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Development and Demonstration of a Computational Tool for the
Analysis of Particle Vitiation Effects in Hypersonic
Propulsion Test Facilities

Hugh Douglas Perkins

National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

In order to improve the understanding of particle vitiation effects in hypersonic propulsion test
facilities, a quasi-one dimensional numerical tool was developed to efficiently model reacting particle-gas
flows over a wide range of conditions. Features of this code include gas-phase finite-rate kinetics, a global
porous-particle combustion model, mass, momentum and energy interactions between phases, and
subsonic and supersonic particle drag and heat transfer models. The basic capabilities of this tool were
validated against available data or other validated codes.

To demonstrate the capabilities of the code, and to provide initial insight into the effects of various
particle laden flows on ignition, a series of computations were performed for a model hypersonic
propulsion test facility and scramjet. Parameters studied were simulated flight Mach number (Mach 5, 6,
and 7), particle size (10, 100, and 1000 um diameters), particle mass fraction (single particle and 1
percent) and particle material (alumina and graphite). For the alumina particles, it was found that the
presence of particles up to 1 percent mass fraction had very little effect on the gas phase, even though
only the 10 um particles closely followed the gas flow velocity and temperature. With the graphite
particles, the 10 um particles were either quickly quenched, or were quickly consumed, depending on the
gas temperature. As the particle size was increased to 100 um, the particles did not quench, but were still
typically consumed within the model test facility. For the 1000 um particles, combustion was diffusion
limited, so particle and gas temperature had little effect on the combustion rate. When the particle mass
fraction was increased to 1 percent, the main change was the addition of significant heat release. In those
cases where low graphite reaction rates were observed for single particles, the increase to 1 percent mass
fraction had very little impact.

Hydrogen/vitiated air ignition delay calculations for the 1 percent mass fraction of graphite particles
cases showed significant decreases in ignition delay in cases where higher graphite combustion rates were
observed. Further calculations showed that this was due primarily to increased combustor inlet
temperature, not the gaseous or solid vitiate species present in the flow.

1.0 Introduction

The principle challenge associated with ground testing of hypersonic airbreathing propulsion systems
is the requirement to heat the air supply to temperatures in excess of 1300 K prior to expansion through
the facility nozzle. Over the last 40 years, several different methods have been employed to accomplish
this heat addition. The most commonly used method is combustion heating, wherein fuel is burned in the
air stream to bring the flow temperature up to the required stagnation temperature, and then makeup
oxygen is added to bring the flow composition back to the normal 21 percent oxygen mole fraction.
Several facilities have been built which utilize an electric arc to heat the air in a stilling chamber to very
high temperatures. This flow is then mixed with additional high pressure air to create an air flow at the
desired stagnation temperature which is then supplied to the facility nozzle. Lastly, heat sink storage
heaters have also been built for several additional facilities. In these facilities, a large mass of a refractory
material in the form of pebbles or drilled blocks is heated to a temperature significantly above the desired
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air stagnation temperature prior to the propulsion system test. The test air then flows through the
refractory material which heats the air to a temperature slightly above the required stagnation
temperature. Additional high pressure air is then added to the heated air to achieve the test stagnation
temperature set point. It should be noted that heat exchangers and electrical resistance heaters that are
typically used for lower Mach number propulsion test facilities cannot be used at the significantly higher
temperatures required for hypersonic propulsion testing due to structural and heat flux limitations.
Detailed descriptions of the operational procedures and limitations of each type of hypersonic propulsion
test facility can be found in the JANNAF Scramjet Testing Recommended Practices and Guidelines
(Weber, 2002).

Each of the heating methods described above introduces contamination into the facility air flow,
typically referred to as vitiation. This flow vitiation results in some level of departure of the ground test
results from that which would be seen in free flight. For the combustion heated facility, the products of
combustion remain in the air flow. If hydrogen is used as the heater fuel, the product is primarily water. If
a hydrocarbon fuel is used, carbon dioxide would also be present. If the fuel/air mixing scheme is not
adequate or if the heater combustion length is insufficient for the given test condition, unburned fuel may
also be present in the flow. As the simulated Mach number is increased, the higher temperature of the
mixture results in an increasing mole fraction of combustion radicals, such as H, O, and OH, as well as
NO and NO,, exiting the heater and entering the nozzle, in addition to the increasing fraction of water
vapor and carbon dioxide. If a hydrocarbon fuel is used, the fraction of carbon monoxide present in the air
stream also increases with increasing simulated Mach number. The rapid expansion of the heater outflow
through the facility nozzle freezes the composition at a point downstream of the nozzle throat, so that the
mixture is not allowed to equilibrate. Under some circumstances, water droplets may form as the water
vapor becomes supercooled due to the expansion to high altitude flight conditions. This condensation is
rarely seen at the test point, in practice.

As the combustion heated air enters the engine inlet, the changes in the ratio of specific heats, y, and
the gas molecular weight alter the shock structure from what would be seen in clean air. A variety of other
physical characteristics of the flow are also altered due to the flow vitiation, such as heat transfer rates,
vibrational energy relaxation rates, turbulence, and inlet flow distortion, among others. As the flow enters
the combustor and fuel is added, the combustion kinetics can be significantly altered, effecting both
ignition and flame holding in ways that can be hard to predict, due to a variety of competing mechanisms.
Lastly, nozzle expansion is also effected by the flow composition. As can be seen by the list above,
combustion heater vitiation adds a large amount of uncertainty to the test results. Additional detail on
these effects can be found in the summary papers of Powell and Stallings (1998), Pellett, et al. (2002) and
Fry (2004). Additional difficulty is incurred with combustion heated facilities in terms of determining
which primary variables should be matched during the testing. The changes in gas properties makes it
impossible to match both total temperature and total enthalpy, both Mach number and velocity, or both
total pressure and static pressure, for instance. The experimentalist must evaluate which properties are
key(s) for each test, a subject of much debate in the hypersonic engine testing community through the
years.

If an arc heater is used, high levels of NOx are formed in the vicinity of the arc, which can persist in
the mixed flow entering the nozzle at mole fractions above 3 percent. These compounds have little effect
on the shock structure or other aerodynamic features, but can significantly catalyze the ignition process
(Slack and Grillo, 1977).

Lastly, a storage heater generally represents the lowest level of chemical vitiation. Like the arc heater,
a storage heater can generate some NOX, but not to the same level. At most, an equilibrium concentration
of NOx might be generated, depending on the residence time of the air mixture at high temperature. As
the thermal generation of NOx is fairly slow, it is possible that NOx levels below equilibrium might be
present in some facilities, depending on the specifics of the facility configuration.

The above discussion gives a brief overview of the gas-phase vitiation issues for hypersonic
airbreathing propulsion ground test facilities. However, each of these facility types can produce
particulate vitiation as well. For the combustion heated facility, the particulate source is most likely soot

NASA/TM—2010-216765 2



formed during the combustion process due to the existence of fuel rich regions in the hydrocarbon fuel/air
mixing zone. Additional particulates may be present due to piping corrosion caused by hot water vapor. In
an arc heated facility, electrode erosion releases a small amount of metallic particulates into the air
stream. In a storage heater facility, eroded particles from the refractory material, a ceramic or graphite, are
found in the air stream. While the quantities and size distributions of these particulates have generally not
been characterized, it can be assumed that the level of particulate vitiation is highest with storage heaters
due to the extremely large surface area of non-surface abrasion resistant material exposed to the flow.
While the most recent surveys of the state of the art regarding the effects of vitiation (Fry, 2004; Pellett, et
al., 2002) acknowledge the importance of particulate vitiation, only a single study has ever been
conducted of the potential effects of particulates (Mitani, 1995). In contrast, the surveys of Fry (2004) and
of Pellett, et al. (2002), reference dozens of past studies addressing various aspects of gas-phase vitiation,
reflected in the summary of effects described above.

Mitani (1995) performed a series of theoretical analyses to determine the effect of low micron-sized
inert particles, assumed to be in thermal equilibrium with the carrier gas, on scramjet combustor ignition
and flameholding. Mitani concluded that a mass fraction above 0.1 percent can inhibit ignition through
the mechanism of radical termination on the particle surface. This mechanism is only valid for particles
smaller than 3 um in diameter. For the particles to have a thermal heat sink effect, the study concluded
that a mass fraction in excess of 10 percent would be required.

In order to look at the effects of larger particles that are not in equilibrium with the carrier gas, as well
as reacting particles, throughout the test facility flow path, a numerical analysis is necessary. However, up
to this time, no numerical modeling has ever been done to examine the potential effects of particle
vitiation in hypersonic propulsion ground test facilities. Reasons for this include:

1. The effects of particles have been conveniently assumed to be of secondary importance compared to
the effects of gas phase vitiation.

2. The numerical analysis tools typically used for hypersonics flows do not contain particle flow models.
The existing tools are multi-dimensional codes with finite-rate chemistry capability characterized by
long run times, and so the addition of particle flow models is not attractive as it would tend to require
even longer computational turn-around times.

3. Particle-gas flow interaction models that cover the broad range of conditions experienced in a
hypersonic propulsion test facility are not readily available.

4. The mass loading and size distribution of particle vitiates has not been determined, so key inputs for
model formulation are not available.

While the first assumption, that particle vitiation effects are of secondary importance compared to
gas-phase vitiation effects, may well be valid for combustion heated facilities, and perhaps arc-heated
facilities as well, it is not a good assumption for storage heater-based facilities. In storage heater-based
facilities, the amount of particle vitiation is likely to be substantially higher than in other types of
facilities, and the amount of gas-phase vitiation is significantly lower. The final three reasons given above
can be addressed, all or in part, through the development of appropriate particle-gas flow models and
applying them to a quick turn-around numerical tool. By integrating the typically computationally
demanding particle flow analysis into a more rapid analysis tool, parametric studies of particles of various
sizes and other pertinent characteristics can be performed in a timely manner to understand under what
conditions particle vitiation may be of concern.

In this work, a quasi-one-dimensional (Q1D) numerical modeling tool and associated sub-models are
developed that allow for a relatively rapid exploration of the effects of particle vitiation throughout the
operating envelope of a storage-heated hypersonic propulsion test facility. A wide range of particle sizes
are considered for both chemically inert particles (alumina) and reacting particles (graphite). In order to
appropriately define the ranges of the parameters to be modeled, both a test facility and a scramjet engine
model (up through the combustor) are laid out as part of this study. The test facility model is a
compromise between the geometry and flow characteristics of the two large scale storage heater scramjet

NASA/TM—2010-216765 3



test facilities found in the United States. This same model facility and model scramjet will then be used to
demonstrate the use of the Q1D code for simulating hypersonic propulsion test flows with both inert and
reacting particles.

The first storage heater based hypersonic propulsion test facility is the GASL Leg IV facility. The
facility consists of an alumina matrix storage heater followed by hydrogen fueled booster heater. The
storage heater can heat dry air to a total temperature of 1390 K, simulating approximately Mach 5, with
the booster heater then adding thermal energy up to a Mach 7 condition (Roffe, et al., 1997). The basic
configuration is shown in Figure 1.

The second configuration to be studied is the NASA Glenn Research Center Hypersonic Tunnel
Facility (HTF) located at the NASA Plumbrook Station in Sandusky, Ohio. This facility consists of a
drilled-core graphite block heater capable of heating gaseous nitrogen to 2500 K. The heated nitrogen is
then mixed with ambient temperature gaseous oxygen to provide simulated air to the facility nozzle at a
total temperature up to 2170 K (Perkins, et al., 1998). This basic configuration is shown in Figure 2.

Diluent
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TN Facility
Nozzle
Air \
Shutoff
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Figure 1.—GASL Leg IV diagram.
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Figure 2.—HTF diagram.

While the GASL Leg IV facility is vitiated above Mach 5, the model facility will assume non-vitiated
flow for both the inert and the reacting particles at all test Mach numbers, as vitiated flow for the inert
particle case would significantly affect the nozzle flow and inlet shock structure, making comparisons
difficult between the different particle types.

Neither GASL Leg IV nor HTF have ever been characterized as far as particle size and concentration
as a function of test condition. Therefore, these particle properties will be dealt with parametrically when
the code is exercised through a range of test conditions. There is no reason to assume that particle size is
limited to a few microns diameter, as assumed by Mitani (1995). In the case of the HTF facility, particles
on the order of 1 mm have been observed adhering to the heater graphite blocks during facility
maintenance. Therefore, particle diameters in the range of 10 um to 1 mm will be considered. Neither
inert nor reacting particles with diameters less than 10 um were used in this analysis as such small
particles would be expected to track the gas flow very closely (Maxwell and Seasholtz, 1974) and, as will
be shown in the following analysis, the 10 um graphite particles almost immediately quench or are
consumed, so a smaller particle would not be expected to show any different behavior. A particle mass
fraction of 1 percent of the total test flow will be used as an upper bound, since a higher mass fraction
would represent such a significant mass loss from the storage heater that heater refurbishment would
likely be required after each test program. Such heater degradation has never been reported. While the
results of this parametric study will not conclusively determine whether or not particle vitiation is of
concern at any particular test point for a particular test facility, it will provide insight into what particle
concentrations and sizes may be of concern for future research test programs.
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In the following sections, the Q1D code and its sub-models will be described and the results of a
series of validation cases based on the above range of conditions will be given. The code is then exercised
through a parametric study of particle and gas flow combinations appropriate to the model test facility and
model scramjet. Results are presented and conclusions are drawn as to the potential effects of particle
vitiates. Finally, recommendations for further study are presented.

2.0 Code Description
2.1 General Approach

The need to model a large number of facility and test hardware components over a wide range of
parameter space, as well as the need to consider two phase flow with mass, momentum and energy
interactions between the phases and finite rate combustion kinetics, limits the number of dimensions that
can be practically used for the analysis. For this reason, a quasi-one-dimensional (Q1D) analysis approach
was selected for the underlying gas-phase code. No existing code was available with the requisite
characteristics for this study. A custom Eulerian (fixed grid), gas-phase, multispecies, time-accurate, Q1D
computational fluid dynamics (CFD) code with finite rate kinetics was therefore written and validated. To
this code was then added a Lagrangian particle tracking scheme with a global particle reaction model.
Since larger particles are considered, an internal one-dimensional grid is generated for each particle being
tracked which is solved at each time step for the particle internal temperature gradient and the heat
transfer to the gas phase. If the particles are sufficiently small such that the Biot number is expected to
remain less than 0.1 (based on the particle radius as the characteristic dimension, (Incropera and Dewitt,
2002) throughout the simulation, the particle is treated as isothermal. This is easily accomplished within
the code by setting the number of internal particle grid points to two, as the number of shells within the
particle is equal to one less than the number of internal grid points. Mass, momentum, energy and species
source terms are included in the gas-phase governing equations to provide feedback from the particle
drag, heat transfer, and reaction models. For inert particles, the particle reaction model is simply turned
off. When the particle mass fraction is high enough that the number of particles being tracked would be
too high for efficient and timely computation, each particle tracked is defined as being a representative
particle for a larger number of particles at that same location. The number of particles represented by each
tracked particle is provided as a user input. The mass, momentum and energy contributions from each
tracked particle are then multiplied by the number of particles in each set to get the gas-phase source
terms.

This modeling approach allows for a large number of computations to be performed, but with certain
drawbacks. Boundary layer related effects cannot be captured, nor can oblique shocks. Perhaps the
biggest drawback for this problem is that the lateral diffusion of the particles when passing through a
divergent section at high flow velocity is not captured. Previous studies have shown that when two-phase
flow passes through a convergent-divergent nozzle, the particle stream will “separate” from the wall,
creating a particle-free zone near the wall (Chang, 1980; Ishii, et al., 1987). The concentration of particles
therefore increases in the rest of the flow. This effect is more pronounced as particle size is increased.
However, since this study is parametric in nature, this effect can be accounted for when the results are
applied to a specific configuration by correcting the particle concentration based on the nozzle flow
conditions and the particle size under consideration.

2.2 Gas Phase Governing Equations

The gas phase governing equations were adapted from Kuo (1986), re-derived to include area
variation. Viscous dissipation and diffusion terms determined to be unimportant for these simulations are
omitted. The ¢ term represents the local volume fraction of gas in the gas-solid mixture. The source
terms, S, S,, S., come from the solid phase relations, while the species source terms, S,,;, are a
summation of both the gas phase and solid phase reactions.
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results to match available experimental data. If data are unavailable, an approach based on the Reynolds-

Colburn analogy relating wall friction to heat transfer has been shown to be effective for Q1D

calculations (Paxson, 1993) and could be readily incorporated.

23 Thermodynamic Properties

The basic thermodynamic properties for each species, enthalpy (4,;), enthalpy of formation (%),
specific heat (c,,), Gibbs energy of formation (g,”) and molecular weight (M), were all taken from the
JANNAF Thermochemical Tables (Chase, et al., 1986). The temperature dependent properties were
piece-wise curve fit over four temperature ranges using third-order polynomials. The four temperature

ranges were 0 to 300 K, 300 to 600 K, 600 to 1100 K, and 1100 to 3000 K. The use of four temperature

ranges provided high accuracy over the entire temperature range, typically within 0.1 percent of the
original JANNAF data. From this data, along with the mass fractions of each species, the mixture

properties can be defined, as follows.
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For some of the calculations, the mole fractions of the chemical species are needed instead of mass
fractions, which can be easily calculated as follows.

17
x =M (1
Y Y,
M;
i=l1
Once the mole fractions are calculated, the mixture molecular weight can be obtained.

ns
M= XM, (12)
i=1

This leads to the simple relation for the mixture gas constant, given the universal gas constant,

R
R=—"%, 13
iv; (13)
and the ratio of specific heats can then defined as
C
)4
= . 14
Y C,-R (14)

24 Transport Properties

Species effective collision diameter (o;) and effective temperature (7;) data, taken from Svehla
(1962) and Hirschfelder, Curtiss, and Bird (1964), were combined with the Prandtl number (0.706) to
generate the transport properties used in the calculations. Following the methodology found in White
(1991), the binary diffusion coefficients are first calculated.

1
3/ | M;+M; A
0.001858Tgé{11}
D= = (15)
PG,',J' QDi,j

Where the collision integral is defined as
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and where
" T,
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Teij=7 (17
&ij
1
and
1
Gi,jZE(GiJFGj)- (19)

Once the binary diffusion coefficients have been calculated, an “average” diffusion coefficient for
each species diffusing into the rest of the mixture can be calculated, using the following relation from
Warnatz, et al. (1999).

(20)

While the use of an average diffusion coefficient is somewhat less accurate than using a full multispecies
diffusion model, it is much less computationally demanding and was deemed sufficiently accurate (~10
percent) for the purposes of this study.

To calculate the individual species viscosity, the method described in Hirschfelder, Curtiss, and Bird
(1964) is adopted.

26.993(m.1, )V
u; = ( lzg) 1)
Q) »0;

where the collision integral, Q,,, is represented by the curve fit

Q5 =0.5015+2.5715(214487"22 }1.0,6391(¢038567"22 ). 0 3546(e 00161722 ) (22)
and
T*,= Te (23)
2 T8

The mixture viscosity is then calculated using Wilke’s law, as given by Drummond (1990).

ns
u=y 1 “;S (24)
1
I+ D X0
Xi j=1, j#i
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where

05 02572
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(Plj = 0.5 (25 )
Al M
2\ M,
Lastly, the mixture thermal conductivity is simply calculated by the standard expression
Cpu
ky,=—L—. 26
¢~ (26)

All of the above expressions assume laminar flow.

2.5 Finite-Rate Kinetics

Each of the N chemical reactions used in the gas-phase reaction mechanism, shown symbolically in
Equation (27), is modeled using the standard Arrhenius expression for the forward reaction rate,
Equation (28).

N ! N ”
dDviSie D v s (27)
i=1 i=1
-E,
ky=AT,"e"Te (28)

The reverse reaction rate can be found from the relation

ky = 29)

eq

where the equilibrium constant, K., is calculated from the Gibbs energy of formation for each species and
the reaction coefficients from Equation (27), following the procedure found in Kuo (1986).

For this study, it was necessary to assemble a chemical kinetic mechanism that included H, O, N, and
C compounds in order to capture the basic hydrogen combustion process for a scramjet combustor as well
as the effects of the flow vitiates of interest. Based on a review of the available literature on gas-phase
vitiation, as outlined in the introduction, the H-O species H,, O,, H,O, OH, H, O, HO,, and H,O, were
selected. The nitrogen species N, HNO, NO and NO, were added to the basic diluent N, to capture
dissociation and vitiation effects. Lastly, CO, CO,, and HCO were included as gas-phase products from
the combustion of the carbon particles under study. The mechanism developed by Davis, et al. (2005), for
H,-CO combustion was adopted for the bulk of the mechanism used for this study. The nitrogen
chemistry was added from the GRI 3.0 mechanism (Smith, et al. 2005). The details of the combined
mechanism are given in Appendix B.

Once obtained, the forward and reverse reaction rate constants are used in the standard law of mass
action expression to obtain the change in moles of each species for each reaction. These molar changes
are then summed across all of the reactions, and then utilized as source terms within the governing
equations.
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2.6  Solid Phase Governing Equations and Numerical Solution Method

There are two fundamental approaches that can be taken when formulating the governing equations
for the solid phase in a two-phase computation. The first is to assume that the particles form a continuum
that can be treated in the same manner as the gas phase. A parallel set of conservation equations to the gas
phase equations can then be set up for the solid phase, simply exchanging (1-¢) for ¢ as the volume
fraction occupied by the flow, and making the source terms of opposite sign in Equations (1) through (3).
This is the approach, referred to as Eulerian, taken by Kuo (1986), Ludwig and Roth (1997), and Di
Giacinto et al. (1982), among many others, and is typical of computations of fluidized beds.

Alternately, each particle can be tracked individually in a Lagrangian frame of reference. In this
formulation, position, velocity, mass, and temperature of each particle are updated at each time step based
on mass, momentum and energy interactions with the gas phase and any surface reactions that may occur.
This approach is typically used for very dilute particle concentrations with relatively small computational
domains where the computational load is not unreasonable. This method was adopted by Egolfopoulos
and Campbell (1999), and Zhou et al. (2002) in order to capture physical phenomena that could not be
easily examined using the more traditional Eulerian approach.

For this study, the Lagrangian formulation was adopted as the mass loading of particles was expected
to be relatively low, and the consideration of larger particles made the continuum assumption required for
the Eulerian approach appear questionable. Since these calculations are Quasi-1D, the calculations are
additionally simplified by the lack of radial variation. This allows a single particle to be used
computationally to represent all the particles at a given axial position, significantly reducing the number
of particles that need to be analyzed at each time step. Particles are therefore inserted into the
computational domain at the inflow boundary as sets of particles, with the number of particles in a set
determined by the particle size and mass loading, for which only a single particle calculation must be
performed per time step. The gas-particle interaction terms in the governing equations are then the results
of the single particle calculation for a particle set at a given axial location multiplied by the number of
particles in that particular set. This is particularly helpful for very small particles, where the number of
particles can become very large even at small mass loadings. Once the gas-particle interaction terms have
been calculated for a given set of particles, these values are linearly interpolated onto the gas-phase fixed
grid for used in the gas-phase solution process.

After a particle (or set of particles, hereafter referred to as though it were a single particle) is injected
into the gas-phase flow with an initial mass, position, velocity, and temperature, a series of relations for
spherical particles are used to determine the particle drag, heat transfer, and surface reaction rate that is to
be applied to the particle.

The first gas-particle interaction is aerodynamic drag. For laminar flow, White (1991) provides the
following drag relation for a sphere.

Fp :% ng‘”g _”p‘(”g _”p)‘””pz (30)

Many empirical relations have been proposed for the drag coefficient of a sphere. Carlson and
Hoglund (1964) and Crowe (1967) developed correlations, based on the data available at the time, which
have been used frequently for particle flow simulations. More current efforts, such as that of Igra and
Takayama (1993) have provided more accurate expressions over a specific flow properties range based on
detailed shock tube data. The drag coefficient used for this study is taken from Henderson (1976). This
expression covers a very broad range of Reynolds number and Mach number with reasonable accuracy.
As the relative velocity between the flow and the particles in this study could range from supersonic to
near zero, and the static pressure from 80 atmospheres down to 0.1 atmospheres or less, it is important to
cover the broadest possible range of the relative Mach and Reynolds numbers. The Henderson drag
coefficient expression was developed from the extensive experimental data base compiled by Bailey and
Hiatt (1971) through a series of ballistic range experiments and is accurate to within 16 percent across the
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entire range considered. The expression is divided into three elements to cover the entire relative Mach
number range. For a subsonic relative Mach number,

-1
T
3.65-1.53-2 Re,o;
T (—0.2474J
Cp =24 Re,oj+ MSR{433+| ————— £ e MSR

T
1+0.353-2
Tg

—0.5M J
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where the molecular speed ratio is defined as
MSR =M, % (32)

For a supersonic relative Mach number greater than 1.75,

1 1

1 -
0.9+ 0'342+1.86 My 2, 2 (L0812 1
M, Re, MSR2 " MSR\T, ) ~ MSR*

Cp = 7 (33)

2
1+1.86[M rel j
Re;
In both the subsonic and supersonic equations, the relative Mach and Reynolds numbers are evaluated
at free stream conditions. If the relative Mach number lies between 1.0 and 1.75, then the drag coefficient
is taken as a linear interpolation between the value calculated using the subsonic Equation (31) with a

Mach number of 1.0 and the value calculated using the supersonic Equation (33) with a Mach number of
1.75, expressed as,

4
Cp (Mrel > Rerel ) =Cp (1 .0, Rerel)+ E(Mrel -1 -0)(CD (1 75, Rerel)_ Cp (1 .0, Rerel )) (34)

The relative Reynolds number is evaluated at the actual free stream conditions for use in Equation (34).
The gas-phase properties used in these equations are evaluated at the particle location, linearly
interpolated between the nearest adjacent grid points.
Once the force on the particle is calculated, the particle position and velocity can be updated by the
simple relations,
i+l

Xp =xpi+upiAl (35)

and
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u=u 2 Ar. (36)

Performing the energy balance on a large reacting particle in a convective flow has a number of
complexities that need to be considered. Since the particle can be relatively large, a uniform particle
tempera