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MODELING TRANSPORT PHENOMENA OF HIGH MASS
LOADINGS WITH APPLICATIONS TO FIRE SUPPRESSION
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New Mexico, USA
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Department of Mechanical Engineering, Korea University, Anamdong,
Sungbukgu, Seoul, South Korea
3
Department of Mechanical & Aerospace Engineering, University at Buffalo,
State University of New York, New York, USA
Improvements to the existing Eulerian-Lagrangian two-phase dilute spray model, referred
to as Vulcan, are required in order to handle high mass loadings or very small solid particles. Such flows are relevant to modern fire-suppression techniques among other applications. These improvements include developing a new treatment for efficiently integrating
small particles, a new subcycling time-step selection algorithm for the time-splitting solution
technique, and a new treatment for placement of the two-way coupling source terms on the
fluid grid. Despite the added complexity of these modifications, performance tuning of the
code was also performed so that the solution speed is either equivalent to or faster than the
previous code, depending on particle size. The new algorithms are applied to predicting
suppressant distribution from a Goodrich-244 fire-suppression system in a simulated aircraft cargo bay. Results using these new algorithms indicate that the larger particles found
in the Goodrich-244 suppressant disperse more uniformly throughout the aircraft cargo bay,
although a large fraction of these particles adhere to the side walls before being delivered to
the fire. Buoyancy of the hot combustion products was found to inhibit particle dispersion,
and to generate large unwanted convective heat fluxes to the roof of the cargo bay.

INTRODUCTION
Fire suppression is one of many applications for which the transport of
condensed phases is key. In traditional and advanced water-based suppression systems, the large latent heat of vaporization of water is a key factor in removing heat
from and quenching fires. Another new approach to fire suppression, employed
in the Goodrich-244 system described in this report, takes advantage of catalytic
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NOMENCLATURE
A
CD
D
f
F
Fr
h
hp,1g
K1, K2
Np
m
Re
t
u
V

area
drag coefficient
particle diameter
octant interpolating factor
force
Froude number
enthalpy
particle heat of vaporization
constants defined by w
particle number in cell
mass
Reynolds number
time
velocity
cell volume

m
q
sf
sv
w
u

dynamic viscosity
density
turbulent characteristic time
scale
particle velocity relaxation time
particle shape factor
cell void fraction

Subscripts
g
gas property
i
ith particle
l
liquid
p
particle property
1
before momentum balance within cell
2
after momentum balance within cell

surface chemistry on small solid particles to scavenge active radicals and thus quench
fires. In each of these systems, the transport of suppressant, whether liquid spray or
solid particulate, to the fire is the key to successful suppression.
To enhance the understanding of system tests and to provide a means for
suppression-system design, simulations are often employed. Sandia’s Vulcan fire-physics
code incorporates the requisite suite of physics models for this purpose. This report
describes modifications to the Vulcan spray module to enhance its capabilities. These
modifications are required because fire suppression provides a severe test of spray
models in two areas. First, in order to suppress nontrivial fires, a substantial mass of
suppressant must be transported to the fire rapidly. Often the momentum associated
with this transport is one or two orders of magnitude greater than fire-induced flows.
In this case, the coupling between the mass, momentum, and energy of the condensed
phase and the gaseous phase must be handled carefully since the condensed phase
largely drives the flow. This is the subject of the spray transport model section of the
present report.
Another area in which spray models are severely tested by modern fire-suppression
systems is in the transport of small particles. Small particles with high surface-to-mass
ratios are desirable both for the purpose of rapid, timely evaporation and to maximize
surface catalytic behavior. Respective applications include water-mist systems and solidpropellant gas-generator (SPGG) suppressions systems, of which the Goodrich-244
system is the present example. Small particles pose a modeling challenge because they
evolve over time scales that are typically many orders of magnitude smaller than other
flow time scales. A disparity in relevant time scales is an ever-present modeling challenge
in multiscale system, often leading to intractable computational costs. The two-way
coupling treatment section discusses an approach that dramatically increases the computational efficiency in flows with small particles by taking advantage of the separation
of time scales between the particle and flow evolution.
The developments described in this report arise through consideration of two
specific applications for the Vulcan spray module. The first application is to predict
particle transport in the Goodrich-244 fire-suppression system [1]. This particular
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application is described in the application Sections. The other application of interest
is the prediction of water spray evolution with relatively heavy mass loading. The
application of the spray module to the water spray problem is described in detail
in [2, 3]. Each of these applications has a high mass loading, and the particle size
in the Goodrich-244 system is small enough that time-scale separation makes simulations intractable using the original algorithms [2].
SPRAY TRANSPORT MODEL
Simulations were conducted using Sandia’s Vulcan fire-physics code. The
spray model is a recent addition to Vulcan [2], and additional capabilities are still
in development. The following subsections detail some of the verifications and
improvements made to the basic particle transport model, to assure its accuracy
for the Goodrich-244 SPGG system simulations.
Spray Model Methodology
Vulcan solves the Reynolds-averaged Navier-Stokes (RANS) equations,
coupled with equations for species, temperature, and the turbulent kinetic energy
and dissipation using well-known methods [4, 5]. In addition to the gas-phase species,
condensed-phase particles are transported using a Lagrangian method coupled to
the Eulerian grid. This particle transport model is derived from the stochastic separated-flow (SSF) model [2], and this is the same model used in the popular internalcombustion-engine simulation code, KIVA [6, 7]. The model employs parcels to
represent a large number of individual particles (of the order of billions for extremely
small particle sizes). These parcels are transported according to calculated force
balances on individual particles, and the particle size and temperature are evolved
according to mass and energy balances. A large number of such parcels (tens or
hundreds of thousands) are tracked to describe the evolution of the condensed phase.
Properties of particles, including their size, temperature, composition, and thermal
properties such as specific heat, density, drag coefficients, etc., are assumed to be
identical for all particles in a parcel. The parcels are transported by the mean
flow and by turbulent fluctuations. Other comparable spray models are available in
Wiedenhoefer and Reitz [8], Tolpadi et al. [9], Chow and Yao [10], Raju [11],
Consalvi et al. [12], and Roychoudhary and Bergman [13].
When a particle collides with a solid wall, it is assumed to adhere to the wall
if the impact velocity (kinetic energy) is sufficiently high, and bounces otherwise.
In general, adherence is the predominant result of collisions for the particles
considered here. It is well known that fine powders can be convectively lifted from
surfaces and transported elsewhere, but this is beyond the scope of the current study.
As such, it is expected that the present simulations will underestimate the particle
spreading following wall impingement. Further details regarding the implementation
of the SSF model are provided in [2].
Unsteady Terms in Particle Transport Equations
When using the SSF model, the particle locations evolve according to a force
balance, Newton’s second law, with the resultant leading to particle acceleration [14].
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The full particle momentum equation contains a number of terms that can be
categorized as either a steady force or an unsteady force. The unsteady forces tend
toward zero for a particle in a stationary flow field, but are still often small with
respect to the steady forces in commonly encountered unsteady flows. For this
reason, the unsteady terms are often safely neglected in particle simulations, since
they can be complex and expensive to calculate. This is the assumption made in
the present particle momentum formulation in the Vulcan spray module, where only
the steady aerodynamic drag and gravitational body forces are modeled [2]. The
validity of this assumption is assessed below for the type of particles encountered
in the Goodrich-244 suppressant.
The full unsteady momentum equation for noncirculating and nondeforming
spherical liquid or solid particles [15] is
mp ¼

dupi
¼ FDi þ FPi þ FAi þ FHi þ FLi þ FBi
dt

ð1Þ

where mp is the particle mass, upi is the particle velocity, and t is time. The forces on
the right-hand side of this equation are defined as
p
FDi ¼ qg D2p CD jugi  upi jðugi  upi Þ ðaerodynamic dragÞ
8
p
Dugi
FPi ¼ qg D3p
ðpressure gradientÞ
6
Dt

dupi
p
3 Dugi

FAi ¼ CA qg Dp
ðadded massÞ
6
Dt
dt
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Z t
qg mg
d=dsðugi  upi Þ
p
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
FHi ¼ CH D2p
ds ðhistoryÞ
4
p 0
ts
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sij
ðugj  upj Þ ðSaffman liftÞ
FLi ¼ 2:72D2p qg mg
ðSlk Skl Þ1=4
p
FBi ¼ D3p ðqp  qg Þgj dij ðbody forceÞ
6

ð2Þ

where qg , mg , and ugi are the gas density, viscosity, and velocity, and qp , Dp , and upi
are the particle density, diameter, and velocity, respectively. Gravitational acceleration is represented by gj , and the local carrier gas strain rate tensor is defined as
Sij ¼ 1=2ðqui =qxj þ quj =qxi Þ. Additionally, the two substantial derivatives of the
gas velocity in these expressions are defined as
Dugi qugi
qugi
¼
þ ug j
Dt
qt
qxj
dugi qugi
qugi
¼
þ up j
dt
qt
qxj

ð3Þ

The original equation developed in [15] is only formally correct in the limit of zero
particle Reynolds number, Re ¼ qg jugi  upi jDp =mg . The additional coefficients
CD ; CA , and CH in Eqs. (2) are added to adjust the respective terms for finite
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Reynolds numbers [16]. The coefficients CA and CH are both generally O(1), and are
thus not considered in the present order analysis. The coefficient of drag CD , however, can span many orders of magnitude. The Goodrich-244 suppressant consists
primarily of micrometer-sized particles, for which typically Rep << 1, so that the
Stokes drag regime is a good approximation for the present analysis, reducing the
coefficient of drag to the form CD ¼ 24=Rep [17].
The force expressions in Eqs. (2) can be nondimensionalized by the mean
particle and gas thermophysical properties as well as combinations of the particle
diameter and slip velocity to obtain reference length, velocity, and time scales. Ratios
with the drag force reveal the relative orders of magnitude for the various forces:
F Pj
FDj
FAj
FDj
FHj
FDj
F Lj
FDj
F Bj
FDj

¼ OðRep Þ

ðpressure gradientÞ

¼ OðRep Þ

added mass

¼ OðRe1=2
p Þ ðhistoryÞ

ð4Þ

¼ OðRe1=2
p Þ ðSaffman liftÞ
!
Re qp
¼O
ðbody forceÞ
Fr qg

where the Froude number is defined in terms of reference quantities as
Fr ¼ u2ref =gDp .
Previous experience indicates that the gravitational settling velocity of a
particle in a quiescent environment is a good order estimate of the typical particle
slip velocities experienced in a turbulent flow at moderate Reynolds numbers. For
the Goodrich-244 suppressant, available information indicates that the particles
range in size from about 0.02 mm up to about 100 mm, with the majority below
40 mm [18]. The unsteady forces are more important for larger particles, so for a
somewhat large 15-mm spherical KBr particle with a density of 2,300 kg=m3, the settling velocity is approximately 15.3 mm=s. This indicates a typical particle Reynolds
number of about Rep ¼ 1.44  102.
Aerodynamic drag is usually the dominant force acting on a particle, so it must
be retained in Eq. (1). Using the previous estimate of the particle Reynolds number,
the order expressions in Eqs. (4) indicate that the gravitational body force will be
O(10) with respect to aerodynamic drag, and thus cannot be neglected. The pressure
gradient and added mass forces will be Oð102 Þ with respect to aerodynamic drag,
and can usually be neglected if the additional constraint of qp =qg >> 1 is met [19, 20].
Since qp =qg ¼ Oð103 Þ for the present work, these two forces can be neglected. The
history force will typically be Oð101 Þ for the present simulations, and it can usually
be neglected if either qp =qg > 500 or sv =sf < 0:5, where sv is the particle velocity
relaxation time sv  qp D2p =18 mg and sf is a characteristic time scale of the fluid
turbulence [21]. Although the order of magnitude for this force indicates that it
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may not always be negligible, the density criterion is easily met. Since including this
unsteady force in the particle momentum equation adds a significant cost and storage requirement, it will be neglected for the present work. The Saffman lift force will
also be Oð101 Þ with respect to aerodynamic drag, but its magnitude may increase
significantly in regions of both strong shear and a sustained particle slip velocity.
The shear layer at the edges of the suppressant generator jets can create a large lift
force, but since the particles are condensed directly from the gas in this region, they
will likely not have a significant slip velocity. Thus, this force will also be neglected
for the present study.
The overall result is that the existing model for aerodynamic drag and body
force is sufficient for the Goodrich-244 SPGG simulations. Care should be taken,
however, when simulating larger particles or particles with a density closer to that
of the carrier gas, since some of the unsteady forces may become important to the
particle behavior. Regardless, the steady forces alone will generally provide a good
solution when only time-averaged particle behavior is measured. More information
about these forces can be found in [20].
Available images of the Goodrich-244 KBr particles [18] indicate that many
of the particles are generally cubic in shape, and so they will experience a larger
aerodynamic drag than equivalent spherical particles. The existing drag coefficient
model in the code assumes spherical particles, so a modification is necessary for
the present work. Following the evaluation of available nonspherical correlations
[22, 23], we use
h
i
CD
24
0:4305
¼
1 þ 0:1118ðRep K1 K2 Þ0:6567 þ
1 þ 3;305=Rep K1 K2
K2 Rep K1 K2

ð5Þ

where K1 and K2 are defined for isometric particles as
K1 ¼ 1

1

2 1=2
3 þ 3w

K2 ¼ 10

1:8148

ð log10 wÞ

ð6Þ
0:5743

The variable w is the particle shape factor (also sometimes called the sphericity),
defined as
w¼

Asphere
Ap

ð7Þ

where Ap is the surface area of the particle and Asphere is the surface area of a sphere
with the same volume. For the cubic particles considered here, w ¼ 0:806.
TWO-WAY COUPLING TREATMENTS
While testing the Vulcan spray module with the Goodrich-244 SPGG problem,
some nonphysical temperature and velocity trends were identified in the results.
While the first-generation code [2] worked well for simple problems with light
particle mass loading, the heavy mass loading in this scenario revealed some
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shortcomings in the selected mass, momentum, and energy coupling between the
particles and the gas. These issues are magnified in the water spray described in
[18], and that simulation will be used to document the developments described in
this section.
Subcycling Time-Step Prediction
The maximum stable time-step size for the particle ordinary differential equations (ODEs) is generally several orders of magnitude smaller than the time-step sizes
selected for the Vulcan continuous-phase solution. To keep simulations affordable
and to avoid the complexity and expense of a fully implicit solution, a time-splitting
technique is used to advance the simulation [2]. This time-splitting algorithm works
by freezing the solution of the gas phase while the particles are advanced through a
number of time steps. Then, the cumulative effect of the particles over this time is
used to update the gas, and this procedure is repeated until the particles are brought
up to the current time level of the gas solution. Each of these time-splitting cycles is
referred to as a subcycling time step. As the subcycling time step is made smaller, the
solution becomes more accurate but also much more expensive. A subcycling time
step that is too large can lead to severe inaccuracies or even simulation instability,
despite a stable time-step size being used for the actual particle ODE advancement
inside each subcycling step.
Figure 1 illustrates a possible scenario where large subcycling time steps can
lead to simulation instability. For concreteness, say that the particles are initially at
a velocity of 100 m=s, and they are introduced into a stationary gas. Say that the
particle mass loading is such that the local long-time equilibrium velocity between
the particles and the gas is 80 m=s. Assume that the particles are small enough that
an almost complete equilibrium exists at the end of the gas-phase time step Dtg , which
is larger than the total time increment illustrated. In this example scenario, the particle subcycling time step Dtp is initially selected to be too large. Due to the

Figure 1. Example scenario requiring subcycling time-step control for stability.
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time-splitting solution technique used, the gas velocity is not allowed to vary within
each subcycling step. The gas velocity does not increase to meet the particle velocity
during the step, resulting in the particles ‘‘chasing’’ the stationary gas velocity and
overshooting the equilibrium. Once the particles have reached time Dtp , their
erroneous lost momentum is used to adjust the gas velocity, resulting in a drastic overshoot of the equilibrium. An even larger overshoot can occur during the next subcycling time step, because the particles will now be chasing the erroneously high gas
velocity. Without special treatment, this behavior can cause the code to destabilize.
The prior methodology in the Vulcan spray module for handling extreme cases
such as this (described in detail in [2]) involved estimating the maximum possible
mass, momentum, and energy transfer to the gas and limiting the actual two-way
coupling source terms to a fraction of this value. An initial guess was made for the
initial step size, and if source-term clipping was required to keep the solution stable,
the next subcycling time step size was then reduced. A lower limit was used to prevent
the step size from becoming unreasonably small. The various code control parameters
for the source-term clipping factors and minimum time step could usually be tuned to
result in a stable solution, although the nonconservative nature of the source-term
clipping and the strong nonlinearities in the problem could still yield an incorrect
or unstable solution for challenging problems if not tuned properly.
Since the optimum values of the source-term clipping parameters are problemdependent, it was decided to seek an alternative methodology that would be more
robust and would guarantee an accurate and stable solution without additional input
from the user. The general idea of the new methodology is to make a reasonable
estimate of the maximum stable time step before each step is taken, thus eliminating
the need for any source-term clipping. This would be a self-adjusting methodology
that requires no additional input from the user.
Consider a single grid cell containing an arbitrary mixture of particles of different sizes, velocities, and thermophysical properties. A simple momentum balance
between the particles and gas at an initial time and a final time identified as states
(1) and (2), respectively, is
2
3
X
1
4q u Vcell / 
ug;2 ¼
mp ðup;2  up;1 Þ5
ð8Þ
qg Vcell / g g;1
N
p

where / is the particle void fraction in the grid cell and Vcell is the cell volume. The
summation is over all Np particles in the cell. This expression represents the final gas
velocity in the cell, given a change in particle velocities up;2 . An estimate of this particle velocity difference can be obtained from a linearized form of the particle
momentum equation, Eq. (1), including only the dominant drag force:
dup ðug;1  up Þ
¼
dt
sv

ð9Þ

where sv is the particle velocity relaxation time, assumed constant and approximated
from particle properties at time (1) by


qp D2p
24
sv ¼
ð10Þ
18mg CD Rep
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Note that, in these expressions, the initial gas velocity is assumed constant. Since the
time-splitting integration technique used in the code makes the same assumption of a
constant gas velocity over each subcycling time step, this is a good approximation
for the actual particle behavior in the simulation. Integrating Eq. (9) between time
(1) and time (2) with Dtp ¼ t2  t1 yields an estimate of the final particle velocity:
up;2 ¼ ug;1  ðug;1  up;1 ÞeDtp =sv

ð11Þ

Substituting this into Eq. (8) yields an estimate of the final gas velocity at the end of
the subcycling time step based only on the known initial conditions:
uest
g;2 ¼ ug;1 þ

X
1
mp ðup;1  ug;1 Þð1  eDtp =sv Þ
qg Vcell / N

ð12Þ

p

This velocity estimate is not enough to select an appropriate subcycling time step,
however. A realizability condition is also needed for the velocity to ensure that the
selected time step will not drive the final gas velocity beyond that which is physically
achievable in a realistic environment. Unfortunately, a clear choice for this limit
velocity is not readily available.
One possibility is to use an average particle velocity as a limit on the gas velocity, similar to the condition used previously in the spray module to calculate the
source-term clipping factors. This choice could fail in the specific case of large,
fast-moving particles, where the large size indicates a relatively slow momentum
transfer to the gas for the given total particle mass. Simply using an average particle
velocity would allow a change much larger than would actually occur, possibly
resulting in stability problems.
Another possible choice is the long-time equilibrium velocity, illustrated
schematically in Figure 1. This would be represented by
ueq ¼

qg ug;1 Vcell / þ
qg Vcell / þ

P

Np

mp up;1

Np

mp

P

ð13Þ

while this would be a good choice for most cases, it would fail in the particular case
of a mixture of particles with a large variation of sizes and velocities. The long-time
equilibrium would favor the larger, more massive particles, while the actual shortterm behavior would favor the smaller particles, with a shorter velocity relaxation
time. The short-term behavior is dominant for prediction of the subcycling time step.
To eliminate this limitation, a heuristic expression based on Eq. (13) is used
that weights the momentum contribution of each particle based on the rate at which
it can transfer momentum to the gas. This rate is approximated by mp ðdup =dtÞ, so
that the gas limit velocity can be expressed as
qg ug;1 Vcell / þ
ulim
g;2 ¼
qg Vcell / þ

Np

P

Np

P

N

Pp

Np

Np

P

mp up;1 ðmp jug;1  up;1 j=sv Þ
mp jug;1  up;1 j=sv

mp ðmp jug;1  up;1 j=sv Þ

Np

mp jug;1  up;1 j=sv

ð14Þ
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This new time-step selection procedure operates by first initializing the subcycling
time step Dtsub as that of the gas phase, Dtg . Then, at the beginning of each
subcycling time step, the following steps are executed:
1. Increase the current Dtsub by a small fraction (currently 10% in the code) to
improve affordability of the simulation.
2. The limit velocity is calculated with Eq. (14).
3. Using the current Dtsub and the current gas and particle state, the final gas
velocity is predicted with Eq. (12).
4. If the predicted change is beyond the limit, reduce Dtsub by a small fraction
(currently 10% in the code) and return to step 3. If not, the current subcycling
time step is safe to use. Return to the particle calculation.
Note that the prediction and limit velocity are only crude estimates of the actual
values, which can only be obtained exactly by a complete solution of the problem.
The shortcomings of these expressions become more significant when only a very
small change in the gas velocity will occur, as in a near-equilibrium condition. Small
errors can lead to an unreasonable reduction in the predicted time step or even nonsensical results, as when the predicted velocity and the limit velocity are in opposite
directions from the initial gas velocity. To prevent these types of problems, the current subcycling time step is assumed to be acceptable when the predicted change in
the gas velocity is less than 10% of the local velocity magnitude.
For additional accuracy and an enhanced stability guarantee, a fraction of the
maximum stable subcycling time step can be used. Early tests indicate that the timestep selection criterion detailed above is already conservative. No noticeable gains
were achieved by further reducing the step size, so the predicted subcycling time step
size is used unmodified. Note that the actual particle time step, Dtp , is calculated as
the minimum of a number of step sizes based on several physical criteria such as the
cell crossing time and the turbulent eddy interaction time, of which Dtsub is only one.
See [2] for more information.
The present subcycling time-step selection methodology considers only the
particle momentum equation and does not account for limitations imposed by
energy and mass transfer. Tests indicate that the spray module runs well for most
cases with the subcycling step size based only on momentum. Situations can be envisioned where this will not be the case, such as with stationary reacting or evaporating
particles. Future development of the spray module should include a check for these
additional constraints, although the theory outlined above may lead to an overly
complex or expensive calculation and alternative techniques may need to be
developed.

Conservative Source Term Formulation
In a two-way coupled simulation, the particles affect the carrier gas through a
set of source terms for mass, momentum, and energy transfer to the continuousphase Navier-Stokes equations [2]. The previous formulation of these source terms
was changed to make the coupling fully conservative.
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The spray module had previously estimated the source terms based on the rate
of change of particle mass, momentum, and energy at the end of each subcycling
time step, as detailed in [2]. As an example, the
P nonevaporating portion of the
momentum source term is estimated by 1=Vcell Np FDi , where FDi ¼ mp ðdupi =dtÞ.
The velocity derivative at the end of the subcycling time step is illustrated schematically by the lower dotted line in Figure 2 that is tangent to the velocity curve.
What is actually desired is an estimate of the total momentum change of the
particles over the subcycling time step, expressed in rate form. This can be determined from just the beginning and ending points of the curve in Figure 2, as illustrated
by the upper dotted line. In fact, when using such a formulation, it is no longer
necessary to segregate the source terms into evaporating and nonevaporating contributions. The new mass, momentum, and energy source terms are
Smass ¼ 

1 X Dmp
Vcell N Dtp
p

Smom;j

1 X Dðmp upi Þ
¼
Vcell N
Dtp

ð15Þ

p

Senergy ¼ 

1 X Dðmp hp;l Þ
Vcell N
Dtp
p

where hp;l is the enthalpy of the particle liquid (or solid). To be consistent with
the reference temperature used for enthalpy calculation in the Vulcan code, the
liquid enthalpy hp;l is calculated as hp;l ¼ hp;g  hp;1g , where hp;g is the enthalpy
of the gaseous particle species at the same temperature and hp;1g is the particle
enthalpy of vaporization. The gaseous enthalpy hp;g is calculated from existing
Vulcan subroutines.

Figure 2. Two-way coupling momentum source term estimation.
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Source Term Localization
The modification to the formulation described in the previous two subsections
increased the consistency and robustness of the code and reduced the magnitude of
the stability problems described at the beginning of the two-way coupling treatment
section.
Close inspection of the solution behavior indicated that the primary cause of
the observed instability was the localization of the two-way coupling source terms
onto the Vulcan grid. Figure 3 illustrates a possible circumstance where the localization error can cause an overprediction of the gas velocity. A single row of grid cells is
considered for simplicity, illustrated along with the staggered grid for velocity storage at the bottom of the figure. The variable values are stored at the center of
the corresponding grid cell. The ‘‘initial velocity’’ curve is the velocity stored at
the center of the staggered grid cells, representing a sharp transition from 100 m=s
to 0 m=s, as might occur at the leading edge of a developing spray. A small cloud
of particles with a very heavy mass loading is moving at 100 m=s and is located
on the grid as illustrated.
Physically, what should happen is the local gas will speed up to 100 m=s, while
the particle velocity will drop slightly. In the simulation, the particles begin by
interpolating a local gas velocity of about 50 m=s. After the particle calculations, a
source term is generated that will act to increase the gas velocity toward 100 m=s.
The existing spray module would then adjust the velocity in each staggered grid cell
based on an average of the source terms contained in the fluid grid cells at either edge
of the staggered cell. This, in effect, would increase the velocity both in front of and
behind the particles. This process ends when the particles interpolate a gas velocity
equal to their own velocity, which occurs at the stage labeled ‘‘Final Velocity’’ in
Figure 3.
Notice that the peak final velocity is about 150 m=s for this scenario, although
there is no physical mechanism in place that can raise the gas velocity
beyond 100 m=s. Although it is not illustrated, similar behavior could occur with

Figure 3. Momentum source term localization error demonstration.
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neighboring rows of grid cells if this cluster of particles were off-center in the
illustrated row. The particles will use a gas velocity that is linearly interpolated from
the surrounding octant of grid cells, but the source term affects only a maximum of
two of the eight cells, depending on the particle position. Both of these situations,
combined with the previous time-stepping technique and source term formulation,
would lead to unbounded velocity and temperature growth at the leading edge of
the water-spray simulation.
An illustration of such an overshoot is shown in Figure 4, where the spray
nozzle is located at the (0, 0, 0) coordinate location and is injecting water droplets
in the positive X direction with a distribution of velocities that peaks at 100 m=s.
The leading edge of the spray cloud accelerates up to more than two times the initial
velocity, and the acceleration is concentrated in a single axial row of grid cells. With
the changes described in the previous two subsections, this simulation is now stable.
A simple, inexpensive fix for the remaining source-term localization problem
involves only applying the source terms to the grid cells containing the particles
and using only the gas-phase properties of that cell for the particle calculations.
No property interpolation is performed. This way, the particles affect only the grid
cells that contributed to their behavior. With this simple zeroth-order interpolation
technique, however, the particles experience a nonphysical step change in properties
when crossing the grid boundaries. For this reason, this technique is undesirable.
Despite being somewhat nonphysical, this localization method does indeed
prevent the overshoot problem. Rerunning the water-spray simulation with this localization technique for all source terms produces results that are much more physically satisfying, as shown in Figure 5. With this fix in place, the particles slow
down upon injection into the stationary air, rather than speeding up. Although it
is not shown, the particle and gas temperature drops slightly due to evaporation,
as it should. Prior simulations resulted in a strong nonphysical droplet heating that
did not end until either the particle completely evaporated or the maximum
supported temperature (3,000 K) was reached in the Vulcan enthalpy lookup table.

Figure 4. Velocity overshoot in water-spray simulation at t ¼ 0.02 s due to source-term localization errors.
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Figure 5. Water-spray simulation at t ¼ 0.011 s using zeroth-order source term localization.

Unfortunately, close inspection of the particle trajectories indicates some
nonphysical behavior. A view normal to the X–Z plane of this simulation is shown
in Figure 6. Here, the particles can be seen to migrate away from the X–Y plane
passing through the spray centerline. A similar behavior occurs with the X–Z plane.
This trend becomes more exaggerated at later times in the simulation, and so is undesirable. The lack of interpolation of the gas thermophysical properties near these
symmetry planes is the cause of this behavior, so an alternative technique is sought
to prevent overshoot while still interpolating the gas properties.
The essence of the original source-term localization problem was that the
source terms generated were not applied to all grid cells that were used to interpolate
properties to the particle position, and those that received the source terms were
sometimes driven to nonphysical conditions. The application of the source terms
to these cells in a consistent manner is not straightforward, however. Figure 7
illustrates a particle surrounded by the eight grid cell centers used to interpolate
the gas properties. This octant may represent either the fluid grid or any of the
staggered velocity grids, depending on the variable being interpolated.

Figure 6. Illustration of particle migration away from Y and Z symmetry planes when using zeroth-order
source term localization.
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Figure 7. Interpolation octant for source term localization.

The source term distribution among these eight cells should depend on several
factors. The first, and most obvious, is a spatial dependence. If a particle is exactly
centered on one of the interpolation points, all of its source term should go to that
cell, and if it is centered in the interpolation octant, the source term should be evenly
distributed. Besides this geometric dependence, the source term localization should
also depend on the gas thermophysical properties at each interpolation point. For
instance, if seven of the eight corners have the same velocity as the particle while
one corner is different, the source term generated will be in response solely to that
one corner and the resulting source term should be biased toward this corner. A final
constraint should also be placed on the source term so that it does not drive the gas
property beyond that which is physically justifiable.
A new source-term localization technique is now developed which models the
geometric and property dependencies described above. For momentum, a source
term ‘‘affinity’’ is calculated for each of the eight interpolation octant corners. This
is essentially the fraction of the source term in the octant that will be driven to that
corner. The source term affinities are calculated as
Au ;1
Aui ;1 ¼ P8 i
;

n¼1 Aui ;n

Au ;2
Au ;8
Aui ;2 ¼ P8 i
; . . . ; Aui ;8 ¼ P8 i


n¼1 Aui ;n
n¼1 Aui ;n

where the raw components for each corner are







xh  xp
yh  yp
zh  zp
Sui


ðup  ugi 1 Þ; 0
Aui ;1 ¼
MAX
xh  xl
yh  yl
zh  zl
jSu j i
 i






xp  xl
yh  yp
zh  zp
Sui


Aui ;2 ¼
ðup  ugi 2 Þ; 0
MAX
xh  xl
y h  yl
zh  zl
jSui j i
..
.







xp  xl
yp  yl
zp  zl
Sui
Aui ;8 ¼
ðupi  ugi 8 Þ; 0
MAX
xh  xl
yh  yl
zh  zl
jSui j

ð16Þ

ð17Þ
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The first three terms in these expressions are the geometric scaling factors, and the
last term is the property scaling factor. The velocity difference in the property scaling
factors come from the observation that for low to moderate particle Reynolds
numbers, the momentum source term is essentially linear in the slip velocity. This
provides a simple scaling factor to weight the influence of each corner of the interpolation octant. The factor Sui =jSui j is present to determine the sign of the source term
which, when combined with the MAX( ) operator, locally shuts off the source term
to prevent overshoot.
The development up to this point has been for the special case of a single
particle. In actuality, the code simulates parcels of particles with identical properties
[2]. For large parcels that cover many grid cells, a slightly different treatment is
necessary. Due to turbulent diffusion, the particle parcels will grow in size with time.
After a length of time has passed, most particles will approach an equilibrium state
with the carrier gas. Not only will the source term magnitude be greatly reduced, it
will be distributed to many grid cells, including all cells in the interpolation octant.
Thus, the need to redistribute the source term in the interpolation octant is greatly
reduced for large parcels.
To handle the simulation of parcels of particles, the fraction of the total parcel
source term that belongs in the interpolation octant is first estimated by
foct


Np oct
¼ 
Np

ð18Þ

parcel



where Np oct is the number of particles in the octant of grid cells and Np parcel is the
total number of particles in the parcel. The local particle concentration for each cell
is calculated using the normal distribution as described in [2]. The fraction of the
source term that will be placed in the octant is then

ð19Þ
Sui oct ¼ foct Sui
Of this amount of source term in the octant, a fraction will be redistributed according to the source term affinity of each corner. The fraction is adjusted according to
the size of the parcel. For each octant cell, the source term is then



N p n


Sui n ¼ fR Aui ;n Sui oct þ ð1  fR Þ 
Su
ð20Þ
Np parcel i
where the redistribution weighting factor is
fR ¼

1 þ foct
2

ð21Þ

This has the effect that, if the parcel is very small, all of the source term in the octant
is redistributed according to the affinities. If the parcel is very large, half of the
octant source term is redistributed while the other half is placed in the octant according to the normal distribution. This way, the source term is still globally placed on
the grid according to the normal distribution, while a fraction is redistributed in
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Figure 8. Water-jet simulation using new momentum source term localization.

the octant to prevent any rare destabilizing events. All cells outside the octant will
always get a fraction of the source term according to the normal distribution.
Figure 8 shows the water-jet simulation at t ¼ 0.01 s using this new localization
technique for the momentum source terms. Results are qualitatively very similar to
those using zeroth-order interpolation, previously illustrated in Figure 6, except that
the particles are no longer migrating away from the Y and Z symmetry planes of the
jet. Unfortunately, this technique is quite expensive. Localizing the momentum
source terms using this new technique adds about 30% to the execution time of
the spray module. As such, the zeroth-order localization technique is still used for
mass and energy, where no such artifacts as those illustrated in Figure 6 were
observed. The zeroth-order localization code for momentum is still contained in
the spray module, and a switch back to this technique can be made with little effort
if the cost penalty is ever deemed unacceptable.
APPLICATION TO THE GOODRICH-244 FIRE-SUPPRESSION SYSTEM
The modifications to the Vulcan spray module described in the previous
sections allowed accurate and efficient simulation of the transient Goodrich-244
SPGG suppressant distribution. The following subsections detail the simulations
performed with this model and some of the results.
Simulation Configuration
The Goodrich-244 configuration under investigation consists of a dual-slot
SPGG system mounted on the ceiling of an aircraft cargo bay mockup as shown
schematically in Figure 9. This is similar to the compartment geometry in which
aircraft cargo bay suppression systems are certified except for the fact that the upward
taper found in the lower sections is neglected. The overall physical dimensions are
10 m  3.7 m  1.65 m, and a computational grid resolution of 120  30  30 is
employed. The grid was somewhat refined around the SPGG injector slots to improve
the solution resolution in this area of sharp gradients. The SPGG system is mounted
toward one end of the bay and off-center in the direction of the door.
The total mass flux from the generator is approximately 0.091 kg=s (2 lb=s),
based on estimates of burning rate from Goodrich=UPCO [18]. The temperature
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Figure 9. Model DC-10 cargo bay.

of the suppressant is assumed to be 1,200 K at the exit plane of the injector. The
suppressant composition at the injector exit was also determined from information
provided by Goodrich=UPCO personnel [18].
Given the mass burning rate of the propellant and the mixture composition, the
mass flow rate of gaseous products from the generator will be 0.029 kg=s, while that
of the particulates will be 0.062 kg=s. Given the temperature and assuming a pressure
of 1 bar, the gaseous product exit velocity can be estimated from the ideal gas law.
With a total generator slot cross-sectional area of 3.23  103 m2 and neglecting
velocity nonuniformities in the gas stream, the mean outflow velocity is estimated
to be 14.8 m=s. The mass flow rates and generator slot area are divided between a
pair of slots as shown in Figure 10. Injection ends after 10 s, when the initial 2 lb
of propellant are consumed. Outflow to maintain a constant chamber pressure is
through an array of openings centered on one wall to simulate leakage around a
cargo door. Inlet air flow from airframe leakage was neglected, so the only inflow
is from the SPGG system.

Figure 10. Simulation of SPGG injector cross section showing temperature contours near injection slots.
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Additional initial conditions have been taken from correspondence with
Goodrich representatives and the related report [1, 18]. The fire suppressant leaves
the propellant injector through a pair of slots that are positioned so that the effluent tends to flow out (away from the adjacent slot) more than down. To obtain
some estimates of the angle at which the flow should leave the slots, a series
of numerical simulations of the propellant injector were conducted. In these simulations the particles were neglected so that only the gas-phase transport was
considered. This approach was motivated by the nature of the particle formation;
the particles are assumed to condense out of the gas-phase products at some point
downstream of the actual propellant combustion. The propellant combustion is not
modeled directly, but rather is represented by a mass source term on the top and
two side surfaces nearest the slots, to mimic the actual placement of the solid
propellant.
Figure 10 shows the flow pattern in and near the injector as predicted using
Vulcan. Because the products of propellant combustion are hot (1,200 K), buoyancy and the Coanda effect (also known as ‘‘boundary-layer attachment’’) cause
the suppressant to flow along the ceiling. Prior to being moved toward the ceiling,
the flow exits at an angle of roughly 35 below the horizontal plane. The injector is
modeled as a pair of slots. Based on these detailed results, the initial mean flow
direction for both the gas and particle mixture at the injector exit slots are set
to 35 below horizontal, with the initial direction for each individual parcel allowed
to vary plus or minus 10 to simulate the initial spread of particles across the gas
flow.
It is well known that the degree to which particles follow the flow, as opposed
to having ballistic trajectories, is strongly dependent on their size [24]. Smaller
particles approach kinematic and thermodynamic equilibrium with the carrier gas
more rapidly. Therefore, it was decided to study the effects of particle size on their
transport properties throughout the model aircraft cargo bay, since delivery of the
suppressant particles to the fire is critical to their effectiveness.
Of the dominant modes in the particle size distribution, particles with
diameters of 2 and 15 mm were selected for investigation due to their unique behavior. Trial simulation results indicate that the 2-mm particles have velocity and
temperature relaxation times of the order of 105 s while the 15 mm particles have
velocity and temperature relaxation times of the order of 103 s. With Vulcan gasphase time steps of the order of 103 s, the smaller particles will generally be treated
with the equilibrium method while the larger particles will be treated with the standard SSF model, described in the spray transport model section.
With a fixed mass flux, the number of particles injected is inversely
proportional to the cube of the diameter, so approximately 422 times as many
2- mm particles will be injected as 15-mm particles. The total particle surface area
is of interest in determining the surface catalytic effect for fire suppression. The
surface area per particle is proportional to the square of the diameter, so after
including the effect of different number densities, the total surface area is larger
for the smaller particles by a factor of the diameter ratio (7.5). The particle density
and temperature are taken to be 2,300 kg=m3 and 1,200 K, respectively, and particle evaporation is neglected, which is consistent with the actual KBr physics of
the experiment.
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Fire-Suppressant Distribution
Fire suppression occurs through the joint effect of the particulate and the
product gases (CO2, H2O, and N2). These gases are transported throughout the
cargo bay by the mean flow and the turbulent mixing. The distribution of CO2 along
the injector plane at the end of injection is shown in Figure 11 as a representation of
the overall product gas distribution. The association of the CO2 and other product
gases with high temperatures causes the highest concentrations of these gases to
remain near the cargo bay ceiling, due to buoyancy effects, and likely far from
any potential fires along the floor of the cargo bay.
The particle transport model described in [2] allows prediction of the particle
number density evolution in the cargo bay and the evolution of the particle surface
area. The particle surface area is indicative of the surface available for chemical reactions to occur that might play a role in suppressing flame chemistry. Figure 12 shows
the time evolution of surfaces of constant particle number density per volume for both
the 2-mm and 15-mm particles. Because the mass flux of particles is fixed by the
propellant burn rate, the particle number density is inversely proportional to the
particle mass. This feature results in higher number density coverage for the smaller
2-mm particles. The distribution of the number density at the end of the injection can
also be viewed in a cross section of the cargo bay through the centerline of the SPGG
injector in Figure 13.
In addition to affecting the number density, the momentum associated with
differing particle sizes affects the wall-adhesion behavior and the subsequent particle
dispersion. In both simulations, a high-velocity mixture of gas and particles impinges
on the wall nearest the injector. The gas is forced to turn downward, away from the
ceiling. The smaller particles are generally able to follow this motion, while many of
the larger particles are unable to complete the turn before impinging on the wall. As
is visible in Figures 12 and 13, a greater number of the 15-mm particles adhere to the
wall and are no longer transported to a potential fire in the cargo bay.
It is also observed in Figure 13 that the distribution of 15-mm particles is more
uniform over a particle number density range of 1  108 to 1  1010 particles=m3 than
the distribution of 2-mm particles. Conversely, there are regions of significantly higher
number density, exceeding 1  1012 particles=m3 in the distribution of 2-mm particles.
The greater uniformity for larger particles arises from the effect of particle momentum in enhancing dispersion. In turbulent flows, particles experience intermittent

Figure 11. CO2 mole fraction in the cargo bay at a plane through the SPGG injector centerline at the end
of injection (10 s) for 2-mm particles.
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Figure 12. Particle number density iso-surface at 1  1010 particles=m3.

acceleration in random directions due to turbulent fluctuations. With turbulent
mixing time scales of the order of tenths of seconds and particle velocity relaxation
times of 105 and 103 s for the 2- and 15-mm particles, respectively, the particles

Figure 13. Particle number density in the cargo bay at the plane through the SPGG injector centerline at
the end of injection (10 s).
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are easily accelerated by turbulent fluctuations. Due to their momentum, the larger
particles are able to maintain their fluctuation velocities for a longer time, leading
to their enhanced dispersion.
Note, however, that significantly larger particles than those studied here would
have sufficient inertia that they are not easily dispersed by turbulent fluctuations;
dispersion is not monotonic in particle size and is optimized when the velocity relaxation time is of the same order as the turbulent mixing time scales [24]. It is also
noted that the greater dispersion for larger particles is effective only up to a certain
number density; the contour levels in Figure 13 are high enough that the greater
overall number of particles in the 2-mm simulation dominates.
Figure 14 shows iso-surface plots for the surface-area density, the particle
surface area per unit volume, which is indicative of the available surface area
for suppression reactions, while Figure 15 shows contours of the same variable
in a plane through the SPGG injector centerline. The total surface area available
for chemical activity per mass of injected agent increases as the particle size is
reduced. If the particulate were evenly distributed, the specific available surface
area would be of the order of 1 m1 (1 square meter of surface per cubic meter
of volume) for the 15-mm particles and 8 m1 for the 2-mm particles, based on
the injected mass and the chamber volume. Clearly, there is substantially more surface area available with smaller particles. However, the distribution of area is
observed to be more uniform for the larger particles, as previously noted, due to
enhanced turbulent dispersion. This increased dispersion is responsible for the
greater volume coverage for a surface density of 1 m1 with larger (15-mm) particles as shown in Figures 14 and 15.

Figure 14. Particle surface area density Iso-surface at 1.0 m1 for the end od injection (10 s).
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Figure 15. Particle surface area density in the cargo bay at a plane through the SPGG injector centerline at
the end of injection (10 s).

CONCLUSIONS
Several modifications were made to the Vulcan spray modules that were
required to simulate various fire-suppression systems. These changes were necessary
to improve the robustness and accuracy of the time-splitting integration technique,
as well as to allow the efficient solution of very small particles and to improve the
consistency of how the two-way coupling source terms are applied to the fluid grid.
Ease of use of the code was improved by making these techniques automatic and
removing several manual stability tuning parameters from the code input.
For scenarios where the mass momentum and energy associated with the condensed phase is significant, care is required in coupling the gas-phase and condensedphase conservation equations. Three algorithm improvements allow the proper spray
evolution to be predicted. First, the particle evolution subcycling time step is now
chosen automatically based on the rate of momentum change from the particles with
the shortest time scales and the momentum change associated with the equilibration
of the gas and condensed phases. Second, the gas-phase source terms are made
equivalent to the condensed-phase source terms to ensure conservation. Third, the
gas-phase source terms are distributed over the span of a parcel in a manner that
mimics the distribution of these source terms across the parcel.
Two algorithm changes allow the simulation of an increased range of
particle sizes, particularly the simulation of small particles. These include the
tuning of the particle ODE solver and the development of a novel equilibrium
particle method coupled to the SSF model. The equilibrium particle method takes
advantage of the separation of time scales to allow an algebraic solution for particle evolution to replace the ODE-based evolution, greatly improving computational efficiency.
Results have been presented that demonstrate the capability of the present
Vulcan spray module to simulate the transport of solid particulate KBr and
K2CO3 particles found in the Goodrich-244 fire-suppressant gases. Separate simulations were conducted using particles of 2-mm and 15-mm diameter, where these sizes
were selected based on both measured particle sizes from a test of the SPGG system
and the ability of the particles to exercise both the traditional stochastic separated
flow solver and the new equilibrium particle solver.
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The particle size significantly affects the particle number density and surface
area available for chemical activity; smaller particles increase both of these quantities
when measured globally (total particles or surface area per cargo bay volume).
Particle size also has a significant effect on dispersion, due to the well-known turbulence interaction, whereby intermediate-sized particles can be dispersed more than
either very small or very large particles. The result is that the larger (15-mm) particles
were more evenly distributed in the cargo bay than the smaller (2-mm) particles. The
trajectories of larger particles were also found to deviate from that of the carrier gas
when turning corners in the cargo bay, leading to a large fraction of these particles
adhering to the wall. Smaller particles followed the flow more closely and did not
experience this phenomenon to any notable extent. Depending on the number and
area density required to suppress the fire, these results could lead to enhanced
suppression with either smaller or larger particles.
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