-accurate multiphase viscous
flow solution method has been developed and validated with
benchmark test cases including laminar impinging jets and a
coaxial jet spray atomization simulation. The gas-liquid inter-
face mass, momentum, and energy conservation properties are
modeled by continuum surface force mechanisms. A new so-
lution method is developed such that the present VOF model
can be applied for all-speed flow regimes. The main achieve-

ments of the present study are the development and incorpo-
ration of the fractional VOF cell partitioning approach into a
predictor-corrector algorithm to deal with multiphase (gas-
-liquid) free-surface flow problems; and the coupling of this
unified all-speed algorithm with a noniterative Eulerian/La-
grangian particle tracking model. The successful implementa-
tion of the VOF model in this study produce a reliable nu-
merical model for spray atomization flow analyses as well as
a fundamental building block for a numerical tool which can
be used to study complex multiphase flow phenomena that are
sometimes hard to visualize experimentally.
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