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Analysis of Two-Phase Flow Processes in Rocket Exhaust Plumes

S. M. Dash,* D. E. Wolf,T R. A. Beddini,} and H. S. Pergament§
Science Applications, Inc., Princeton, New Jersey

An overview is given of the coupled two-phase flow processes occurring in rocket exhaust plumes, and
modeling procedures developed to treat these processes are surveyed. The full spectrum of particle size groups
encountered is modeled by a hybrid partially equilibrated mixture approach, whereby a portion of the par-
ticulates is treated via nonequilibrium techniques. The influence of particulates on Mach disk locations and the
treatment of particulate relaxation and turbulent mixing behind Mach disks is discussed in detail. A preliminary
approach for treating the turbulent dispersion of particulates is presented which relates the particle diffusivity to
that of the gas phase via local time scale relations. This approach is assessed via comparisons with available data

extracted from the Russian literature.

Nomenclature
a =sound speed
Cp = particle drag coefficient scaled to Stokes’ flow value
Cp,  =specific heat capacity
Cg  =particle heat capacity
C, = turbulence time scale constant
F = characteristic source term
h = static enthalpy
H  =total enthalpy
k =turbulent kinetic energy
M =Mach number o
M;  =lag Mach number based on 10— 0, |
Nu = particle Nusselt number scaled to Stokes flow value
P = pressure
Pr  =laminar Prandtl number
Q0  =velocity vector o
Re; =lag Reynolds number based on 10-Q,|

R, =universal gas constant

T =radius of jth particle size group

r; = nozzle exit radius

r, = particle radius

T =temperature

t =time scale

u;,v; = axial and radial particle velocities

U, V =axial and radial gas/mixture velocities

¥

=molecular weight

r  =cylindrical coordinates

= species mass fraction

= specific heat ratio

= turbulent dissipation parameter
=flow angle '
= particle loading parameter
=Mach angle

= laminar viscosity

= turbulent diffusivity

= gas/mixture density

= particle cloud density
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Ps = particle material density

g = turbulent Prandtl number

T = particle equilibration time

¢ =mass fraction of equilibrated particles

@ = chemical production term

Subscripts

i =chemical species; i=1, 2,...,NS

J = particle size group; j=1, 2,...,NP

J = jet radius at nozzle exit; (superscript denotes planar/
cylindrical flow parameter;=0, planar,=1, cylin-
drical)

G = gas phase

M = equilibrated mixture

D = particle phase

Overview of Two-Phase Flow Processes
in Rocket Plumes

Plume Characterization

OCKET exhaust plumes are characterized by turbulent

mixing and afterburning in a flow initially dominated by
strong wave processes. The initially underexpanded exhaust
equilibrates to ambient pressure via a sequence of expansion
and compression waves which decay due to shock-/
turbulence-/particle-induced viscous dissipation. Mixing and
afterburning processes are initiated in the shear layer growing
along the plume interface separating the exhaust and external
flow (Fig. 1). Mixing processes are also initiated along the
slipstream separatinig the hot, initially subsonic streamtube
which has traversed the Mach disk from the remaining
exhaust flow, which has traversed the weaker barrel and
reflected shocks.

Source of Particles

Particles, formed from condensed combustion products of
metallized fuels (viz. metal oxides such as AL,O; in
aluminized propellants) in the motor, can have loadings (mass
flux particles/mass flux gas) in excess of 50%. Secondary
sources of particles in the motor come from propellant
stability additives and from ablation of the motor case. The
particles can be well out of equilibrium at the nozzle exit plane
due to lag effects caused by the rapid nozzle expansion
process. Therefore, particle velocities will be less than those of
the gas, while temperatures will be higher. The degree of
nonequilibrium is dependent upon particle size; the larger
particles exhibit more lag effects and are thus slower and
hotter. The radial variation of the particle size distribution at
the nozzle exit plane is also nonuniform due to lag effects.
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The larger particles, being relatively unresponsive to the gas
expansion process, remain concentrated in the vicinity of the
axis while the smaller particles tend to expand with the gas.
This results in a highly rotational gas phase exit plane
distribution, with the high-temperature gas near the cen-
terline.

Mean Flow Nonegquilibrium in Plume

The particle lag processes occurring in the nozzle continue
into the near-field plume exhaust. Relaxation lengths for
gas/particle equilibration (for a significant range of particle
sizes) are, typically, comparable to inviscid plume length
scales; but near-field wave processes are abrupt and quite
strong. Thus, the path to equilibration is repetitively
disrupted by passages through strong gas phase discon-
tinuities. For significant particle loadings, the near-field
inviscid flow pattern can be substantially altered by
gas/particle interactions, with wave processes being dam-
pened due to the viscous dissipation associated with particle
drag.

Two-Phase Mach Disk Region

A region of significant gas/particle nonequilibrium is the
embedded subsonic zone behind the Mach disk. Gas phase
temperatures immediately downstream of the disk are quite
high and velocities quite low. Temperature differences be-
tween gas and particle phases can exceed 3000 K, while
velocity differences can be on the order of 10,000 ft/s. For
single-phase flows, the acceleration of the subsonic flow in the
Mach disk streamtube to supersonic velocities is governed by
the local pressure gradient and turbulent mixing processes.
For two-phase flows, gas/particle interactions can initially
provide a significant accelerative mechanism and thus ap-
preciably alter the flowfield characteristics in this region. In
addition, nonequilibrium phase change effects can occur as
can, possibly, combustion effects for noninert particulates
(e.g., boron particles in rockets using boron-loaded solid
propellants).
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Turbulence/Particle Interactions

The problem area of greatest uncertainty in analyzing
rocket plumes is the representation of turbulence processes.
Turbulence processes occur in a highly compressible en-
vironment with large pressure gradients, significant
chemistry, and multiphase nonequilibrium. An understanding
of how these processes influence rocket plume turbulent
mixing is well beyond the present state-of-the-art. Yet
engineering calculations are required today which account for
such effects in some rudimentary fashion.

With regard to particulates, the specific problem areas of
concern are:

1) The influence of particulates on the turbulence
characteristics of the gas phase (i.e., turbulence levels are
diminished, the jet width is decreased, and centerline decay
rates are reduced). The specific mechanisms contributing to
these observed effects must be understood and turbulence
models must be rationally extended based on these findings.

2) Turbulent diffusion of the particles. The rate at which
particles diffuse is related to their size (the smallest particles
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Fig. 1 Schematic of rocket exhaust plume flowfield.

Table1 Two-phase flow interaction parameters

Parameter Significance <1 ~1 »>1
F=0,/L Indicates the ability Mean flow equilibrium Mean flow nonequili- Mean flow frozen
particle relaxation of particles to limit. Particles brium. Particles cannot limit. Particles have
length ““track’’ the mean flow follow the motion of track gas and the negligible influence on
and characterizes the the gas phase and have two phases have gas phase; phases can be
mean flow length magnitude of mean flow the same properties; different properties; treated independently
scale lag (i-e., differences equilibrated two-phase nonequilibrium in uncoupled fashion.

between particle and approach utilized. approach utilized.

gas phase velocities

and temperatures).
r=t,/ty Characterizes the Turbulent Equilibrium Turbulent nonequili- Turbulent frozen
particle relaxation response of parti- Limit. Particles brium. Particles limit. Particles
time culates to the gas respond fully respond partially are not responsive

turbulence time
scale

p*= Pp /p
mass fraction
particles

mass fraction gas

phase turbulent
fluctuations and
hence their ability
to diffuse.

Characterizes the
influence the parti-
cles have on the

gas phase mean flow

and turbulence.

to the surround-
ing fluctuations
and diffuse like
gas phase species.

One way coupling.
Negligible particle
loading; influence
on gas phase can be
neglected; one way
coupling utilized

for particle solution.

to the surrounding
fluctuations and do
not experience any
turbulent diffusion.

with some degree of
lag. They will diffuse
differently than

gas phase as charac-
terized by their
properties, the local
mean flow properties
and the local turbu-
lence properties.

Not applicable.
This limit is never
approached in any
region of a rocket
exhaust plume.

Fully coupled solu-
tion. A two-way
interactive coupling
between the phases
is required.
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will diffuse like gaseous species, the biggest may not be in-
fluenced by the turbulence field) and other characteristics.
Specific particle diffusion mechanisms must be understood
and appropriate models developed. Care must be taken to
distinguish between diffusive and convective motion, since
both mechanisms are operative in most regions of the plume.
3) The determination of ‘“turbulent’’ drag and heat transfer
coefficients for high lag Mach and Reynolds numbers. The
particulates are typically immersed in a highly turbulent
environment which must be accounted for in establishing
appropriate drag and heat transfer coefficients. The lag Mach
and Reynolds numbers which occur can be quite high in
regions just downstream of strong gas phase discontinuities.

Parameters Characterizing Gas/Particle/ Turbulence Interactions

The overall characterization of two-phase interactions in
rocket plumes is dependent on the parameters given in Table
1. These parameters must be interpreted on a local basis for
each particle size group considered. Since a plume exhaust can
contain particulates whose size varies by several orders of
magnitude (i.e., 0.1<r, <10), it is important to make use of
some of the limiting approximations to simplify the overall
analysis.

Generalized Two-Phase Flow Equations

The equations governing the two-phase flow of a dilute
gas/particle mixture in inviscid (nonturbulent) flow regions
‘are well established.!”* The dilute assumption implies that the
particulate phase occupies a negligible volume fraction of the
flow and that the particles are collisionless. Thus, gas/particle
coupling in inviscid flow regions is representable by forcing
function terms expressing the transfer of momentum and
energy beiween the two phases. Since rocket plume exhausts
contain particulates of varying size,* the particulates are
divided into a number of characteristic size groups, j=1, 2,
..., NP, of fixed radius, Tpis and continuum-like particle cloud
equations are solved for each size group considered. The net
contribution of all size groups considered is summed in
evaluating the contribution of the particulates on gas phase
properties.

Partially Equilibrated Two-Phase Mixture Concept

The generalized formulation presented here includes a
formal equilibrium limit and expressions for turbulent
particle diffusion. Via this formulation, the complete spec-
trum of particle to mean flow and particle to turbulent time
scale ratios exhibited in Table 1 can be analyzed. In a problem
encompassing particle groups of diverse size, the formulation
provides for concurrent equilibrium treatment of the smaller
radius particle groups and nonequilibrium treatment of the
larger radius groups.

This hybrid formulation is requisite for analyzing plume
exhausts, since the particle size distribution is a function of
engine/propellant characteristics,* but is independent of the
plume expansion ratio which characterizes the plume size and,
hence, the mean flow length and time scales. The ratio of
particle to mean flow length and time scales (which indicates
the ability of particles to track the mean flow) decreases with
increasing expansion ratio. Thus, at large expansion ratios.a
significant portion of the particulates may be effectively
equilibrated with the gas phase. To avoid ‘‘stiffness’
problems in the numerics in treating such near-equilibrium
situations, the effectively equilibrated size groups are treated
in the equilibrium limit while the remaining groups of larger
particles are treated in the coupled nonequilibrium limit.

The particle/turbulence interaction formulation®’ requires
no additional formalism to achieve the limits of par-
ticle/turbulence equilibrium (i.e., infinitely small particles;
particle relaxation to turbulence time scale ratio goes to zero
and particles diffuse like gas species) and frozen par-
ticle/turbulence interactions (i.e., large particle limit; par-
ticles are not responsive to turbulence fluctuations and ex-
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perience no turbulent diffusion). In treating a problem en-
compassing a spectrum of particle sizes, both limits may be
encountered, with the intermediate sized particles diffusing in
accordance with the local time scale ratios, as will be discussed
below.

Equilibrium Limit

In the equilibrium limit, combined gas/particle mixture
equations are solved for the conservation of momentum and
energy. In this limit, the dilute particle assumption plays a key
role by eliminating all volumetric effects attributable to
particulates. Hence the equilibrated particles exert no partial
pressure and experience no pressure forces. This assumption
is very reasonable one for rocket exhausts, where averaged
loadings (ratio of particle flux to gas flux) rarely exceed one-
half, and particulates of interest have high material densities.
Under typical conditions, the particles seldom occupy more
than 1% of the overall flow volume.

In stating the properties. of the equilibrated mixture, the
following definitions are required.

pc  =gas phase density

P,  =particle cloud density of equilibrated particulates
em  =pg+ P, =equilibrated mixture density

o} = p,/py =mass fraction of equilibrated particulates

Since the particles occupy no volume, the gas phase
equation of state prevails. Using the definitions above, this
may be written in terms of equilibrated mixture properties as
follows:

- pcRT - ouRy T

P 1
Tkl "
where the mixture molecular weight, W,,, is given by:
Wy=Ws/(1—9) @

The static enthalpy of the equilibrated mixture, &,,, is given
by:

hy=(I1=dYhg(a;, T) +6h,(T) 3)

and thus, the specific heat capacity is given by:

Ohyy
CPM=—5“T—=(1—¢)CPG(O‘i:T)+¢Cs(T) @
In the present formulation, the particulates are all assumed to
be of the same composition. Curve fits for h,(7T) are in-
corporated which account for phase change effects (viz.
solidification in the near-field expansion).

Turbulent Diffusion of Particulates

To deal with the present need for a two-phase, turbulent
diffusion model for rocket plumes, an approach has been
developed by Dash and Beddini®>’ which extends concepts
formulated by Melville and Bray® at the eddy viscosity level
for use with two-equation, compressibility corrected, tur-
bulence models presently employed for analyzing single-phase
plumes.® In this approach, the particle diffusivity is related to
that of the gas phase via a time scale relation which locally
evaluates the response of the various particulate size groups to
the surrounding turbulence field. The direct influence of
particles -on the turbulence structure is not presently ac-
counted for. Particles will indirectly influence the turbulence
field by modifying the mean gas phase velocity field via the
interphase slip forcing function terms. Melville and Bray?®
have accounted for this direct influence via the use of em-
pirical factors which yield best fits with the data. However,
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their mixing model does not contain interphase slip forcing
function terms, whose indirect influence on the mixing is
substantial and cannot be neglected. In the present for-
mulation, no empirical factors have been employed, and a
single time scale constant is utilized which has not been
formally calibrated. The calibration requires data which
simulates the realm of interest for rocket plume applications
(viz. particle sizes of 1-10 um, loadings of 30%, etc.), and
which clearly stipulates the initial conditions whose sensitivity
for two-phase flows is pronounced (see Ref. 7). Such data is
not presently available. Our present ‘‘nominal’’ calibration is
based on incompressible jet data, which is far from the realm
of interest and which does not provide the requisite initial
conditions.

Particle Turbulent Transport Terms

With the particle conservation equations written in the
compact form

V'(ijjfj)=Sfj &)

where

fi= [I’Qp hj]r
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and
Sfj =p; (f—fj) Tfj

The conventional Reynolds averaging operation yields

V(5 Qi +0iQifi +8;Qi1) =Sy, (6)
In arriving at this equation”® third and higher order
correlations are neglected; the correlation p/f/ is neglected;
and mean values of the dependent variables are utilized in
evaluating the forcing function term, S,. Conventional
gradient hypothesis expressions are utilized for the turbulent
transport terms as listed below:

Q;L(=—ijVﬂ/Up (7a)

pjQ/= —vp,Vp;/0p (7b)

Two-Phase Conservation Equations for Rocket Plumes
The partially equilibrated equations utilized for low altitude
rocket plumes embody standard boundary-layer assumptions

for the turbulence transport terms retained. The complete
system of gas/particle equations is given in Table 2. The

Table2 Generalized two-phase flow equations

Global mixture continuity

0 a
— (Poy ) +— (P py V) =0
ax ar

Species continuity (i= 1,2,...,NS)

a d a /r i)
—(r’pMUozi)+—(lJpMVa,-)=— (— b
ax or ar Oappgpg OF
Particle continuity (/=1,2,...,NP)

a ad a /r  dp;
L (Pouy) +— (P p0:) =— (_ % )
ax(r]pju’)+6r( pjvj) ar oPVP/ ar

Mixture streamwise momentum

ad 2 a d ( U (U-u;)
2 2 =" (v —)—r’ 7))
2 7 P ou D)+ (o UV = (Pouma 5 ) =1 Lo, o
Particle sireamwise momentum (j=1,2,...,NP)
a J a ou; u.ap-)] (U—-u;)
g ) 4— (P o) =— I e N ot A
ax(r]p/uj)+6r(rjp’ujvl) or [’JVP’<p/ ar op Or e Tu;
Mixture normal momentum
0 d (V—v;)
— (PoyUW) +— (P [Proy V1) = = ) ot
dx ar i uj
Particle normal momentum
a J (V-v;)
a(r’pjujvj)+5(rjpjvf)=r'pj———~j——
uj
Mixture energy
ad ) a r’pMVMBHM) 3 rrippvm B(UZ)]
_ —_ H o) = e — -n—{=
ax (7 omUHw) + 0 (Fow Vi) ar< o or +8r[ L el
= (0-90)) (h—h;)
—"/EPj[(Q—[Q—Qj])'T—j:l—’JEPjT—j
J uj J hj

Particle energy

a d d Vp, oh
9 Poun _,J.Ah_=_[_&(
ax et 4 (Feuiy) = oo | =05 ey

J4h,

3p; (h=h))

I 3r

)]+,

Thj
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partially equilibrated mixture equations assume that the
equilibrated particulates comprising this mixture diffuse the
same as the gas phase species (i.e., the small particle limit in
the turbulence/particle interaction model is invoked). In
addition, the particulate velocity/density correlation terms
are nof retained in the equilibrium limit to be consistent with
the neglect of this correlation for the gas. This correlation is
retained for the particulates in the nonequilibrium limit,
yielding the turbulent transport term in the particle cloud
continuity equation as well as the additional transport terms
in the particle momentum and energy equations arising from
their formulation in conservation form.

In Table 2, v, and vp, are the mixture and particulate
turbulent diffusivities. The characteristic particle times for
velocity and thermal equilibration are given by

2 _
=5 2 rCs (Rey M) (8a)
and 3
=35 Pr‘r,,jNu_l (Re;, M) (8b)

Note that 1) if all particles are equilibrated with the gas, the
particulate equations in Table 2 are not required and the
interphase slip gas/particle forcing function terms in the
mixing equations provide no contribution; while 2) if none of
the particle groups are equilibrated, ¢=0 and the mixture
equations reduce to the nonequilibrium gas phase equations.
In the general situation, the smaller particles will be treated as
part of the equilibrated mixture while the larger particles will
be treated by nonequilibrium procedures. The particle radius
used to distinguish between equilibrated and nonequilibrated
groups is problem dependent (i.e., it varies with the
characteristic plume size as well as with the grid resolution;
thus, the finer the grid, the smaller the particle size that can be
resolved in a nonequilibrium sense) and is ascertained prior to
the performance of a calculation. A more ambitious approach
would involve locally splitting the particles into equilibrated
or nonequilibrium groups based on the ratios of local
geometric scales and particle relaxation lengths. This ap-
proach is not being pursued here.

Particle Turbulent Diffusivity

Following Melville and Bray,® the particle gas mixture
diffusivities are related by the time scale expression:

'zy:L(_J__> ©)

vy op N +‘r,,j/7',

where the particle Prandtl number, o5, is taken to be equal to
that governing gas phase scalar transport (viz. op=0,=0p;
Le=1). The particle relaxation time scale, 7,, is defined in
Eq. (8a). The characteristic turbulent time scalé, 7,, is taken to
be:

A

=Ty (10)

7

where A is the Eulerian macrolength scale. If the gas phase is
analyzed using a ke type two-equation turbulence model
formulation'®!! then

A~k3/2/6
and
u'?~(2/3)k
and, hence
,=Ck/e an

A nominal value of unity for the turbulence time scale con-
stant (C,=1) appears to yield reasonable agreement with
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incompressible jet data. We note that the modeling approach
taken here accounts for the combined effects of interphase
slip and turbulent dispersion, and would appear to have
capabilities comparable to those of the Stochastic Separated
Flow (SSF) model of Shuen et al.'> A second-order closure,
two-phase turbulence model is now under development by
Elgobashi and coworkers,'3 which accounts for the influence
of particulates on the turbulence structure in a detailed
fashion. However, it has been formulated from an in-
compressible viewpoint and thus, its extension to the highly
compressible environment of rocket plumes®!! requires
significant additional effort.

Computational Techniques
Overlaid and Fully Coupled Procedures

A variety of computational procedures have been developed
for the analysis of ‘‘dilute” two-phase flow problems, as
surveyed by Crowe.!* For the analysis of rocket plume
flowfields, overlaid and fully coupled types of procedures are
now utilized, as reviewed in the survey paper of Dash et al.'’
In the overlaid procedure,'¢ turbulent mixing and inviscid
shock-capturing solutions are coupled in a weakly interactive,
boundary-layer-type fashion. The overlaid procedure is valid
in the plume near-field (Fig. 1) for conditions where the plume
mixing layer is relatively thin (i.e., in the absence of a
significant initial base/separated flow region). An extension
of the overlaid procedure to analyze the base/separated flow
region in the presence of an exhaust plume is now under
development.'”'® The overlaid procedure generally suffices
for: engineering calculations of plume/vehicle interactions'®
where only the near-field plume solution is required; and
plume infrared signatures?® where the details of the strongly
interactive plume transitional region (Fig. 1) have a negligible
influence.

For plumes with large initial base/separated flow regions,
the thin shear layer approximation required to use an overlaid
coupling approach cannot be justified in the thick mixing
layer region downstream of the reattachment point. For many
types of engineering calculations, and in the interpretation of
spatially resolved laboratory data, the details of the decaying
shock structure in the plume transitional region (Fig. 1) are
required. In such circumstances, a fully coupled numerical
procedure is required to properly analyze the strongly in-
teractive flow phenomena occurring.?! A spatial marching,
parabolized Navier-Stokes (PNS) procedure which integrates
a coupled system of viscous/inviscid equations is utilized to
analyze such problems.?

Incorporation of Two-Phase Flow Processes

The incorporation of two-phase flow capabilities into an
existing single-phase flow plume model entails 1) the addition
of interphase slip forcing function terms to the gas phase
equations; 2) the stipulation of pertinent drag (Cp) and heat
transfer (Nu) correlations; 3) the incorporation of a particle
equation integration procedure; and 4) the inclusion of a
particle turbulent diffusion model. The first three items were
previously addressed in the development of the two-phase,
inviscid shock-capturing plume model of Dash and Thorpe.?
This model has been improved upon by: 1) the inclusion of the
partially equilibrated approach discussed above (eliminating
stiffness problems encountered in treating small radius
particulate size groups), 2) the development of a new
“floating discontinuity’’ limiting particle streamline ap-
proach (eliminating numerical diffusion and oscillatory
problems encountered in the earlier formulation of Ref. 23 as
well as in other analogous shock-capturing formulations), and
3) the development of a new approach for treating the coupled
analysis of particle relaxation and turbulent mixing behind
Mach disks (an item not previously addressed). These new
improvements are summarized below.
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The analysis of particle turbulent diffusion was originally
performed by casting the particle equations into the
streamfunction coordinates used to perform the gas phase
turbulent mixing analysis. The details of this original for-
mulation are available in Refs. 7 and 24. After significant
numerical exploration, it was found that use of this approach
was inefficient and could not account properly for the
disparity in “‘effective jet widths”’ of the various particle size
groups. A generalized approach for integrating the particle
equations was formulated which remedies this problem and is
a direct extension of the formulation in Ref. 23.

Generalized Particle Integration Procedure

A single algorithm is used to integrate the particle equations
throughout the entire viscous/inviscid plume flowfield, near
field and far field. With the rectangular mapping of Ref. 23
(¢=x, n=r/r,, where r,(x) is the upper boundary variation)
and some algebraic manipulations, the particle equations can
be cast into the following mapped vectorized form

0Ep. 9Fp b? 3 af;
—L L r < =+ )] 12
o1 S0 Gy = 2L (1o (o +1702) | )
where
Epj=.0pjupj{1;up,vp,hp}f
and

fj= [I’ tuJ UPj: th] T

An upwind modification of the MacCormack algorithm (see
Refs. 21 and 22) is used to integrate Eq. (12). This modifi-
cation provides significant improvements in overall stability
over the standard MacCormack algorithm previously used,?
particularly in flow regions where the particle trajectories are
skewed with respect to the mapped coordinate lines, 7 = const.

Floating Limiting Particle Streamline Approach in Inviscid Flow
Regions

In the inviscid plume near-field, the limiting particle
streamlines (LPS) for each particle group serve as the upper

Inviscid

Plume r i
Slipstreom -

/ - o dx dé
/.- PP
A * .
./
L
A
— Ax L— —> Af je—
Physical Mapped
Plane Plane

Fig. 2 Floating limiting particle streamline approach.
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particle boundaries. In Ref. 23, the particle equations were
integrated throughout the plume which tended to smear the
sharp discontinuity in particle cloud density across the LPS
and sometimes led to oscillatory behavior in this strong
gradient region. The present approach formally traces the
LPS for each group and implements a new ‘‘floating LPS”’
procedure which is considerably simpler to implement than
procedures based on particle characteristic relations.
Referring to Fig. 2, the £, » mapping for the particles is the
same as that used for the gas phase equations. Hence, the LPS
for each group “‘floats’’ across the mapped grid points in the
manner exhibited. The trajectory equation for each LPS

dﬂ’j v (13)
dx  up

J

is solved and the index I ;, corresponding to the uppermost
grid point containing particulates of size group j, is deter-
mined. Noting that the variation of up, vp, and hp along the
LPS is independent of the value of Ppjs t the LPS values of Pp;
are assigned to grid points I +7and 7;+2, and the partlcle
equations are integrated to I +1 using the upwind modified
MacCormack algorithm. Upon completion of this in-
tegration, the properties at the LPS position are determined
via a linear interpolation, and the values of p p; at grid points
above the LPS are set equal to zero.

This procedure yields results equivalent to a characteristic
LPS procedure. The previous problems of differencing across
the LPS singularity have been eliminated via the artifice of
removing the singularity by smoothly extending the particle
cloud density profiles across the discontinuity.

Particle Boundaries in Turbulent Mixing Regions

In the plume far-field, the limiting particle streamlines
become dispersed by turbulent/particle diffusion and the
particle cloud density varies smoothly. However, the
gradients in particle cloud density can be quite severe when
the LPS first enters the turbulent mixing layer and a fine grid
is required to resolve these gradients. Referring to Fig. 3, the
far-field analysis is performed using a separate mapping (£,
7,) for each particle group, which extends from the axis to the
outer particle boundary. The axial variation of the outer
boundary is defined by:

dx Up; Pp; or / max

which is analogous to the viscous/inviscid boundary growth
relation used for the PNS gas phase solutions described in
Refs. 21 and 22. Along the outer particle boundary, the
boundary condition pp; =0 is stipulated and the boundary
relations

Oup; 6vp ah,, -0 (15)

an; a’b an;

are enforced. Note that unlike the gas phase plume which
entrains the external stream, the individual particle jets ex-
perience no entrainment since there are no particulates outside
the rp; boundary. Hence, the particle cloud density decreases
contlnuously with the growth of rp; brought about by the
turbulent diffusion.

Mach Disk Analysis for Two-Phase Flow
Mach Disk Position
Particles will influence the Mach disk position via their
effect on the shock propagation pattern and on the Mach disk
streamtube solution. The first effect is straightforward to deal
with while the second involves elliptic technology (i.e., up-
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stream influence effects on the embedded subsonic region).
For the present time, two-phase Mach disk positions are set in
accordance with a sting triple-point criterion?® which
stipulates that the Mach disk be located at the position where
the triple-point slipstream angle is equal to zero. This criterion
does not account for upstream elliptic effects. A series of
parametric calculations are described below which exhibit the
dependence of the Mach disk position on the particle size
using this criterion.

The calculations performed simulate an aluminized solid
propellant exhaust issuing into still air with a static pressure
ratio of 10/1. The nozzle exit conditions assume gas/particle
equilibrium throughout. the nozzle and are: Q=9000 ft/s
(conical, 9.8 deg lip angle), 7=2000K, and P=3.29 atm. The
nozzle exit radius was 1 ft and the exhaust contained a 20%
uniformly distributed mass loading of Al,O; particulates.
Parametric calculations were performed varying the particle
size from 0 (equilibrium limit) to o (frozen, uncoupled limit)
with intermediate, nonequilibrium calculations performed for
1, 3, 10, and 100 um radius particulates.

The trends in the plume expansion region are exhibited by
the predictions of gas and particle velocities and temperatures
along the centerline (from the exit plane to the Mach disk
location) as shown in Fig. 4. Note that the equilibrium and
frozen solutions bound the nonequilibrium solutions for gas
phase variations. The particulate solutions are bound by their
initial properties (frozen limit) and the equilibrium solution.
In this set of runs, the 100 um case was essentially at the
frozen limit, while the 1 um case was near the equilibrium
limit.

The predicted triple-point slipstream angle variations for
these runs (disk position located where 6;,,=0) are given in
Fig. 5. The predicted variation in the Mach disk position with
respect to particle size is given in Fig. 6. The position is seen to
vary by about 2 jet radii between the frozen and equilibrium
limits and is quite substantial. The shock jumps for the
nonequilibrium solutions are all performed in the frozen
limit. Note that the nonequilibrium predictions are properly
bounded by the frozen and equilibrium limit solutions. The
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Fig.3 Particulate far-field mapping.
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predictions clearly imply that decreasing particle size (for
fixed exit plane conditions) moves the Mach disk position
downstream. This trend appears to be in contradiction with
the experimental observations of Lewis and Carlson.? They
found that the Mach disk position shifted upstream as the
particle size was decreased. A plausible explanation for these
disparate trends is that varying the size of the particles in the
experiments modified the exit plane conditions, which were
held fixed in the parametric runs described here. The ex-
perimental exit plane conditions are not stipulated and, thus,
meaningful comparisons cannot be performed.

Since the 1-um case is relatively close to the equilibrium
limit, the sensitivity to using equilibrated jump relations
across the Mach disk was assessed for this case. Use of
equilibrated jump relations boosts the pressure level behind
the shock from that of the frozen calculation (see Refs. 2 and
3) and, hence, the equilibrium triple-point slipstream angle is
always greater than that of the corresponding frozen angle, as
exhibited by the prediction shown in Fig. 5. The disk position
obtained using the equilibrated jump relations is about one jet
exit radius downstream of the position obtained using frozen
relations and is not bounded by the frozen equilibrium limit
solutions.

The variation in relaxation length scales for the various
particle size groups can be gleaned from the centerline
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Fig. 4 Centerline variation of velocity ¥ and temperature 7 in plume
near-field expansion.
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temperature variations plotted vs nondimensional distance
from the Mach disk in Fig. 7. These are coupled relaxation
predictions made using the PNS procedure to be described
below. The extent of the temperature relaxation zone for the
1- and 3-um particle cases is about 1 and 3 disk radii,
respectively (the velocity relaxation lengths are about half
inose of the temperature), and thus not negligible with respect
o characteristic dimensions of the flow. The relaxation scale
for the 10-um particles is about an order of magnitude greater
than the disk radius, while that for the 100-um particles will
be more than two orders of magnitude greater. It is
noteworthy that 1) the relaxation zone for the 1-um case
terminates approximately at the position of the 1-um
equilibrated Mach disk, and 2) the radius of the 1-um
equilibrated Mach disk is approximately that of the 1-um
Mach disk slipstream in the frozen case at the end of the
relaxation zone (the relaxation process collapses the
streamtube by increasing the gas phase velocity and
decreasing the gas phase temperature). Thus, use of
equilibrated Mach disk jump conditions for particles
satisfying the constraint that {;/ry, <1 appears to yield
conditions which approximate those at the end of the actual
relaxation zone.

Equilibrated jump relations will be required when the
relaxation length scale for a particle group is so small that it
becomes comparable to the numerical grid scale. However,
such particle groups would ordinarily have been treated as
components of the equilibrated mixture at the inception of the
calculation. With this proviso, the Mach disk location should
always be based on a ‘‘frozen’’ triple-point solution for the
nonequilibrated particle groups. All particle groups treated in
the plume calculation in the nonequilibrium limit will traverse
the Mach disk unchanged and the relaxation process for all
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Fig. 5 Streamwise variation of triple-point slipstream angle, ¢;,,,
for various particle size groups exhibiting equilibrium and frozen
bounds.
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these groups should be formally analyzed in the coupled
fashion to be discussed below.

Mixing Processes Behind the Mach Disk

Experimental observations?® and past analytical studies?
have highlighted the important role of turbulent mixing
behind the Mach disk on establishing the gas dynamic
properties in the Mach disk streamtube and the size of the
streamtube itself. The experiments of Back and Cuffel®
showed the formation of a shear layer emanating from the
triple point which grows rapidly into the inner stream (i.e.,
mixing reached the centerline in ~ S disk radii) and slowly into
the outer stream (i.e., in a distance of 10 disc radii from the
disk, the outer mixing layer edge is at a height of 1.4 disk
radii). The nonuniform growth is due to the wakelike
character of the Mach disk mixing. The mass flux per unit
area of the exhaust that traverses the disk is substantially
smaller than that of the exhaust just outside the Mach disk
streamtube (e.g., typically a factor of 20-40). As the mixing
progresses, the entrainment of the high unit mass flux outer
exhaust flow into the Mach disk streamtube (or equivalently,
the acceleration and cooling of the slow, hot inner stream by
the faster, cooler outer stream) causes the streamtube to
““collapse” (i.e., the viscous dividing streamline emanating
from the triple point is displaced downward). Thus, the
mixing is centered about a negatively displaced surface and
hence grows non-uniformly.

Based on these observations and studies, it is quite clear
that mixing must be accounted for in any model of the flow
behind the Mach disk. For small disks, the mixing will reach
the axis in a relatively short distance and quickly ‘‘wash
away’’ the essentially stagnant hot temperature region
prevailing there. The effect of this mixing on the pressure field
for a small disk will be relatively minor since only a small
volume of flow is displaced. For larger disks, a substantial
volume is initially occupied by the hot, low-speed flow behind
the disk; its displacement by the outer flow produces sub-
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stantial negative streamline deflections which will decrease the
size of the plume and affect the pressure field in a strongly
interactive fashion.

Parabolized Navier-Stokes (PNS) Mach Disk Analysis

For two-phase flows, the analysis of the relaxation
processes occurring behind the Mach disk must be coupled
with the turbulent mixing analysis. The pressure variation
along the Mach disk streamtube is arrived at by matching the
inner and outer flows. A PNS model has been developed to
perform the tasks of integrating the two-phase viscous/in-
viscid equations behind the Mach disk and coupling the inner
subsonic and outer supersonic solutions. This model was
specifically developed for the analysis of smaller sized Mach
disk where the following assumptions can be justified: 1) the
two-phase sting triple-point criterion locates the Mach disk
position; 2) the extent of the subsonic region behind the disk is
relatively small in comparison to inviscid flow scales; and
3) the radial pressure variation across the Mach disk
streamtube is negligible.

A schematic of the flowfield behind such a Mach disk is
given in Fig. 8. A sting is shown inserted into the flowfield
behind the disk whose radius equals that of the Mach disk. A
“‘porous-sting’’ approach?® was first employed to perform the
interactive Mach disc mixing analysis. In this approach,
matching of the subsonic/supersonic streams is performed
along the sting surface. The flow inside the sting is analyzed
by a subsonic PNS algorithm while the flow outside the sting
is analyzed by a supersonic PNS algorithm. The matching
requires that the pressure imposed for the inside flow yield a
sting entrainment (radial) velocity component consistent with
an outer viscous-characteristic compatibility relation for the
downrunning characteristic intersecting the matching point. A
sublayer type dpproximation, in conjunction with pressure-
splitting, was used to suppress elliptic ‘‘saddle-point’’ type
behavior and thus provide direct subsonic marching cap-
abilities. The details of this original approach are provided in
Ref. 28.

To account for the variation of the sonic line and, hence,
the decreasing size of the embedded subsonic region, an
extension of this approach was developed whereby the in-
ner/outer matching occurs along a mapped grid line whose
index varies with the sonic line position (Fig. 8). The details of
this new approach for single-phase flows are provided in Refs.
21 and 22 and sample calculations are given in Ref. 29. The
numerical aspects remain the same for two-phase flows except
that: the interphase slip forcing function terms contribute
strongly to the overall acceleration of the gas phase, and the
particles retard the rate of mixing due to lag effects (and
possibly via the direct damping of the turbulent fluctuations,
which is not presently accounted for).

Sample Calculation

In order to demonstrate the PNS Mach disk mixing solution
with particulates of several size groups, a sample non-
equilibrium prediction was performed for the representative
solid propellant nozzle exhaust conditions listed in Table 3.

A second prediction was made for the gas/particle
equilibrium limit. Figure 9 shows the significant differences
that occur in the Mach disk solution when the full gas/particle
nonequilibrium procedure is implemented. Figure 10 shows
the variation of temperature along the plume centerline for
both cases. While the equilibrated mixture expands to a
temperature of about 1000 K and then jumps to about 4300 K
behind the Mach disk (chemistry was held frozen throughout
all these calculations), the gas temperature in the
nonequilibrium calculation expands to about 1500 K and then
jumps to about 3700 K across the disk. The 1-um-radius
particle temperatures closely follow this trend, and its
relaxation zone behind the Mach disk is observed to be quite
small. The other particle groups exhibit substantial lag effects
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with large relaxation zones. The gas phase and equilibrated
mixture temperatures are noted to reach the same value at
x/r;~45,

Two-Phase Mixing Calculations
and Comparisons with Data

Aspects of Two-Phase Mixing

Experimental data for particle laden jets (see the survey by
Melville and Bray?®) indicates that 1) the particulates are
dispersed by the turbulence in accordance with their response
to the local turbulent fluctuations, i.e., small/light par-
ticulates will be highly responsive and diffuse like a gas phase
species; large/heavy particulates will be nonresponsive and
will not diffuse; and 2) the particulates can alter the rate of
gas phase turbulent mixing by damping the turbulence levels
and through mean flow lag effects; the net effect is a
reduction in the gas phase spread rate and the rate of cen-
terline decay.

Sample Calculations

To exhibit the operation of the particle diffusivity for-
mulation described above and the implication of the
equilibrium and frozen limits on the mixing, a series of
calculations was performed for conditions representative of a
sea level perfectly expanded (nonafterburning) rocket plume.
Exit plane conditions were U=9000 ft/s and 7=2000 K, with
the particles starting out in equilibrium with the gas. The
nozzle exit radius was 0.274 ft and the pressure was 1 atm.
The mass fraction of Al,O, particles was 42% and the
particles were uniformly distributed across the -nozzle exit
plane.

The following five sets of calculations were performed:

1) Equilibrium limit calculation—all particulates treated as
components of equilibrated mixture;
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Table3 Sample nonequilibrium predictions
Al,0; Particulates

Gas 1 ym 3um 10 um
U, fi/s 8700 8600 8400 8200
T,K 2300 2400 2600 2800
Particle mass fraction - 0.14 0.14 0.14
Exit pressure, atm 8.50 — — —_
Ambient pressure, atm 0.85 — — —
Exit radius, ft 0.25 — — —
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Fig. 10 Comparison of gas/particle temperature variations along

plume centerline.
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2) Nonequilibrium calculation—all particulates have 1-um
radius;

3) Nonequilibrium calculation—all particulates have 10-um
radius;

4) Nonequilibrium calculation—all particulates have 100-
um radius;

5) Frozen limit calculation—gas phase solution obtained
without particulate interactions.

Figure 11 shows the gas and particle spread rates. Only the
10-um particles have an appreciable influence on the spread
rate of the gas. The 1-um particles are nearly in equilibrium
with the gas (as indicated by the comparison of the non-
equilibrium 1-um solution with the formal equilibrium
solution) while the 100-pm particles have no effect on the gas
(as indicated by the comparison of the frozen gas-only
solution with the nonequilibrium 100-um solution). Figure 12
depicts the .centerline velocity decays for the above

" calculations. The centerline decay for the gas phase in the

frozen limit is the most rapid. The 100-um calculation was
essentially at the frozen limit, as evidenced by no significant
change in the 100-um particle velocities from the initial condi-
tions and, hence, the same gas phase decay as in the formal
frozen limit. The particulates have a significant influence on
the gas phase velocity decay as evidenced by the equilibrium
limit solution. Here, the inviscid core length is shifted
downstream by about 3 jet radii and the distance required to
decay to 1/4 the initial velocity is shifted down-
stream by about 8 jet radii. The 1-um calculation is essentially
at the equilibrium limit—the gas phase and equilibrium solu-
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tions coincide and the departure of the 1-pm particulate solu-
tion from the equilibrium limit solution is too small to plot on
this scale. A 2-uym particle solution has slight departures, as
exhibited in Fig. 12. The 10-um solution is well out of
equilibrium; the gas phase 10-pm solution starts on the frozen
branch and overshoots the equilibriurh limit. The 10-um parti-
cle solution sits well above the equilibrium limit solution. The
two solutions start to closely approach the equilibrium limit
solution and should coincide with it for x/r;> 100.
Profiles of particle velocity and temperature at x/r, =60
(Fig. 13) indicate the extent of the particulate mixing region in
comparison to that of the equilibrated mixture. The 1-pm
particles have essentially dispersed like the gaseous phase
while the 100-um particulates have experienced very little
turbulent diffusion. Further details of these calculations are
given in Ref. 24,

1.0

o
@

\ Initial Velocity Profile:
\ Shear’ Layer

Developed Pipe Fiow

o4
o
|

o
r-y
T

x =0
(Homogenous Jet)

o
[

Relotive Gas Velocity on Jet Axis, u/u P

O Data, Logts & Frishman
.

) A | 1 1 i 1 1 J
o) 20 40 60 80

Relgtive Axigl Distonce )(/Y“J

Fig. 14 Homogeneous jet solution; influence of initial profile.

BOATP Calcuiations
Curve | x = 0.0
0.30
0.56
077
1.40

ApwnN

Relative Ggs Velocity on Jet Axis, u./u

rp=16um - .
Data, Loats 8 Frishman: A
- 3
02030 2
056 4 !
- 0770
140D
o " | ! 1 i 1 n |
[+] 20 40 60 80

Relotive Axial Distance, X/Y‘J

Fig.\15 Effect of particle loading on gas phase velocity decay.

a

— BOATP Calculations
Curve Loading Parameter 4
00

] X = 4
2 030 L |
ros3 0.56 L’
4 0.77
5 i.40 o 2
P , 3
a4 4
5

Holf~Radwus of Gos Velocity-Profile, r"u/v_,
T

2 © 77 p:l6um
Data, Loats & Frishman:
x=:0.0 O
x 0.3 A
x=1.4 0O
o " | L 1 L 1 L }
0 20 40 60 80

Relative Axial Distonce | )(/r\J

Fig. 16 Effect of particle loading on gas phase half-radius variation.

TWO-PHASE FLOW PROCESSES IN ROCKET EXHAUST PLUMES 377

Analysis of Laats and Fnshman Data

An evaluation of available experimental data for particle
dispersion in turbulent jets led to the selection of the Laats
and Frishman®-2 results which were obtained using
corundum (A1,0;) particles in air, and cover a broad range
of particle radii (8.5 <rp <40 pum) and initial particulate mass
loading ratios (0=<x<1.4). Some potentially important ex-
perimental information was not reported (viz. the initial
conditions) which introduces considerable uncertainty in
simulating the flow. An attempt to assess the influence of the
initial conditions parametrically in the analysis has been
made.

The experimental jet issued from a straight pipe of internal
radius r; = 1.75 cm; the jet exit profiles were not reported. It is
assumed that a partially developed pipe flow exists at the jet
exit, with the axial velocity profile specified by wu/u,,
(1~r/r;)%2 and faired into a thin shear layer about r=r,.
Use of this type of profile as a computational initial condition
yields good agreement with the decay of axial velocity on the
jet axis for the homogeneous (no particulates) baseline
calculation, as shown by the solid line in Fig. 14. To
demonstrate the sensitivity to the assumed initial velocity
profile, a calculation was also performed with a top hat
profile. This produces a conventional inviscid core. ap-
proximately 18r, in length, and appreciably displaces the
calculated velocity decay curve (dashed line) away from the
data. The developed power law profile was therefore em-
ployed for gas and particulate axial veloc1ty profiles in
subsequent calculations.

The density loading parameter « (defined by p;j/p at x=0
and r=0 for initially equilibrated particulates) was varied
from 0 to 1.4 for a fixed particle radius, r, =16 pm. Both data
and calculations (Fig. 15) display a decrease in the decay rate
of axial velocity as the particulate loading is increased. The
observed effect is more pronounced than that predicted,
especially within x/r, <40. This has been interpreted3®3! to be
a gross indication of an appreciable reduction in gas phase
turbulence levels as particulate loading is increased, which is
not accounted for in the present model. Note that the result at
the lightest loading (curve 2) agrees reasonably well with the
data for x/r;>40 and is the only loading representative of
that in a rocket plume. The initial experimental behavior
appears to indicate conditions which are also not accounted
for in the predictions.

" The effect of « on the spread of the gas phase axial velocity
profile is shown in Fig. 16 for a constant particle size of
r,=16 pm. The parameter r,, is the half-radius of the gas
velocity profile. The calculated results given by the curves 1
through 5 show that there is an appreciable decrease in the gas
phase spread rate in the region 20 <x/r; <60 as « is increased
from 0 to 1.4. Beyond x/r; = 60, the behavior of r,, for k=0
tends toward the homogeneous jet spread rate. Similar
qualitative behavior is evident in the experimental data.
However, the data additionally show a pronounced effect of
particulate loading on spread rates in the initial region
(0=<x/r, <20) which is not displayed by the calculations.

Laats and Frishman measured the mean axial particulate
mass flux g, =p,u, at several axial and radial positions. The
relative axial decay of g, on the centerline (gpc /8pco ) is shown
in Fig. 17 for k=0.3 and various particle sizes. The data is
anomalous (with respect to the classical decay of gaseous
species) in the appearance of a pronounced maximum in the
region x/r; <25 for smaller particle sizes. The calculated
results obtained with the nominal initial conditions stated
previously are shown as curves 1, 3, and 4 for particle sizes of
r,=8.5, 16, and 40 pm, respectively. These results may be
considered physically intuitive in that they show an ap-
preciable decrease in the decay rate as particle size is in-
creased. ‘

In considering the near-field maximum in experimental
data, it appeared possible that this pheriomenon arose from a
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radially inward convection velocity initially exceeding the
outward effective diffusion velocity of the particulates. A
possible physical mechanism for achieving this is the rapid
entrainment of the gas near the nozzle (pipe) lip due to
relaxation of the exit profiles. To account for this type of
effect, particles in the lip region were given a small negative
radial velocity of v, /U, = —0.05 for the r,=8.5 um
particle group. The result of this calculation is shown by curve
2 in Fig. 17, which achieves a near-field maximum com-
parable to the corresponding data. It was also found that
decreasing v, 4,y /€ t0 —0.10 increased the centerline mass
flux maximum to 1.67, thus indicating the sensitivity of initial
radial convection effects on downstream particulate behavior.
The value of v,../u,=—0.05 is not regarded as
unreasonable with respect to gas phase entrainment velocities
in the exit region, and smaller particles would be more
susceptible to this effect.

With respect to the larger particles (r, =40 pm), curve 5 in
Fig. 17 was obtained with a positive (divergent) radial velocity
of v, max /U, =0.05 and is much more representative of the
experimental data than curve 4. This source-like divergent
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behavior for larger particles could be due to their release from
a point (viz. a small central pipe) within the duct.

The effect of particle size on the behavior of the half-radius
of particulate mass flux r,, is shown in Fig. 18 for «=0.3.
(The calculated results given by curves 1, 2, and 3 correspond
with the nominal conditions stated for curves 1, 3, and 4 in
Fig. 17.) The calculations indicate a monotonic and
significant decrease in spread rate with increasing particle
size, the larger particle size group displaying almost negligible
dispersion. The experimental results do not show an ap-
preciable effect of particle size and are nonmonotonic,
although the physically anticipated particle size trend is
displayed in the far field.

Further details of this data analysis are reported in Ref. 7.

JANNAF Standard Plume Flowfield (SPF) Model

Over the past several years, the authors and coworkers have
been engaged in the development of the JANNAF (Joint
Army, Navy, NASA, Air Force) Standard Plume Flowfield
(SPF) Model, a computer code which will be the U.S.
government and industry standard for predicting the gas
dynamic structure of single- and two-phase low-altitude (<70
km) rocket exhaust plumes. The SPF treats single nozzle
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Fig. 18 Effect of particle size on particulate dispersion.

Tabled4 Versions of JANNAF SPF

Version Near field Transition region Far field Key features/limitations
SPF/1 Mixing overlaid Mixing with pre- Constant Single-phase flow
on inviscid map scribed pressure pressure No Mach disk mixing/chemistry
decay mixing Uniform composition exhaust
Finite rate chemistry in
mixing solution
Initial plume expansion angle
=70 deg.
SPE/2 Plume mixing As above; plume Constant Single- and two-phase flow
layer overlaid and Mach disk pressure Mach disk mixing
on viscous/ mixing layers mixing Uniform composition exhaust
inviscid map merged Finite rate and equilibrium
containing Mach chemistry options in mix-
disk mixing ing solution
solution [nitial plume expansion angle
>90 deg.
SPF/3 Fully coupled Constant Single- and two-phase flow
parabolized Navier-Stokes pressure Mach disk mixing/chemistry
solution mixing Nonuniform composition exhaust

Finite rate and equilibrium
chemistry options through-
out the plume

Initial plume expansion angle
>90 deg
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exhausts at zero angle of attack and presently excludes the
effects of missile base flows and plume-induced separation.
The SPF is intended for use in a number of problem areas, the
principal applications being the prediction of plume
signatures and plume/vehicle interaction phenomena.

Table 4 summarizes features of three versions of the SPF.
Both SPF/1 and SPF/2 combine a near-field overlaid ap-
proach with a far-field pressure-equilibrated approach, while
SPF/3 models the near-field with a fully coupled
viscous/inviscid parabolized Navier-Stokes solution. The
methodology employed in SPF/2 gives significantly enhanced
capabilities over SPF/1, principally in the treatment of
particulates. SPF/1 was written for single-phase or
gas/particle equilibrium flow, while SPF/2 accounts for full
gas/particle nonequilibrium effects in the inviscid plume and
transitional and far-field mixing regions wusing the
methodology described in this article. Another major area of
increased capabilities concerns the treatment of the flow
downstream of the Mach disk. In SPF/2, the parabolized
Navier-Stokes methodology discussed in this article has been
incorporated to treat the subsonic/supersonic turbulent
mixing process in this region. The capabilities of SPF will be
further expanded with SPF/3 to account for full coupling
between the inviscid/shock and viscous solutions.

SPF/1 was made available to industry in 1981. The com-
putational methodology employed and the operational
aspects of the code have been described in several
publications.?*3¢ A preliminary version of SPE/2 is presently
operational whose detailed description and results for two-
phase, afterburning plumes are given in Ref. 37. The key
numerical features of the fully coupled parabolized Navier-
Stokes approach employed in SPF/3 are described in Refs.
21, 22, and 37-39. This model is presently under development.

Concluding Remarks

Aspects of two-phase flow processes in rocket plumes were
reviewed. An approach for analyzing the complete spectrum
of particle sizes encounterable in rocket plumes was presented
which treats the smallest particles (those whose equilibration
lengths are comparable to the grid size) in the equilibrium
limit and all others in nonequilibrium. Numerical studies were
performed which exhibit the dependence of flow parameters
on particle size and demonstrate the bounding qualities
provided by the frozen (r,—o0) and equilibrium (r, —0)
limits.

The dependence of the Mach disk position on particle size
was ascertained. For fixed exit plane properties, decreasing
the particle size moves the Mach disk position downstream.
The equilibrium and frozen solutions provide the limiting
positions of the disk. It was shown that the location of the
disk must be based on shock relations which freeze the par-
ticle properties in traversing the shock front. The gas/particle
relaxation process behind the disk was shown to occur over a
length scale which (generally) cannot be ignored in com-
parison to the Mach disk radius. As such, the relaxation
process is strongly coupled to the other gas dynamic processes
occurring in the Mach disk streamtube. A parabolized Navier-
Stokes Mach disk model was presented which calculates these
coupled processes using a sublayer approximation to
eliminate elliptic (upstream influence) effects. Results were
presented to exhibit the performance of this model in plumes
with small to moderate radius Mach disks. For larger disks,
an iterative elliptic procedure is necessary to analyze this
problem,

The preliminary theoretical model developed for particle
dispersion in turbulent jets has been shown to yield qualitative
and, in specific cases, quantitative agreement with ex-
perimental trends. Over the particle size and initial mass
loading ranges considered in comparisons with the Laats and
Frishman data, the model was found to be in agreement with
the following macroscopic trends:

1) An increase in particulate loading decreases both gas and
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particulate phase mixing (dispersion) rates at constant particle
size.

2) An increase in particle size at a constant and moderate
level of initial loading decreases particulate dispersion.

3) The effects of initial (jet exit) conditions are theoretically
indicated to be quite important in the calculation of down-
stream two-phase flow development. In particular, it is found
that relatively low values of initial particulate radial velocity
theoretically can rationalize the pronounced near-field
overshoot in particulate mass flux observed by Laats and
Frishman. Inclusion of the radial particulate momentum
equation in the present formulation has thus been essential; its
neglect in previous models casts doubts on their use in in-
terpretation of these data.

Further theoretical research is required on the particle-
turbulence interaction aspects of the overall jet mixing
problem. The present formulation neglects the direct effects
of particulates on gas phase turbulence. As a consequence,
turbulent energy transfer between phases is not conserved,
although this microscopic transfer process governs macro-
scopic behavior of more practical interest. A possible ap-
proach to the problem would involve treating the dynamics of
turbulence for each phase in a coupled manner, following
Reynolds decomposition of the governing equations, rather
than introduction of Boussinesq approximations at the outset.
The results of the present analysis indicate that particle
inertial effects may be responsible for some phenomena which
have been predominantly attributed to particle turbulent
interactions in prior studies.

It will also be necessary to obtain more detailed ex-
periméntal measurements of multiphase turbulent jet flows,
and for application to rocket plumes, data on supersonic
flows are required.An objective of the Laats and Frishman
experiment was to provide mean flow data for a broad range
of particle sizes and mass loadings. This objective could be
extended with newer (e.g., optical) diagnostic techniques to
obtain the data on gas and particulate turbulence charac-
teristics required for detailed and unambiguous model
validation. Particular attention should be given to flow
measurements near to and upstream of the jet exit.
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