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Simulations of Solid-Propellant Rockets:
Effects of Aluminum Droplet Size Distribution

F. M. Najjar,*J. P. Ferry,” A. Haselbacher,* and S. Balachandar®
University of Illinois at Urbana—Champaign, Urbana, Illinois 61801

Flow modeling and simulation of solid-propellant rockets from first principles is quite challenging with several
physical problems, including complex evolving geometries, turbulence, and multiphase flow with a chemically
reactive disperse phase. To this end, a flexible simulation framework has been developed, in which multiphase flow
computations are performed that include three-way coupling between phases (mixture-droplet-smoke), conser-
vative coupling approach, and full heat release for the burning mechanisms. Results obtained from computations
with burning aluminum droplets generating aluminum-oxide smoke are described for a generic rocket geometry.
The effects of injected droplet size distribution obtained with two models are investigated and show the sensitivity
of these distributions to the chamber flow dynamics, primarily at the nozzle inlet. The residence time and burning
droplet diameter are verified by comparison with simple analytical predictions.

Nomenclature
C, = specific heat at constant pressure, J/(kg - K)
Cy = concentration of smoke, kg/m?
D diffusion coefficient of smoke, m?/s
d = diameter, m
e total internal energy per unit volume, J/m?
F = forces, N
h = heat of reaction, J/(kg - K)
k = conductivity, W/(m - K)
L superdroplet loading factor
M = Mach number
Mg = molecular weight ratio
m = mass, kg
m = mass flux rate, kg/m? s
Ngensiy = number density

Pr = Prandtl number

)4 = pressure, Pa

qi = ith component of heat-flux vector, W/m?

Re Reynolds number

S = source term

Sij = ijth component of the strain rate tensor, 1/s

T = temperature, K

t = time, s

tres = residence time, s

u = velocity vector, & = {uy, u,, u3}", m/s

u; = ith component of velocity vector, m/s

v, droplet velocity vector, v, = {v,,, Vp,, Ups}., m/s
wy smoke velocity vector, w; = {wy, , ws,, wy,}7, m/s
x = coordinate vector, x ={x, y, z}7, m

X, v,z Cartesian coordinates, m

y = ratio of specific heats
Ne = collision efficiency
I = dynamic viscosity coefficient, kg/(m - s)

Received 22 April 2005; revision received 18 July 2005; accepted for
publication 23 August 2005. Copyright © 2005 by the authors. Published
by the American Institute of Aeronautics and Astronautics, Inc., with per-
mission. Copies of this paper may be made for personal or internal use,
on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0022-4650/06 $10.00 in correspondence with the CCC.

*Senior Research Scientist, Center for Simulation of Advanced Rockets;
fnajjar @csar.uiuc.edu. Senior Member AIAA.

TAnalyst, Metron, Inc., Center for Simulation of Advanced Rockets.

#Principal Research Scientist, Center for Simulation of Advanced Rock-
ets. Member AIAA.

$Professor, Department of Theoretical and Applied Mechanics. Senior
Member AIAA.

1258

0 = density, kg/m?

o = variance

aij = stress tensor, N/m?

T, = droplet velocity time scale, 1/s
Tpo = droplet temperature time scale, 1/s
T = smoke velocity time scale, 1/s

Ts.0 = smoke temperature time scale, 1/s
oy = droplet mass composition

X = mass fraction

¥ volume fraction

Operators

D/Dt = total derivative, 9, + u;0;

8ij = Kronecker delta

0; = partial spatial derivative

0, = partial time derivative

Subscripts and superscripts

bu = burning
dep = deposition
e = energy
i = ith component of vector
ij = ijth component of tensor
inj = injection
/ = [th droplet
max = maximum
med = median
min = minimum
P = droplet
peak = peak
s = smoke
0 = density
pu = momentum
I. Introduction

IMULATING solid-propellant rocket motors (SRM) from first

principles with minimal empirical modeling is a computation-
ally challenging task. Modern multisegmented rocket motors are
inherently three-dimensional and geometrically complex. As the
propellant burns, the geometry changes in a time-dependent man-
ner. The flow within the rocket is subsonic near the head end, but
compressibility effects become important in the nozzle region. The
flow transitions from a laminar state near the head end to a fully tur-
bulent state farther downstream. The flow within the rocket is mul-
tiphase, because it contains droplets and smoke particles. The flow
within the rocket chamber is chemically reacting, due to the burning
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of metallic fuel droplets and in the nozzle region. The physical pro-
cesses that account for these complexities are often interrelated and
therefore require additional care in their computational modeling by
including the appropriate source terms in the governing equations.

The focus of this paper is on the multiphase aspect of flow in
SRMs. Modern propellants are laden with aluminum particles that
compose up to 20% of total mass. As the propellant burns, the
propellant—combustion interface regresses and the aluminum (Al)
particles added to the propellant melt to form puddles. A complex
mechanism follows, resulting in the release of Al droplets from the
puddles and their injection into the accelerating core flow. A de-
tailed summary of the history of Al particles originating within the
propellant and entering into the motor chamber is discussed in Price
and Sigman.! The initial size of Al droplets is found to vary from
a few micrometers to a few hundred micrometers (typically 300—
400 um) (M. Alkema, Aerojet, Inc., private communication, 2005).
Further, the droplets are released into strong crossflow and, hence,
their initial Reynolds number (based on relative velocity and diame-
ter) can be significant, as high as a few hundred. The primary reason
for the inclusion of Al droplets into the solid propellant stems from
the significant heat release obtained as the Al droplets burn to form
aluminum oxides (Al,O;). Near-wall turbulence generated from the
combustion process plays an important role in the dispersion of
Al droplets. Burning of the Al droplets is thus spatially distributed
inside the rocket chamber and influences the overall core flow, in
contrast to the propellant combustion, which is confined to the sur-
face. Inclusion of Al particles in the propellant, however, has other
side effects. It leads to slag accumulation in submerged nozzles and
the Al droplets and Al,O; particles are the main source of nozzle
scouring from particulate impaction.

The earliest descriptions of SRM core flow have focused on ana-
lytical methods*~* and one-dimensional models of the pressure rise
in the rocket chamber.’> More recent models are mainly based on
two-dimensional analytical®’ and, especially, numerical, single- or
two-phase flow using an Eulerian formalism for the droplets®~!3 or a
Lagrangian formalism.#~17 Many authors have chosen single-sized
droplets and performed a series of simulations to determine the ef-
fects of droplet diameter.'*~!° Ciucci et al.'® have performed three-
dimensional simulations with Lagrangian droplets in the Ariane V
motor using one-way coupling where the flow drives the droplet
motion and no back coupling is allowed. They showed the complex
Lagrangian droplet winding paths induced due to the flow dynamics.

An area that has not received a lot of attention is the size distri-
bution of the droplets entering the chamber and how it affects the
flow. Sabnis et al.!® refer to Salita’s quench-bomb investigations,?
where the size distribution was found to be lognormal and bimodal.
Typical values of the weighted mean diameter were 1.5 um for the
small particles, whereas the larger particles were 150 um with a
standard deviation of 0.2. However, Whitesides et al.>! analyzed a
reusable solid rocket motor (RSRM) production propellant, RSRM
TH-H148, and concluded that a single lognormal or polynomial dis-
tribution did not adequately fit the measured droplet diameter dis-
tribution. Such contradictory conclusions indicate that the droplet
size distribution is sensitive to the propellant formulation.

Despite the effort to model as much of the physics from first prin-
ciples as possible, some of the key physical processes still need to be
accounted for with empirical models. For example, the physical pro-
cesses by which the Al droplets form at the propellant—combustion
interface and get injected into the flow are still not fully understood. !
Models for the droplet injection into the chamber have not been well
quantified. Sabnis et al.'® have proposed a simple model based on a
predetermined number of “pulses’ of new computational droplets at
appropriate spatial locations during a certain time period. Similarly,
a clear understanding is lacking of the process by which the larger
droplets and particles fragment in the highly strained nozzle flow.
As a result, empiricism is unavoidable in modeling these complex
processes. Given such restrictions, the best computational approach
is to study the sensitivity of the results to realistic variations in the
empirical models and their parameters.

Here we focus on the uncertainty involved in the injection of Al
droplets at the propellant combustion interface. The overall mass

rate of Al injection is well defined from the local burn rate of the
propellant and the mass fraction of Al in the propellant. What is not
well understood is the size, velocity, and composition (Al vs Al,O3)
spectra of the injected droplets. The popular approach is to use a
lognormal distribution for the injected droplets. However, recent
investigations of propellant packing have yielded more realistic dis-
tributions for the injected droplet distribution.?? In the present work,
we explore the sensitivity of the computed flow within the rocket
core to variations in the injected droplet distributions. Three differ-
ent injection distributions are considered and thereby the validity of
the lognormal assumption is addressed.

The sensitivity analysis suggested here requires running many
simulations with different empirical models and parameter values
for the physical processes. Thus the computational framework must
be designed in a flexible manner to allow activation and deactivation
of different models as well as how they interact. In the present effort,
all of the physical processes have been encapsulated in separate
code modules and we have developed a framework for interfacing
the various physics modules in a seamless manner.

The overall goal of the present effort is to perform detailed full-
physics multiphase simulations of the flow inside the SRM, includ-
ing both the burning droplets and the alumina smoke. The present
computational capability fully recognizes the multidimensional,
time-dependent, compressible, multiphase, reacting, turbulent na-
ture of the problem. This comprehensive model will be described
here. In particular, the present model incorporates three novel ele-
ments, which can be of use to other SRM simulation efforts.

First, we have developed an equilibrium Eulerian formulation?
for the treatment of the fine smoke particles, which will be used in
conjunction with a Lagrangian formulation for the larger Al droplets.
The equilibrium Eulerian approach is computationally very effi-
cient, has been verified to be quite accurate when used to represent
small particles, and has been shown to capture important physics,
such as preferential accumulation and turbophoretic migration of
particles.??

Second, we have developed a stochastic injection framework that
mimics the physical process by which Al droplets are introduced
into the flow. This framework can be used to achieve any desired
distribution for the injected droplets.

Third, in general it is difficult to accurately account for the heat
release generated from the burning of the Al droplets. This diffi-
culty arises from the fact that simple implementation of the droplet
burn-rate models results in unphysically high mixture temperatures,
well above the boiling point of Al,O3. A simple ad hoc fix has been
to scale back the heat release to a fraction (usually 10-20%) of the
actual value.'® This approach will, however, underestimate the total
heat release and therefore lead to incorrect prediction of the flow
and thermal fields. The appropriate model of the physical process
is to retain the aluminum oxide, which is the product of combus-
tion, in the gaseous phase if the local mixture temperature is above
the boiling point of the oxide. The oxide will convert to the con-
densed phase only when local temperature falls below the boiling
point temperature. This complex regulation mechanism is an im-
portant advance that has been incorporated into the present droplet
combustion model.

The paper is organized as follows: Section II describes the physi-
cal models. Section III outlines the computational framework within
which the models are implemented. The problem setup is summa-
rized in Sec. IV. Results are discussed in Sec. V. Section VI provides
conclusions and a summary.

II. Physical Modeling

To perform accurate simulations of the complex flow inside the
SRM chamber, sophisticated physical models for the evolution of
gas mixture, aluminum droplets, and aluminum oxide smoke, as well
as their interactions are required. One may think of such models as
adding physical fidelity to a basic fluid-dynamic description.

The appropriate treatment of the aluminum droplets and smoke
particles depends on their length and time scales. Table 1 presents
the typical spatial and temporal scales of the flow as well as those
of the Al droplets and smoke particles. The length and time scales
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Table 1 Length and time scales of the three different phases

Phase Length scale, um Time scale
Core flow 10 20.0 us
Aluminum droplets 100 0.1s
Smoke particles 1 10.0 us

of the gaseous mixture are the Kolmogorov scales appropriate for
a typical solid-rocket core flow, whereas those of the particulate
fields are their response times as given by Ferry and Balachandar.??
Based on the length- and time-scale ratios, the aluminum droplets
are sufficiently large that a Lagrangian approach is adopted (see
Sec. IL.B). The fine oxide particles are considered sufficiently small
that an Eulerian representation is appropriate. Here we use the equi-
librium Eulerian approach to account for the smoke, which will be
discussed in detail in Sec. IL.F.

A. Gas Mixture

The time-dependent compressible Navier—Stokes equations gov-
ern the evolution of mass, momentum, and energy of the flow inside
the rocket motor:

0 p+9;(pu;) =S5,
0 (pu;) + 9;(puju;) + 9;p — 3;01; = Spu.i
de+9;((e+ pu;) —d;(oj;u; —q;) = Se (D
The summation convention is used throughout this paper. The sym-

bols 9, and 9; denote the partial differential operators d/d¢ and
0/0x;, and e the total energy density, given for an ideal gas by

e=e(p.u)=p/ly — 1)+ pu;u; 2)

The stress tensor o;; is a function of the dynamic viscosity w and
velocity vector u:

0jj = Uij(,ua u) = M(T)Sfj(u) 3)
where the strain rate tensor S;; is defined as

Siszij(u)zajui+8iuj—%Sij 8kuk (4)
The dynamic viscosity p is either assumed to be constant or re-
lated to the temperature T by Sutherland’s law. Finally, g; is the ith
component of the heat-flux vector, defined as

qi =qi(k,T) = =ko;,T = —(uC,/Pr)o;T (5)

The temperature is related to the density and the pressure by the
ideal gas law

p = pRT (6)

where R is the gas constant. Throughout we use Pr =0.72 for lam-
inar flows.
Physical components interact with the mixture through the source
terms on the right-hand side of Eq. (1); that is,
Sp =15, + 8%, Spu =80, +5;

pu’

Se=8"+8 (7

It is important to note that these source terms may represent fluxes
or genuine volume sources. These source terms will be described in
the sections to follow.

B. Aluminum Droplets
The Lagrangian evolution equations for the droplet position vec-
tor x,, velocity vector v,,, and temperature T, are

dx, dv, 1

T =Vp, dt = T_p[u(xp) - vp]
d7,

1
-, = _[T(xp) - Tp] (8)
prg

dr

with the time scales 7, and 7,y given by

S ppd; I C/Lp/’pd;z: ©)
= 0= A oL

P 18uf (Re,) r 12kfy(Re )

where p,,d,, and C, , are the droplet density, diameter, and spe-
cific heat, respectively. A simple drag law is invoked to evolve the
droplets. Because the Reynolds number of the droplets is expected
to be larger than unity, a standard correction to the Stokes drag is
used:

1
F(Re,)=1+0.15R%¥, fy(Re,)=1+03Re}Pri (10)

where the droplet Reynolds number is given by
Rep :pllu(xp) _Up”dp/:u (11)

Here u(x,) corresponds to the mixture velocity at the droplet lo-
cation. In the context of the rocket problem, these drag and heat-
transfer laws for the droplets have at least two shortcomings. First,
the drag force may be significantly influenced by the evaporation
and combustion processes. Second, the strong acceleration of the
flow in the nozzle region will require more accurate correlations
and will also result in the break-up of the larger droplets. Hence,
these equations of motion serve only as a first approximation. Efforts
are currently underway to improve these correlations.?*

Our computational framework allows for the fact that the droplets
are generally multicomponent in nature. For example, in the present
context each droplet is a mixture of molten Al and Al,O5 in the form
of an oxide cap. Even as the droplet is injected at the propellant
combustion interface, part of it is in the form of aluminum oxide.?
As the droplet moves through the core flow, Al evaporates and burns.
There are several mechanisms for droplet coalescence, collision, and
agglomeration: the droplet agglomeration at the propellant surface,
taken care of by the models described in Sec. I1.G, the droplet—-smoke
collision discussed in Sec. I1.D, the droplet—droplet coalescence in
the nozzle, and smoke—smoke agglomeration. Of these mechanisms,
only droplet—smoke collision will be modeled in the current study.
Briefly described, the amount of Al,Oj3 in the droplet increases as
the droplet collects the surrounding oxide smoke particles through
a scavenging process. Thus the droplet starts out being mostly Al,
but ends up being mostly alumina oxide.

Here we track the composition of each droplet by evolving the
mass of each of the constituents individually as follows:

dm .
= — u 12
o my, (12)
dmA1203 .
—— = Mg 13
dr Mdep ( )

where the right-hand sides represent the depletion of aluminum due
to the evaporation and burning and the collection of oxide particles
by collision and agglomeration, respectively. From the mass and
material properties of each of the components we can calculate the
effective density and diameter of the droplet as

-1
m MAL,O
pp = (l’l’lAl +mA1203) (p—Al + &) (14)

Al PA1L03

dpzi/g(@_;_w) (15)
T\ PAl PAI,0;3
C. Burn Rate Model with Full Heat Release

The combustion of Al droplet consists of a complex process. Once
the ambient temperature exceeds the oxide melting point, the oxide
shell around the droplet cracks and exposes the liquid Al. Aluminum
vaporizes, advects, and diffuses away from the droplet and reacts

with the oxidizers (such as O,, H,O, CO,) that are present. A re-
action front forms around the droplet and the primary product of
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combustion is aluminum oxide. Although the reaction thus takes
place in the gas phase, here we recognize that on the scale of the
rocket, we will not be able to resolve the gas phase chemistry that oc-
curs around each droplet. Thus we treat the burning of each droplet
in a Lagrangian manner. The burn rate of a droplet is assumed to
follow a general power-law relation dependent on the droplet di-
ameter, local pressure and temperature, and oxidizer concentration.
Here we use the correlation proposed by Widener and Beckstead®
as the model for the Al droplet burn rate:

My, = cpaT 157 (xp)PO‘Z (xp)XeOf'f}gDreld,l,'l Yal (16)

where the constant of proportionality ¢ has the value (in SI units)
2.885 x 10713, whereas the effective oxidizer mass fraction, X, is
defined in terms of the individual components as

Xett = X0, + 0.58 x1,0 + 0.22 xco, 17

In situations where the different oxide components are not individ-
ually followed, x.g can be computed based on conditions represen-
tative of the core flow within the rocket chamber. In Eq. (16), Dy
is given by

Dt = 1 +2.7xu, (18)

The burn-rate model does not take into account that part of the
droplet is in the form of an oxide cap. Here we account for the
presence of the oxide cap by scaling the burn rate with the volume
fraction of aluminum as

Pal PAL 03

Va= PA1PALO; + (1 — @ar) par

19

where the mass fraction of aluminum ¢4, within the droplet is de-
fined as

dar = mai [ (mar + mano,) (20)

This burn-rate model assumes the combustion of an individual
droplet in a quiescent ambient medium. Conditions under which
the Al droplets burn within the rocket differ from this ideal picture
in several significant ways. For example, there is strong crossflow
between the droplet and the surrounding gas flow in a rocket. Fur-
thermore, interference between the burning of neighboring droplets
may not always be negligible. For lack of better models, we ignore
such complexities and use the preceding burn rate model,? as it has
been mainly used in the literature.'>!?

The burn rate model, when used naively, often leads to locally
unphysical values of the gas mixture temperature, resulting in val-
ues far in excess of the boiling point of Al,O; (typically around
4000 K). An adhoc fix for this problem has been to restrict the heat
release from combustion to be only a fraction of the actual value.'?
This is not a satisfactory solution, because it leads to an unphysical
lower total heat release to the gas phase. The proper solution to this
problem lies in the recognition of how the heat is released in the com-
bustion process. The total heat release & of the combustion process
is composed of contributions arising from several subprocesses:

h = _hev + hreac + hcund + hsolid (21)

The terms in Eq. (21) correspond to the heat of evaporation from
Al(l) to Al(g), the heat of reaction from Al(g) to Al,O;(g), the
heat of condensation from Al,0;(g) to AL,O3(/), and the heat of
solidification from Al,O3(/) to Al;O5(s). Typical values for these
quantities are shown in Table 2.3

The table clearly shows that the bulk of heat release occurs in the
condensation process of Al,03(g) — Al,O5(/). Localized hotspots
appear in the gas phase when the heat of combustion is applied
as a whole, without recognizing the different contributions. From
physical reasoning it can be argued that provided the local tempera-
ture exceeds the boiling point of the oxide, the combustion reaction
should proceed only as far as Al(g) — Al,O3(g) and the conden-
sation process cannot locally occur. In such regions, the burning of

Table 2 Typical values for heats of reaction in Eq. (21)

Quantity Value, J/(kg - K)
hey 8,240.0
Nreac 7,157.0
hcond 29,326.0
hsolid 0.0

Al droplets must result in the release of only the heat of reaction
and the oxide must remain in the gas phase. This points to the need
to monitor Al,Os in the gas phase, in addition to the smoke par-
ticulate phase and the combustion process, which can be denoted
symbolically as

2A1(0) + 30(g) — aALOs(s) + (1 — a)ALO;(g) (22)

where « is the fraction that condenses to solid state as smoke par-
ticles. When the local temperature is greater than the oxide boiling
point T, a1,0,, then a =0. When T is just less than T} aj,0,, then o
will be determined such that local gas temperature will not exceed
Ty, a,0,- When T < Tj, a0, then o = 1, and furthermore if there is
any oxide that still remains in the gas phase it will condense to form
oxide smoke and increase the associated heat of condensation. In the
absence of this regulation mechanism, wildly varying thermal fields
are often generated with very high local temperatures, which in turn
can cause numerical instabilities. By incorporating the physically
motivated regulation process, we obtain a very robust Al combustion
model.

D. Oxide Cap Growth

The oxide caps of the aluminum droplets grow as the droplets
collide and agglomerate with the oxide—smoke particles. This col-
lision process is driven by the relative velocity between the droplet
and the surrounding smoke particles. Thus the volume swept by the
droplet in unit time is given by (7 / 4)&1]27 lv, —u(x,)|l, where we ne-
glect the diameter of the smoke particle in comparison to the droplet
diameter. The deposition rate g is then given by the number of
smoke particles within the relative volume swept and is therefore
proportional to the local concentration C; of oxide smoke:

Haey = (/45 |y, — u(x,)ICsne (23)

Because of the effect of local hydrodynamics not all smoke particles
inside the swept volume will end up colliding and agglomerating
with the droplet. Furthermore, the above analysis ignores the evap-
oration of Al from the droplet and the complex combustion process
around each droplet. These local complex phenomena are usually
accounted for through the efficiency of collision and agglomeration
n. (Ref. 26). Here for lack of thorough understanding of the complex
process in the literature, we simply take 1. = 0.25.

E. Lagrangian-Eulerian Coupling

As a result of the burning process, the aluminum droplets influ-
ence the mass, momentum, and energy of both the gas mixture and
the oxide smoke field. This leads to coupling of the Lagrangian
droplet back onto the carrier gas mixture. In the following, the sub-
script [ denotes the source terms arising from the /th droplet. The
source terms arising from all droplets within a finite volume cell are
assumed to contribute to that cell only. Provided that the number of
droplets per cell is significant, the resulting Eulerian field that influ-
ences the mixture and smoke evolution will be sufficiently smooth,
and hence close to the true influence of the Lagrangian droplet field
on the gas mixture. As the number of droplets per cell decreases (e.g.,
due to computational limitations), some spatial smoothing must be
employed before the source terms are used to evolve the mixture
and smoke fields.

As the droplets burn, oxidizers are consumed, and based on the
stoichiometric relation given in Eq. (22), we have the following mass
source for the gas mixture:

S}, = Lt (1 = Mp) (24)
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where L represents the ratio of real droplets to the computational
ones and M = M aj,0,/(2M a) corresponds to the molecular weight
ratio. The motivation for and the definition of the parameter L are
givenin Sec. III. The momentum source of the droplet on the mixture
is

SZ"J = LF]),[ + Lmbu.lvp,l + SZ_]u(xp.l) (25)
where the drag force on the /th droplet is given by
Fpi=—/6)d (pp1/Tp) Wy — u(xp) (26)
Finally, the energy source term is
S£1 = SZUJ . u(xp,l) + Lmbu,[hh + Lﬂlcond,lhr (27)

where the effective heat release /4, of the combustion process rec-
ognizes the fact that it may or may not involve heat of condensation:

h}, =ah + (] - a)(_hev + hreac) (28)

The last term of Eq. (27) arises from the fact that as the local temper-
ature dips below the boiling point of the oxide, some of the Al,O;
gas will condense to the solid phase and give out the heat of con-
densation. Here nicong,; is the mass rate at which oxide condenses
and h. = heong + hsonia 18 the associated heat of release.

The Lagrangian treatment of the droplets must also couple to the
equilibrium Eulerian treatment of the oxide smoke (see Sec. IL.F)
Each droplet acts as a local source of oxide—smoke particles. Fur-
ther, each droplet serves as a local sink of oxide smoke through the
collision and agglomeration process. The net source term for the
evolution of the smoke concentration from the /th droplet is given
by

SSPJ = L[(mbu.l + mcond.l)MR - 'hdep,i] (29)

This equation accounts for the possibility that some of the oxide that
remains in the gas phase can be contributing to the smoke particle
concentration through the condensation process.

F. Oxide Smoke Particles

In the limit of very fine particles, one can use the modified density
approach to evolve the smoke concentration field. In this case, one
assumes that the smoke advects with the surrounding gas velocity;
thus, only the smoke concentration field needs to be evolved as a
scalar field. This approach has the great advantage that one avoids
solving additional momentum equations for the smoke phase. How-
ever, this approach ignores the fact that the smoke particles do not
travel perfectly with the gas and, as a result, exhibit inertial effects
such as preferential accumulation and wall impaction.

An Eulerian approach to the smoke field avoids this drawback
by computing the smoke phase velocity separately from the gas ve-
locity. However, this approach suffers from the need to solve an
additional set of momentum equations for the smoke phase. This
difficulty becomes unmanageable if one desires to track many dif-
ferent sizes of smoke particles, because each size bin will involve a
set of momentum equations.

Ferry and Balachandar?” have developed an equilibrium Eulerian
method for simulating the small, but finite-sized, smoke particles,
which combines the advantages of the modified density and Eule-
rian methods. The present approach is nearly as fast as the modified
density method, since it does not require solving the momentum
equations for the smoke velocity. In this process, they also elim-
inate the numerical issue of stiffness associated with solving the
momentum equations for very small particles.?’ Yet this approach
accurately accounts for important inertial physics such as prefer-
ential accumulation and wall impaction that depend on the subtle
departure of the smoke particle velocity from the surrounding gas
velocity. The accuracy and efficiency of this approach have been
thoroughly tested and documented for canonical turbulent flows.?’

In the equilibrium Eulerian approach, the velocity field of the
smoke w; is expressed as an explicit expansion in terms of the local
gas mixture velocity u as

w, =u — 17,(Du/Dt) (30)

and the time scale of the smoke particles is

7, = p,d; [ 181 31

where d; is the diameter of the smoke particles and D /Dt is the
total derivative following the fluid element. Equation (30) can be
interpreted as follows: In regions with flow acceleration or decel-
eration (nonzero Du/Dt), the particle response will be different
from that of the fluid, resulting in a relative velocity (w, — u) that
will be proportional to particle Stokes number (defined as the ra-
tio of the particle time scale to the local fluid one). Equation (30)
presents only the leading-order term in the expansion. If necessary,
additional terms in the expansion can be included, and furthermore,
other sources of particle relative motion such as inertial lift force
can be incorporated into this formalism.?®
The smoke field acts as a momentum source for the mixture
through
S, = _LMRmbu,lw(xp,l) (32)

pu

The equilibrium formulation can be extended to the temperature
field as well.”® A straightforward analysis yields the following ex-
pansion for the smoke temperature:

T,=T —1,,(DT/Dt) (33)

where T is the smoke temperature, T corresponds to the gas tem-
perature, and 7, 4 is the thermal response time of the particle. , 4 is
expressed in terms of the specific heat C, ; of the smoke particles
and the thermal conductivity k of the gas as

Ts0 = Cp,s (devz/IZk) (34)

The physical interpretation of Eq. (33) is similar to that of Eq. (30).
The local material derivative of temperature acts as the source and
contributes to the differential temperature between the smoke par-
ticles and the surrounding gas mixture.

Equations (30) and (33) demonstrate that the velocity and tem-
perature fields of the smoke particles can be readily obtained from
those of the gas mixture. A significant advantage of this approach is
that the velocity and thermal fields of different-sized particles differ
only through their momentum and thermal time scales. Thus, the
velocity fields of polydisperse smoke systems, classified in terms of
different size bins, can easily be computed.

The only differential equation to be solved for the smoke phase
is the advection—diffusion equation for the concentration field. The
smoke particles are represented by a continuum concentration field,
denoted by C;(x, t), whose evolution is given by

aCy
ot

+ V- w,C,) =V - (D,VC,) + S” 35)

where the equilibrium Eulerian velocity is used to advect the smoke
particles, and D; is the diffusion coefficient, which accounts for the
collisional and shear-induced diffusion of particles. In general, the
evaluation of the diffusion coefficient can be complex, exhibiting
complicated nonlinear dependence on the local smoke concentra-
tion itself.?> Here, for simplicity, the diffusivity is considered to be
a constant. The source term in Eq. (35) is given by a sum in compu-
tational cells over all of the droplets, whose individual contributions
are given in Eq. (29).

G. Stochastic Droplet Injection Algorithm

An important component in the Lagrangian representation of alu-
minum droplets in SRM simulations is an appropriate description
of the injection process at the propellant surface. In the past, sev-
eral efforts in the literature have simplified the injection process
to be at a fixed rate both temporally and spatially or with tem-
poral pulsations.'®~'° However, the actual ejection mechanism, as
observed in experiments, is random in space and time.

An accurate representation of the injection process is central to
the predictive capability of the numerical simulation. The size, mo-
mentum, energy, and composition of the droplets at the time of their
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injection critically determine their subsequent evolution. Through
back-coupling the Al droplets in turn influence the gas mixture and
smoke evolution. Thus, it can be argued that the overall prediction
depends strongly on the droplet injection process. Despite this im-
portance, as stated in the Introduction, the details of the complex
process of droplet injection are not well understood.

Visualizations of aluminized propellant in experiments show that
as burning proceeds, the micrometer-sized aluminum particles in-
cluded in the propellant melt, agglomerate, and form larger molten
puddles on the propellant surface (M. Beckstead, private commu-
nication, 2004). Periodically, either the entire puddle or parts of it
are torn off the propellant surface by the hot gas to form droplets
of mostly aluminum. Based on such described physical process,
associated with each surface panel of the propellant (referred to
numerically as tile, corresponding to a face of the surface grid), a
molten puddle is maintained numerically, which, in general, com-
prises several material constituents.

Thus, it is important to construct a mathematical and computa-
tional framework that will allow us to experiment easily with differ-
ent probability distributions for the injected droplet size and other
related quantities. The injection process needs to provide the follow-
ing information at each time step: the number of droplets injected
into the chamber, their coordinates of the position on the injected
surface, and their initial mass, momentum components, and energy.
A Markovian-based approach for the droplet injection that mim-
ics the physical mechanism occurring on the propellant surface has
been developed. Hence, given a PDF for the injected droplet-size,
the algorithm insures that droplets are injected randomly in space
and time with the imposed PDF. Five distinct steps are required
for droplet generation: droplet PDF selection, puddle initialization,
puddle augmentation, puddle depletion, and droplet injection.

In the present study, we have selected two droplet-size PDF mod-
els: one is based on specific distribution for a propellant from pre-
vious work,! and the second is obtained from new agglomeration
models from propellant packing code.?? These models are

1) Logarithmic normal distribution (LND): Given a median
droplet diameter dy.q and a standard deviation o of ln(dpeq), the
lognormal distribution to determine the diameter of the next droplet
to be injected is

Pr(d) = (1/v2rod) exp {—(1/207)[In(d /dme) '} (36)

2) Skewed logarithmic distribution (SLD): Given peak, minimum,
and maximum droplet diameter dpcax, @min, dmax» respectively, and a
standard deviation o of [n(dyeq), the skewed distribution is formu-
lated as

Pr(d) = [1 = (d/dmax)*][1 = (dmin/d)?]

x exp{—(1/26%)[lu(d) — a]*} 37

where « is computed as

202

o = ba(dpeq) +
’ [ (Ao /peai)? — 1]

(33)

Further details on how the skewed logarithmic distribution is ob-
tained are given by Jackson et al.?

III. Numerical Implementation
and Computational Framework

The physical models described in Sec. II have been implemented
in the code suite RocfluidMP.?%3° For unsteady flows, the govern-
ing equations are integrated in time using a fourth-order accurate
Runge—Kutta scheme. The remainder of this section describes the
numerical implementation of the various physical modules in more
detail.

The basic geometric features of solid-propellant rockets can be
represented easily by block-structured grids. The block-structured
code is based on a cell-centered finite-volume approach. The invis-
cid fluxes are computed from a central scheme augmented with an

adaptive blend of second and fourth differences; see Jameson et al.’!

The viscous fluxes are computed from face-centered gradients. The
code is parallelized using MPI,*? based on the underlying block de-
composition. The block-structured code and its parallel performance
on large-scale systems are described in more detail by Blazek.>

The Lagrangian droplet evolution physical module is also par-
allelized using MPI. However, the numerical implementation is
slightly different from that for the mixture because variable mes-
sage lengths have to be used at every Runge—Kutta stage. Unlike
the mixture where the Eulerian-based grid variables are consistently
communicated, the Lagrangian droplets move through the various
domains into which the rocket chamber has been decomposed. Their
dynamic evolution in the computational domain requires a similar
parallel communication pattern.

The numerical implementation of the smoke evolution is similar
to that of the mixture. The only difficulty specific to smoke evolu-
tion is that the use of a central scheme for the convective fluxes can
produce negative values of concentration because there is no coun-
terbalancing pressure term. To overcome this numerical difficulty,
clipping has been invoked. In the near future, positivity-preserving
schemes are being implemented. The parallel implementation of the
smoke particles follows directly that of the mixture field.

A. Computational Droplets

For aluminum droplet evolution, an important constraint in the
Lagrangian representation pertains to the actual number of droplets
that can be be tracked. For example, in the space shuttle redesigned
solid-propellant rocket boosters, the core flow is over a length of
33 m with an initial inner radius of 0.78 m. An aluminum droplet
of 20% by mass loading in the propellant will result in approxi-
mately 10" droplets with a mean diameter of 100 wm within the
rocket chamber. For smaller lab-scale motors, this number is sig-
nificantly lower, but still on the order of several billion. Hence, it is
virtually impossible to represent each and every real droplet in the
computation. We further note that owing to the random injection
of the droplets and their subsequent chaotic evolution inside the
rocket due to core-flow turbulence, the instantaneous distribution
of droplets and its influence on the core flow is stochastic. In the
computations with fewer computational droplets the true stochastic
influence of all the droplets must be adequately approximated.

To address these issues in the present computational framework,
we consider each computational droplet to be a “superdroplet” (or
a cluster of droplets) that accounts for L real droplets, where L is
given by the ratio of the number of total real droplets to computa-
tional droplets; that is, L = Nica1/Ncomp. TWo simple but somewhat
conflicting criteria dictate the choice of this parameter L. On the one
hand, the number of computational droplets must be chosen so that
the computational cost of Lagrangian tracking will be in approxi-
mate balance with the computational cost of advancing the flow and
the smoke fields. In the present implementation this cost balance is
achieved for about six particles per cell. On the other hand, the num-
ber of computational droplets within each cell should be sufficiently
large that a simple sum over all the particles within each cell should
provide an adequately accurate representation of the actual effect of
all the droplets. Otherwise, as the number of computational droplets
within a finite-volume cell decreases, the randomness in the com-
puted mass, momentum, and energy feedback of these particles on
the surrounding flow increases. For large L, this randomness may far
exceed the actual stochastic fluctuation. In this case, further spatial
smoothing may be required to better represent the back-coupling ef-
fect. We have used a substantial number of droplets per cell; hence,
no further spatial smoothing is carried out. Appropriate smoothing
techniques will be considered in the future.

B. Interaction-Based Framework

Translating these physical models and their associated numerical
procedures into a software package that is easy to modify and sup-
port is a nontrivial task. We attempt to meet these objectives through
software modularity and commonality. Modularity is achieved
by encapsulating the physical components in static libraries that
are linked into the mixture modules to produce executables.



1264 NAIJJAR ET AL.

Particle Al).......

Fig. 1 Schematic represen- - \\ // @1
tation of interactions for burn-
N

ing of aluminum particles.

Gas Oxidize) @
200 mm 200 mm 70mm —

30mm 45 mm
Propellant 45° 45/?30?

Fig. 2 Schematic of ONERA C1 geometry.

Commonality allows module developers to share code through user-
defined data types, data structures, and procedures.

The implementation of the interactions among the physical com-
ponents is encapsulated in a separate module. Instead of assigning
an “owner” to each interaction, this module focuses on the interac-
tions themselves. This is illustrated in Fig. 1 by taking the burning
of aluminum particles as an example. Only so-called primary in-
teractions (mass, momentum, or energy) need to be computed. The
secondary (or implied) interactions (momentum or energy) are com-
puted automatically.

The interpretation and implementation of such interactions have a
number of advantages. First, they simplify the consistent and conser-
vative transfer of mass, momentum, and energy between the physical
components. Second, the burden on the developer of a physical mod-
ule is reduced. Third, individual interactions may be deactivated in
a consistent way to help in debugging or to study hypothetical sce-
narios. For example, it is very simple to study the effect of two-way
coupling between aluminum particles and the gas mixture, or to in-
vestigate the impact of energy coupling between these two phases.
By specifying several particle or smoke families, such studies may
even be carried out concurrently.

In whole-system rocket simulations the fluid-dynamics code de-
scribed is coupled with codes predicting the structural response of
the propellant and its burn rate. Results of such whole-system com-

putations were reported elsewhere by Fiedler et al.>*3

IV. Problem Setup

The ONERA C1 configuration (Fig. 2) described by Lupoglazoff
and Vuillot,**37 Vuillot,?® and Kourta®® has been selected to perform
computations with the present multiphase framework. The motor
has a length of 0.47 m, a half-height of 0.045 m, and a width of
0.141 m. The grain length and height are 0.2 and 0.015 m, respec-
tively; the grain tapers to zero thickness at an angle of 15 deg to
create the second half of the main chamber. The location at which
the propellant tapers is of importance since vortices are shed there.
The original geometry definition considered by Lupoglazoft and
Vuillot* included a symmetry plane. In the present computations,
the symmetry plane was removed to allow for asymmetric distur-
bances. A converging—diverging nozzle is attached to the chamber
motor. The computational grid consists of 317 x 60 nonuniformly
distributed cells in the x and y directions, respectively. The grid
resolution has been shown by various studies®”3>* to capture all
the flow physics from shear layer development to acoustic coupling
in the chamber.

The following boundary conditions have been imposed on the
configuration (Fig. 2): A nonslip velocity is imposed for the head
end, the nozzle walls, and the walls after the taper; supersonic out-
flow conditions are applied at the nozzle outlet; and fixed mass rate
and temperature are set along the bottom and top injection surfaces.
The propellant loading is set at 17.6% of aluminum by mass. The
droplets are injected at zero velocity and are assumed to be in ther-
mal equilibrium with the surrounding gas. Their initial composition

Table 3 Mixture properties

Quantity Value Unit

y 1.14 —
C, 2439.04 Ji(kg - K)
Ting 3387.0 K
Hitgor 21.201 kg/(m? - s)
" 36.0 x 1073 kg/(m - s)

Table 4 Multiphase properties

Quantity Value Unit
PAL 1766.0 kg/m?
Tgoil, Al 3000.0 K
Cp.Al 1375.0 J/(kg-K)
PALO3 1600.0 kg/m?
TBoil, AL, 04 4000.0 K
Cp.ALO; 1100.0 J/(kg-K)
Tp.inj 3387.0 K
n, 31622  kg/(m?-s)
op 0.176

Table S5 Test matrix for computations

Run dg, pm Distribution
1 1.5 SLD-A

2 1.5 SLD-B

3 1.5 LND

4 5.0 SLD-A

5 5.0 SLD-B

6 5.0 LND

consists of 80% aluminum and the remainder corresponds to a pre-
existing oxide cap. The viscosity is assumed to be constant. Tables 3
and 4 summarize the mixture and droplet properties used in these
computations.

The values for the densities of the aluminum and alumina corre-
spond to mean values obtained from the following relationships®*!:

par =2385—0.28(T —933), PaLo; =5632—1.127T (39)

The goals of the present study are to investigate the effects of
droplet size distributions at injection and smoke particle sizes on
the flow dynamics in the chamber. Table 5 summarizes the test ma-
trix for the various runs. The droplet distributions used have been
described in Sec. II.G. For the skewed logarithmic distribution, two
profiles have been chosen: the first type (SLD-A) has minimum,
peak, and maximum diameters of 5, 30, and 240 um, respectively,
with a standard deviation of 1.3, whereas the second type (SLD-B)
has the corresponding values of 5, 30, and 190 um, respectively,
with a standard deviation of 1.0. These values have been chosen
from the new agglomeration model for a representative propellant.??
The logarithmic normal distribution (LND) has a peak diameter and
standard deviation of 30 um and 0.25, respectively. A superdroplet
loading factor has been chosen such that a total of approximately
110,000 droplets are instantaneously tracked in the computational
domain. This results in superdroplet loading factors of 10, 18, and
95 for the distributions SLD-A, SLD-B, and LND, respectively.
Figures 3a—3c present the three distributions investigated at the in-
jecting surfaces. Smoke particles are assumed to be generated at a
fixed diameter with values of 1.5-5 um. The simulations are run on
a 60-processor IBM SP3 computer system and a typical computa-
tion for a representative time span of 4 ms requires approximately
12 CPU hours.

V. Results

A. Instantaneous Fields
Uncoupled single-phase simulations were initially performed and
the results showed that the flow forms an instability at the corner,
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Fig. 3 Histograms of the pdf and number density percentage with droplet diameter a—c) at the injection surface and d—f) at the nozzle inlet (x =0.4 m):

aand d) run 1, b and e) run 2, and ¢ and f) run 3.

leading to Kdrmdn-like vortex shedding in the noninjection section
of the chamber. A primary shedding frequency of 2568 Hz was
obtained, comparing well with the secondary longitudinal mode of
the chamber, which exhibits a frequency of 2570 Hz (Refs. 17, 36,
and 39). Further details of the single-phase flow dynamics have been
discussed by Najjar et al.*?

Figures 4-6 show the mixture spanwise-vorticity field, the mix-
ture temperature, the droplet location (colored by the diameter), and
the smoke concentration for runs 1, 2, and 3. It is observed that the
flow maintains its unsteady nature for runs 1 and 2 with several large-
scale vortices existing in the main chamber, whereas, for run 3, the
flow reverts to a laminarized state similar to the nonreactive coupled
case.*? Further, the temperature field maintains a high value along
the centerline for runs 1 and 2, whereas it is substantially higher
throughout the chamber for run 3. The droplet distributions in the
chamber are strongly affected by the flow dynamics. By compar-
ing Figs. 4c, Sc, and 6¢, the droplets are seen to avoid regions of
high vorticity. The edges of the laminarized shear layers are clearly
captured in Fig. 6¢c. Further, it is observed that the droplet distribu-
tions obtained for runs 1 and 2 are quite similar, demonstrating that

the results are insensitive to the details of SLD. However, when the
droplet distributions for these two runs are compared with the LND
configuration (run 3), substantial differences are observed. Because
the LND configuration is extensively used in industry, its validity
as a distribution to describe all types of propellants could be ques-
tioned in view of the present results. Finally, the distributions of the
smoke concentration, presented in Figs. 4d, 5d, and 6d, are low near
the injection walls, increasing rapidly toward the core, as expected.
However, the smoke concentrations are higher for run 3 compared
toruns 1 and 2.

For the remaining cases, runs 4-6, in which the smoke diameter
size was increased to 5 um, no significant changes in the overall
multiphase flow dynamics have been captured for the mixture, the
droplet locations, on the corresponding smoke concentrations with
respect to runs 1-3. Hence, it can be concluded that the current sim-
ulations are quite insensitive to the smoke diameter size. Further,
a simulation with a smoke diameter size of 0.5 um for SLD-A has
been performed and the results were similar to run 1. In the remain-
der of this article, we will focus our attention on the results obtained
in runs 1-3.
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d)

Fig. 4 Results for ONERA C1 configuration with run 1 at £=10 ms:
a) spanwise vorticity [(w; min, Wzmax, Awz)=(—5 X 104 s~1,5 x 104
s~1,10% s~1)]; b) temperature [(Tomin, Tmax, AT) = (3000, 4000, 20 K)];
¢) droplet positions colored by diameter [(dp min, @p,max, Adp) = (10, 250,
10 pm] with 2.5 and 5 xm); and d) smoke concentration [(Cs, mins Cs,max,
AC)=(5x10%,6 x 1072,5 x 10~* kg/m3)].

d)

Fig. 5 Results for ONERA C1 configuration with run 2 at =10 ms:
a) spanwise vorticity, b) temperature, c¢) droplet positions colored by
diameter, and d) smoke concentration. Contour levels are the same as
in Fig. 4.

B. Statistics

Once the flow reaches a quasi-steady state, statistics are gath-
ered for over 4 ms, representing approximately 10 shedding cycles
in the uncoupled single phase simulations. Individual data sets of
the 80 instantaneous multiphase flowfields have been saved, cor-
responding to a time interval separation of 0.05 ms. A streamwise
location at the nozzle entrance (x = 0.40 m) is selected to assess the
effects of injected droplet diameter distribution on the multiphase
flow statistics. Two separate sets of conditional statistics have been
determined. In the first set, the data were binned according to droplet
diameters. In the second set, the data were binned according to their
y coordinates.

d

Fig. 6 Results for ONERA C1 configuration with run 3 at =10 ms:
a) spanwise vorticity, b) temperature, c) droplet positions colored by
diameter, and d) smoke concentration. Contour levels are same as those
in Fig. 4.

Figures 3d, 3e, and 3f show histograms of the normalized num-
ber density varying with the droplet diameter for runs 1, 2, and 3,
respectively. It is observed that the distribution is broad for runs 1
and 2, whereas it is quite narrow for run 3. For the current motor
configuration, the droplets are seen to retain characteristics of their
initial distributions. The corresponding histograms of the droplet
aluminum composition, ¢4, are plotted in Fig. 7. The smaller droplet
sizes have completely exhausted their aluminum contents, whereas
the larger droplets retain most of their initial content (72-78%).
A plateau is rapidly reached for droplet diameters above 50 pm.
Section V.C will provide further insight into these effects. The alu-
mina composition can easily be inferred from the mass conservation
as ¢a1,0, = 1 — Pa1. Hence, for small droplets, the alumina compo-
sition is 100%, but it decreases rapidly to 22-28% for the larger
droplets. Most rocket motors are designed so that the aluminum
droplets burn out before entering the nozzle. The present rocket-
like geometry is just a computational model, originally chosen to
test the flow.*®3° The residence time of the larger droplets is not
sufficiently long to achieve complete burnout. Clearly droplets of
larger than about 10 um at injection are not appropriate for the
present configuration if complete burnout is desired.

Figure 8 shows the y distribution of the time-averaged number
density, droplet aluminum composition, and mass-mean diameter.
It is observed that the number density is symmetrically distributed
about the centerline with smaller peaks close to the bottom and top
walls. The results obtained for run 3 present a strong peak at the
centerline whereas those for runs 1 and 2 are similar. In Fig. 8b, the
distributions of the droplet aluminum composition are symmetric
with respect to the centerline, reaching a plateau in the chamber core
while dropping rapidly near the walls. The composition is observed
to be higher for runs 1 and 2 by 20% over run 3, and this is due to the
predominantly smaller size of the droplets in run 3. The mass-mean
diameter d,; defined as

2 d,
2d;

is plotted in Fig. 8c for the three runs. It is seen that run 3 has
the flattest distribution, with a mean value of approximately 30 pum,
whereas the mass-mean diameters computed for runs 1 and 2 are
significantly higher, reaching peak values of 160 um. The distribu-
tions are seen to drop dramatically to a value close to that of run

d43 = (40)
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Fig. 7 Histograms of the aluminum composition, ¢, A1, with droplet diameter at the nozzle inlet (x =0.4 m): a) run 1, b) run 2, and ¢) run 3.
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Fig. 9 Transverse distribution at the nozzle inlet x = 0.40 m: a) mixture temperature, b) alumina smoke concentration, and c¢) mixture and droplet
streamwise velocity; ——, run 1; - - - -, run 2; and ——, run 3; no symbols for mixture; circles for Lagrangian droplets.

3 near the rocket motor walls. Further, a valley is obtained at the
centerline.

Figure 9 shows the y distribution of time-mean mixture temper-
ature, smoke concentration, and mass-mean diameter. The mixture
temperature distribution is highest for run 3 with a value very close
to the aluminum oxide boiling point of 4000 K. This clearly shows
how the full heat-release capability, described in Sec. II.C, sets a
plateau value for the mixture temperature where clipping occurs
when the threshold value is exceeded. The distributions obtained
for runs 1 and 2 are significantly lower in the main chamber, except
that a peak value is reached near the centerline, where the droplets
are seen to agglomerate (see Fig. 5b). In Fig. 9b, the smoke concen-
tration is seen to have a peak at the centerline and in the core region
of the shear layers. As observed in Fig. 6¢c, the results from run
3 show higher levels of smoke concentration. Finally, the stream-
wise component of the mixture and droplet streamwise velocities are
plotted in Fig. 9c. The three runs have similar time-averaged values;
however, run 3 shows that time-averaged velocity of the droplet is
more in equilibrium with the mixture, whereas the droplets in runs 1
and 2 lag the fluid. The time-averaged results provide further insight
into the differences observed in Figs. 4-6. Because the Lagrangian
field for run 3 has the highest equilibrium and thus the timescales
between the droplets and the mixture are comparable, the droplets
will substantially modify the mixture field.

C. Verification for Residence Time and Burning Droplet Diameter

The current coupled multiphase simulations are challenging to
validate. Rocket chambers are very hostile environments for ex-
perimental instrumentations due to the high temperature. For this
reason, detailed experimental data for validating multiphase flow
simulations such as those presented here do not appear to exist. The
only possibility of checking the results is thus to compare them with
theoretical models. To this end, we compare the droplet residence
time in the rocket chamber, 7., and the diameter of the convecting
burning droplet with simple theoretical predictions. The streamwise
location evolution of the droplet, derived from the streamwise ve-
locity [see Eq. (8)] is given by

d’x, N dx, () =0 1)
—Un(Xp) =
dr? dr !

Tp

This equation is subject to the initial streamwise location and veloc-
ity of the droplet, x, o and u, o, respectively. The mixture stream-
wise velocity, u,,, is typically a function of both the streamwise and
transverse locations of the droplet. Here we simplify the theoretical
analysis by considering the mixture velocity to be that along the mo-
tor centerline. The rationale for this assumption is that the droplets
quickly approach the centerline. To a good degree, the mixture
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velocity can be approximated as

B Xp /Ly Unpax for
" Unmax for

OSX[,le

Ly <x,<L, (42)
where L, is the length of the first segment that has the propellant,
L, is the length of the entire motor, and U,,x was found to have a
value of 500 m/s.

The closed form solution of Eq. (41) in the upstream segment of
the rocket (0 <x, <L) is

x,(t) = A, exp®™” +B, exp®"

u,(t) = A, exp™” +B,a; exp?”, = (=1 p)/27,

IB = 1 +4TpUmax/Ll
Ap = %[Xp,o + (2r1)/ﬁ)(u1),0 + -xp.O/th)]

Bp = %[xp.() - (ZTp/ﬂ)(up,O + xp,0/2tp)] (43)

The closed-form solution of Eq. (41) in the aft segment of the motor
chamber is given by

X]),Z([) = Umaxt + tp[Umax - up,l([)](expit/rp _1) + Ll

Upr(t) = Unax + [Unax — up 1 (t)] exp™/™ (44)

where u,, 1 (¢) is the droplet streamwise velocity at L, obtained from
Eq. (43).

The droplet residence time in each section is determined by invert-
ing Egs. (43) and (44). We follow the evolution of a set of droplets
with varying diameters (10, 50, 100, and 200 xm) injected at two
separate initial locations: near the head end (x =0.02 m) and mid-
section (x =0.1 m). Figure 10 shows the variation of the residence
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time for initial droplet diameters in different ranges. The residence
time varies from 1 to 9 ms and the agreement with the analytical
solutions is quite satisfactory in Fig. 10a. For the particles injected
past the streamwise location x = 0.1 m, some differences can be ob-
served, and this perhaps is due to neglecting the flow turning effects
in the droplet evolution [Eq. (41)]. Figure 10c plots the residence
time for a particle injected at the head-end till it reaches the nozzle
inlet. Again the comparison with the analytical solution is good.

Figure 11 compares the droplet streamwise velocity obtained in
the simulation with those determined from the analytical solutions
at two streamwise locations of 0.2 and 0.4 m. It is seen that the
computed droplet velocities are larger than the analytic predictions
and the difference increases further downstream.

Finally, since the droplet diameter changes temporally due to the
burning process, its evolution is analytically formulated. Starting
with the droplet mass burning evolution [see Eq. (16)], and refor-
mulating in terms of droplet diameter, the evolution of the droplet
diameter is formulated in terms of an ordinary differential equation
as follows:

o 1’d12) dd!’ 1.1
—— = —k,d, 45

2 dr P “3)
where «, is a variable representing all of the terms in the Widener—
Beckstead model except the diameter,

Kp = cpAlT 157 (xp)p()‘z (xp)XeOf‘ng,Drel v/Al (46)

Hence, the closed form of the burning droplet diameter, as it evolves
in time, is

d)® (1) = dyy — 3.8/mpy)icpt (47

It is to be noted that this formula does not account for alumina
deposition; however, its contribution is expected to be minimal.
Figure 12 shows the variation of the droplet diameter with the initial

5
o +E 10 -
3 F VA 8 |
2 g A ¢ 6
8 i ’
3F i v,
n 2 T ¢ = ‘T
£ £ I £
% 2r _ e | =
w2 ® B N u@
| v
A < 2 |
1|k
L L L oy L L | IEFERTRNET WIWE1 N L L L 1 PN I R T
50 100 150200 50 100 150200 50 100 150200
a) Initial droplet diameter (um) b) Initial droplet diameter (um) ©) Initial droplet diameter (um)

Fig. 10 Variation of residence time with initial droplet diameter for particles injected from a) x =0.02 m and moving to x =0.2 m, b) x=0.1 m and
moving to x=0.2 m, and c¢) x=0.02 m and moving to x =0.4 m. Symbols (lines) represent values obtained from multiphase flow code (analytical

solution).
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Fig. 12 Variation of droplet diameter with initial droplet diameter for
particles injected at x = 0.02 m symbols (lines) represent values obtained
from multiphase flow code (analytical solution).

injection diameter. The droplets have been injected near the head end
and their diameters are obtained at the nozzle inlet. Comparison with
Eq. (47) shows quite satisfactory agreement. It is interesting to note
that the droplets with the larger diameters do not burn as completely
as the smaller ones. As addressed earlier, this incomplete burning is
an artifact of the chosen geometry in which the residence time for
the droplets larger than 10 xm is not enough for complete burnout.

VI. Summary

The modeling and simulation of the flow in solid-propellant rock-
ets from first principles is extremely challenging. Among the mod-
eling difficulties to be addressed are complex evolving geometries,
turbulence, and multiphase flow with chemically reacting disperse
phase. Apart from the need for robust and efficient numerical tech-
niques, one of the main computational challenges is posed by strong
interactions among various phenomena. We have developed a frame-
work to handle these complex multiphysics processes and included
advanced computational capabilities including full heat release for
the burning process, a new formalism for the smoke, a convers-
ing two-coupling scheme, and a stochastic-based droplet injection
model.

Multiphase flow simulations in a typical configuration have been
performed with burning aluminum droplets generating aluminum
oxide smoke. Droplet size distributions have been investigated and
two models have been used: one based on a specific propellant dis-
tribution, the other on subscale propellant packing and combustion
models mimicking real propellant behavior. The effects of the dis-
tributions on the chamber flow dynamics and specifically at the
nozzle inlet are observed to be quite range. The smoke particle size
is seen to affect the overall chamber dynamics minimally. Verifica-
tions of the residence time and burning droplet diameter compare
quite well with simple analytical predictions. In the present con-
figuration, small-sized droplets quickly consume their aluminum,
whereas larger droplets move in the chamber with lower combus-
tion efficiency. Future studies are being undertaken to gain further
insight into multiphase flow dynamics for full-scale rockets, such
as the RSRM booster with inhibitors and submerged nozzle.
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