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The ducted rocket is a supersonic flight propulsion system that takes the exhaust from a solid fuel gas generator,
mixes it with air, and burns it to produce thrust. To develop such systems, the use of numerical models based on
computational fluid dynamics (CFD) has been increasing, but to date only simplified treatments of the combustion
within ducted rockets have been reported, likely due to the difficulties in characterizing and accurately modeling
the partially reacted, particle-laden fuel exhaust from the gas generator. Through a careful examination of the
governing equations and experimental measurements, a CFD-based methodology that properly accounts for the
influence of the gas generator exhaust, particularly the solid phase, has now been developed to predict the per-
formance of a ducted rocket combustor using a simulated solid fuel. It uses an equilibrium-chemistry probability
density function combustion model with two separate streams, one gaseous and the other of 75-nm-diam carbon
spheres, to represent the exhaust products from the gas generator. After extensive validation with direct-connect
combustion experiments over a wide range of geometries and test conditions, this CFD-based method was able to
predict, within a good degree of accuracy, the combustion efficiency of a ducted rocket combustor.

Nomenclature
C, = diffusion reaction rate constant, kg/(m-s - Pa- K%7)
C, = Kkinetics reaction rate constant, kg/(m’s - Pa - K)
d, = diameter of particle, m
E, = activation energy, J/kmol
M,, = molecular mass of oxidizer
me = mass fraction of oxidizer
m, = mass of particle, kg
R, = diffusion reaction rate, kg/(m?s - Pa)
R, = Kkinetics reaction rate, kg/(mzs -Pa)
R = universal gas constant, J/(kmol - K)
T = static temperature of surrounding gas, K
T, = temperature of the particle, K

T, = stagnation temperature, end of air inlet diffuser, K
T4+ = stagnation temperature, end of the combustor, K

t = time,s

nar = efficiency based on temperature rise in the combustor
P = density, kg/m’

Subscripts

exp experimental

theo = theoretical
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oo = freestream (far from particle)

Introduction

HE solid fuel ducted rocket, also known as a ramrocket or

integral rocket ramjet, is a type of ramjet in which there has
been much renewed interest lately for tactical missile propulsion. It
has several advantages over solid propellant rocket motors including
increased range, higher speed, and throttleability, with only a limited
increase in complexity. Once launched, the ducted rocket missile is
accelerated to supersonic speed with the integrated solid propellant
rocket booster (Fig. 1). When the rocket propellant is completely
burned at the end of the boost phase, the port covers that seal the air
intakes from the ramjet combustor open and, simultaneously, the gas
generator ignites. The effluent from the decomposition of the solid
fuel in the gas generator acts as fuel for the ramjet phase of the flight.
Because there is little or no oxidizer present in the gas generator,
the very fuel-rich effluent includes gases and a substantial portion of
condensed-phase material such as solid carbon and, depending on
the formulation, metal particles. All of this is injected through the
fuel inlet into the ramjet combustor where it is mixed with incoming
air, reacts, and is accelerated through a nozzle to provide thrust.

A key component of a ducted rocket missile is the ramjet com-
bustor, and this has been the focus of the current work. It has in-
cluded literature surveys of computational fluid dynamics (CFD)
modeling and experimental work relevant to ducted rockets, water-
tunnel visualization and CFD modeling of the nonreacting flow,’
and direct-connect combustion experiments using a simulated solid
fuel based on a mixture of glycidyl azide polymer (GAP) and car-
bon black.? All of these will be presented here briefly. Reacting flow
CFD modeling® was also carried out with a one-stream probability
density function* (PDF) combustion model in which the gas gen-
erator exhaust, composed of gases and solid carbon, was injected
into the combustor as a single homogeneous stream and assumed to
react instantaneously with any oxidizer present. This approach, un-
fortunately, tended to overestimate the combustion efficiency when
compared to the direct-connect experiments. To improve these pre-
dictions, a two-stream PDF model® was used with the gases, and the
solid carbon was injected as two separate fuel streams. The solid
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Table 1 Geometries and test conditions from previous experiments

Combustor Air Stagnation ~ Stagnation
diameter, Rein injection Dome Fuel pressure,  temperature,

Reference mm combustor Air inlets and type angles, deg height injection type MPa K
Clark® 196.85 1.85x 10% 2 Circular, 162 deg opposed 60 0.5% In inlets 0.639 610
Choudhury7 89 NA 4 Circular, cantable 45,70 0.6-4.0 Radial central NA NA
Zetterstrometal.® 100 1.16 x 10° 4 Circular 60 0.75° In inlets 0.714 704
Stull et al.? 150 533x10° 2 Rectangular ventral 30, 45, 60 0.4-0.9 In inlets 0.248 571
Chuang et al.!” 127 8.4 x 10° 2 Opposed two dimensional 45 0.48 2 Off-center ports, 0.199 286

Hsieh et al.!! two dimensional
Dijkstra et al. 100 2.16 x 10° 2 Circular ventral 45 0.7 Central nozzle 0.617 655

(TNO-PML)'? protruding 30 mm
Dijkstra et al. 127 2.6 x 10° 2 Circular ventral 45 0.96 Central nozzle 0.508 653

(NAWC)'2 protruding 51 mm
Ristori et al.!3 100 1.12 x 10% 2 Square, opposed 45 0.65-1.35 2 Nozzles, laterally 0.764 527

off center
Schadow'* 150 2.7x10° 2 Opposed rectangular slits 45 0, Negative Central nozzle 0.201 298
Tsujikado et al.ls 83 4.6 x 10° 2 Opposed 75 0.5% Central nozzle 0.464 460
Vigot et al.'¢ 85 1.11 x 10° 4 Circular, shifted, deflectors ~ 45-90 0.5% Various NA NA
Vigot et al.!® 168 1.76 x 105 4 Circular, shifted, deflectors ~ 45-90 0.5 Various NA NA
2Estimate.
?v?t?l ?enler?t?nr Integrated rocket booster N Air injector diameter
uel gra in ramjet combustor Air inlet angle,
Fuel port % Combustor 100 mm

Air intake —* Fuel inlet

Port cover

Fig. 1 Components of a ducted rocket.

stream was assumed to consist of 75-nm-diam carbon spheres, which
gradually decomposed into carbon monoxide, controlled mainly by
surface oxidation, as they flowed through the combustor. The em-
phasis of this paper is this two-stream PDF model that will not
only be compared with the experiments, but also with the earlier
one-stream PDF modeling results. Although the combustion mod-
eling was done specifically for a GAP/carbon solid fuel, the overall
methodology could certainly be applied to any solid fuel ducted
rocket whose gas generator effluent contains both gases and solid
particles.

Combustor Configurations and Test Conditions

A review of previous solid fuel ducted rocket tests in the open
literature was conducted to yield data on experimental combustor
configurations and test conditions (Table 1).°~'® This information
was then used to help develop our own test matrix. All of the config-
urations were for a side-dump geometry with the air inlets feeding
air from the side of the combustor (Fig. 1). This allows the gas
generator and fuel injection to be placed adjacent to the head. An
alternative to the side-dump geometry is the more compact coaxial
center dump geometry, but this is only practical for liquid fuel and
solid fuel ramjets that do not use a gas generator. Boundary and test
conditions were noted, and additional data were calculated, such
as air and fuel velocities, Reynolds numbers based on combustor
diameter, and stagnation properties to describe the flow within the
combustors more completely. Properties in the combustor were cal-
culated as if the fuel were flowing, but not reacting. The influence of
geometry on the flow was examined for all configurations, including
the placement of the fuel injector with respect to the airflow. The
papers were also examined for additional parameters that described
the flow, such as air/fuel velocity, momentum, and mass flow ratios.

The literature survey showed that many different configurations
have been investigated. Air inlet injection angles from 30 to 90 deg
(Fig. 2) were used, both with and without splitters or guide vanes.
Estimated air inlet velocities were up to 200 m/s, with temperatures
from ambient to over 700 K and combustor pressures from about
0.2 to over 0.7 MPa. Dome height, given in Table 1 as a fraction

Fuel injecto 57-100 mm (Dome height)

27mm —» — — «=— 18 mm

OXO}

FO-27 FO-18
Fuel injector types

] 20 mm

F1-18

Fig. 2 Schematic of combustor and fuel injectors.

Fuel inlet

Fig. 3 Basic combustor geometry.

of the combustor diameter, is the axial distance from the head of
the combustor to the center of the air inlet(s), as shown in Fig. 2.
With a few exceptions, it varied from 40 to 100% of the combustor
diameter. For dual-inlet systems, more stable recirculation in the
dome region was obtained with the intakes positioned 90 deg apart,
as shown in Fig. 3, rather than directly opposed on opposite sides of
the combustor at 180 deg. Methods of fuel injection varied widely,
from axial to radial when injected from the head, to injection in the
air inlets themselves. Impingement of the fuel jet against the air jets
was desirable to better break up the fuel jet and improve mixing.
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The mixing and the small-scale flow structures in the dome region
of the combustor were found to be quite sensitive to geometry and
boundary conditions when the fuel was injected from the head, and
so this was kept in mind for our own mixing studies. The literature
survey also revealed that computer modeling, flow visualization with
water tunnels or wind tunnels, and combustion tests (subscale and
full scale) were all performed to identify the best configurations and
maximize combustion efficiency.

Information from the the literature survey was used to choose a
basic geometry (Fig. 3) of dual-inlets spaced 90 deg apart circumfer-
entially, with the main body of the combustor being 100 mm in diam-
eter. The long air inlets would not be practical on a missile, but they
were chosen specifically to facilitate testing and the characterization
of the boundary conditions. For the direct-connect experiments, the
combustor length was deliberately limited to 458 mm, the short-
est combustor that could be accommodated within the hardware, so
that resulting combustion efficiencies would be relatively low and
differences in performance between the configurations would be
more obvious. Any calculated efficiencies reported from the react-
ing flow CFD modeling were also done for this combustor length.
A converging/diverging nozzle was mounted at the end of the com-
bustor only for the direct-connect tests so the flow could be choked
to build pressure in the combustor; it was neither modeled nor used
in the water tunnel experiments because the flows for these were
incompressible.

A schematic of the combustor configurations, including the fuel
injector geometries, is shown in Fig. 2. The F1-18S fuel injector is
similar to the F1-18 fuel injector except that it had its port on the
same side as the air inlets rather than opposite to them. The basic
geometries of the air injectors are presented in Table 2. Two different
dome heights as defined in Fig. 2, 57 and 100 mm, were used.

Previous CFD Combustion Modeling

A literature survey of previous ramjet modeling was carried out
and revealed 11 references'>!’~%¢ on reacting flow modeling in ram-
jet combustors. The main features of each study are given briefly
in Table 3, as well as references®'%!32426=2% for any experimental
data used for comparison. All of the CFD modeling reported used

Table 2 Air injector geometries
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Navier—Stokes (N-S) codes, and most considered only the combus-
tor, but a couple also included part of the inlet and/or the nozzle.

Grids were generally Cartesian and were two and three dimen-
sional. Both incompressible and compressible codes were used. In-
compressible formulations were used except when a nozzle was
present or there were very high speeds in the air or fuel inlets. The
k—e model was usually used to describe the turbulence, sometimes
with modifications to improve its prediction of swirling, recirculat-
ing flows. In two cases, an algebraic Reynolds stress model (ASM)
was used, but this type of model is much more computationally
intensive than the k—e model and its variants.

For the combustion aspect of the modeling, the trends were from
one-step to multistep reactions, from infinitely fast to finite-rate or
equilibrium chemistry, and from modeling no influence of the tur-
bulence on the combustion to rigorous modeling of the turbulence/
chemistry interaction. Simple hydrocarbon fuels were usually used,
and all except one were gaseous. In that one case, liquid kerosene
was injected into the flow, and the trajectories and evaporation of
the droplets were modeled. There were no studies that took into
account the presence of a solid phase, however. To account for the
turbulence/chemistry interaction, two basic types of models were
used, the first, and older, method being an eddy break-up (EBU)
model in which the reaction rate is controlled either by finite-rate
chemistry or by turbulent mixing, whichever is slower. The other
type of model includes the newer, more complex PDF approach.
This type of model can assume that the oxidizer and fuel are com-
pletely reacted (mixed is burned), or in equilibrium with possibly
some extensions for nonequilibrium eftects. The combustion is mix-
ing controlled, and the model is much faster computationally than
the EBU model for the same number of species and reactions being
considered. The laminar flamelet model (coherent flame example in
Table 3) is also a variation of the PDF approach.

The trend was, with time, to use denser grids, newer combustion
models, and to move away from in-house, special-use CFD codes
toward general-use, commercial codes. For the validation of these
modeling methods, only a couple of parametric studies were done to
establish grid independence. Any comparison between CFD mod-
eling and experimental results was for the nonreacting flow only,
except in a couple of instances where some reacting flow data was
available. Unfortunately, none of the reacting flow studies described
exactly how combustion efficiency was determined from the CFD

Shape of  Air inlet Air inlet results, and usually not even the definition of combustion efficiency
Model air inlet angle, deg  diameter, mm was noted.
A2 Circular 60 38.1 Direct-Connect Combustion Tests
A4 Circular 60 50.8 . .
A6 Circular 90 50.8 Information from the literature survey was also used to estab-
lish test conditions for the combustion experiments, including the
Table 3 Previous CFD modeling
Turbulence Experimental
Reference Code Grid model Combustion model Fuel data
Chen and Tao'” Incompressible N-S  Axisymmetric 49 x 15 k—¢e One-step, infinitely fast  Polyester/ammonium  Schadow?’
(TEACH) perchlorate exhaust
Vanka et al.'8 Incompressible N-S  Three-dimensional, k—e One-step, infinitely Ethylene Stull et al.’
24 x 11 x 11 fast, PDF
Cherng et al.'® Compressible N-S ~ Two dimensional, Modified k—¢ Two-step finite rate, Propane Chuang et al.'”
30 x 18? (estimated) modified EBU
Onn et al.2% Compressible N-S ~ Two dimensional, Modified k—¢ Two-step finite rate, Propane Chuang et al.'”
32 x 18 (estimated) modified EBU
Yoon and Chung?' Compressible N-S ~ Two dimensional, 40 x 40 ~ Modified k—¢ Two-step finite rate, EBU Propane
Hsieh et al.?? Compressible N-S, Two dimensional, 99 x 46 ~ Low Re k—¢  One-step finite rate Propane
dual-time step
Chao et al.2 Compressible N-S  Two dimensional, 40 x 40, Modified Adiabatic PDF Propane Chuang et al.!”
adaptive ASM
Montazel et al.>*  Incompressible N-S Two dimensional, 53 x 24 k- Coherent flame model Propane Montazel et al.>*
Dufour and Compressible N-S  Two dimensional k—¢e Coherent flame model Propane Montazel et al.>*
Montazel?® (CFD-ACE)
Liou et al.? Incompressible N-S Two dimensional, 53 x29 ~ ASM One-step finite rate, EBU Methane Liou et al.?
Dufour and Compressible N-S  Three-dimensional, 120,000 k—¢ Coherent flame model Liquid kerosene Stull et al.8
Montazel?® (CFD-ACE) cells (full geometry) (two phase) Craig et al.?
Ristori et al.!3 Compressible N-S  Three-dimensional, 58,060 k—¢ One-step reaction, Propane Ristori et al.!?
(MSD) cells (1/4 geometry) modified EBU
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Table 4 Combustor configurations for direct-connect experiments and combustion CFD modeling

Air Fuel Dome Air/fuel Air/fuel Combustor Fuel Air
Number injector injector  height, mm  momentum ratio massratio pressure, MPa  velocity, m/s  velocity, m/s
1 A4 F0-27 57 2.62 7.79 0.396 416 140
2 A4 F0-27 57 11.73 15.73 0.403 328 245
3 A4 F0-27 57 8.89 13.84 0.875 282 181
6 A2 F0-27 57 3.90 7.09 0.411 443 244
7 A2 F0-27 57 19.43 15.76 0.426 311 384
8 A2 F0-27 57 17.94 14.96 0.944 239 287
9 A2 F0-27 57 3.52 6.70 0.845 609 320
11 A4 FO-18 57 4.87 15.36 0.432 710 225
12 A4 F1-18 57 4.07 13.96 0.907 600 175
13 A6 F0-27 57 2.30 7.00 0.44 436 143
14 A6 F0-27 57 10.80 15.33 0.419 324 229
15 A6 F0-27 57 5.20 10.66 0.904 358 175
16 A6 F0-27 57 2.37 7.11 0.8 599 200
18 A4 F0-27 100 2.13 6.65 0.397 501 160
19 A4 F0-27 100 10.93 15.35 0.423 317 226
20 A4 F0-27 100 8.31 13.34 0.882 288 179
21 A4 F0-27 100 2.76 7.62 0.792 564 205
28 A4 F1-18 57 4.84 15.32 0.44 692 219
29 A4 FO-18 57 4.42 14.54 0.917 568 173
30 A4 F1-18S 57 4.29 14.34 0.921 579 173

Air supply gases, the boundary conditions of the effluent injected through the

Secondary
Gas generator ~ C2H4

C2H4—|
Air—-]

Air injector
Fig. 4 Ducted rocket hardware.

combustor pressure and the characteristics of the air and fuel flows.
Table 4 lists all of the configurations and important test parameters
for which both combustion tests and CFD combustion modeling
was carried out. Apart from geometry, previous water-tunnel exper-
iments and CFD modeling' showed the importance of the momen-
tum ratio of the air- and fuel streams on the flowfield and the mixing;
this key parameter is also listed.

All of the combustion experiments were carried out at TNO Prins
Maurits Laboratory’s direct-connect test facility. High-pressure air
was heated by a methane-fueled vitiator to produce stagnation con-
ditions at the combustor representative of those downstream from
the air intakes of an actual missile flying at Mach 2.5 and 6000-m
altitude (0.5 MPa and 600 K). Additional oxygen was injected at
the vitiator to replace that used for the combustion of the methane.
A plenum of 0.5-m internal diameter surrounded the air injector
to distribute the air as evenly as possible through each of its arms
(Fig. 4). This arrangement was chosen to facilitate the changing of
the air and fuel injectors and the nozzle at the end of the combustor.

For the solid fuel in the gas generator, a formulation of 90%
by mass GAP and 10% carbon was specified and developed. This
particular formulation was chosen because GAP will ignite and de-
compose with no additional oxidizer. Carbon was added to increase
its fuel content but maintain an acceptable regression rate. Some
direct-connect tests were carried out with this solid fuel, but a sin-
gle formulation did not give enough flexibility to vary the mass flow
rate for the wide range of configurations as proposed. Furthermore,
the instantaneous regression rate of a solid fuel is difficult to measure
to a sufficient degree of accuracy for these purposes. In the correct
proportions, however, the calculated equilibrium exhaust properties
of an ethylene/air mixture can be close to those of the GAP/carbon
solid fuel.*® Because the mass flow rates of the ethylene and the
air were controlled and measured in the same way as the vitiator

fuel inlet could be estimated with more confidence. The ethylene/air
mixture was also much less expensive to use than the solid fuel. All
of the results presented here, therefore, use the ethylene/air mixture
as the fuel.

However, whereas an actual solid fuel must decompose by itself
inside the gas generator once ignited, the mixture of ethylene and air
is much too rich to react at the conditions present. About 10% of the
ethylene was, therefore, injected into the head of the gas generator,
where it reacted with the air in a combustible mixture and flowed
through a choked nozzle into the fuel plenum. The remainder of
the ethylene was then injected into the fuel plenum, where it could
react with the hot exhaust from the gas generator (Fig. 4). The main
assumption here, of critical importance to the reacting flow CFD
modeling, is that conditions were appropriate to allow the mixture
to approach thermochemical equilibrium before being injected into
the combustor. Another important point for the CFD modeling is that
flow of the reacted ethylene/air mixture was not choked in the fuel
inlet before entering the ramjet combustor; the fuel plenum pressure
is only slightly higher than the combustor. This arrangement further
facilitated the estimation of the fuel inlet boundary conditions and,
as to be explained later, meant that the flow could be approximated
as being incompressible.

Reacting Flow CFD Modeling

CFD modeling was carried out using FLUENT.3! A control-
volume-based technique is used within FLUENT to discretize the
conservation equations for mass and momentum, otherwise known
as the Navier-Stokes equations. If required, additional equations
for turbulence, species, energy, radiation, and particle tracking can
be solved. The segregated solver option was used, which means
that the governing equations are solved sequentially. All geometries
were modeled as precisely as possible with structured grids of ap-
proximately 50,000 hexahedral cells (Fig. 5) for half of the domain
(symmetrical about the central longitudinal plane).

Flow in a ducted rocket combustor can be characterized as highly
turbulent (Reynolds numbers on the order of 10°). The renormalized
group theory (RNG) model*? was chosen to model the turbulence
because it gives better results than the k—s model for recirculating,
separated flow®!"33 that occurs within a ramjet combustor. Its im-
plementation in FLUENT also includes a correction for swirl. An
equilibrium-chemistry PDF approach®' was chosen to model the
reacting flow in the ducted rocket combustor. It is well suited for
problems where the fuel and oxidizer inlet streams are separate and
the combustion is controlled by turbulent mixing rather than the
kinetics of the chemical reactions. With the use of 8-shaped PDFs,
properties of the reacted mixture anywhere in the combustor can
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Fig. 5 Surface mesh of basic combustor geometry.

be determined by solving two additional transport equations for the
mixture fraction and its variance for each fuel stream. For this ap-
proach to give good results, temperatures in the combustor must be
high enough so that the characteristic chemical reaction time is short
compared to the characteristic mixing time; this is also necessary
for the equilibrium chemistry assumption to be valid.

A restriction in FLUENT’s implementation of the PDF approach
is that the flowfield must be modeled as being incompressible. This
is a good assumption in most of the combustor because the Mach
number is less than 0.3 almost everywhere. There are exceptions,
though. One is the nozzle; it has intentionally not been modelled.
The other exceptions are in the air and fuel inlets, where the cal-
culated flow velocities exceed the Mach 0.3 limit for some of the
configurations. However, Spalding,** states that even flow velocities
of up to Mach 0.8 need not be reproduced exactly between a model
and a prototype combustor. This implies that the flow in the inlets
can be treated as incompressible as long as this higher limit is re-
spected. (It has been exceeded slightly in only a couple of instances
for the unchoked flow in the fuel inlets.)

Boundary Conditions

As earlier indicated, the direct-connect hardware and experiments
were intentionally set up in such a way as to facilitate the characteri-
zation of the boundary conditions for the CFD modeling. For the air
inlets, the tubes were lengthened as much as possible within the air
plenum and honeycomb installed to straighten the flow and produce
auniform velocity profile at the combustor entrance. Mean velocities
at the entrance to the air inlet tubes were calculated from the mea-
sured vitiated air mass flow rate and composition, air plenum tem-
perature, and combustor pressure during the direct-connect experi-
ments. Whereas most ramjets with side-mounted inlets have curved
inlet ducts, the velocity profiles downstream from these curves de-
pend heavily on the exact geometry. Laser Doppler velocimetry
measurements of flow within a plexiglass model of a curved inlet
duct,® also supplied with air from a large chamber, showed a uni-
form velocity profile in the lengthy (370-mm) horizontal portion of
the duct upstream of the curve, but a nonuniform velocity profile
downstream from it. A CFD study of a ducted rocket combustor
with a curved inlet diffuser’? predicted uniform velocity profiles
after the normal shock and upstream of the curve in the duct, but
nonuniformity downstream from the curve. Therefore, because the
air inlet tubes are straight, the desired uniform velocity profiles can
be expected throughout, so that this should be a good assumption at
the air inlet entrances for the CFD modeling.

Because air from the vitiator arrives at the air plenum in a small-
diameter pipe and is suddenly dumped, there should be a significant
level of turbulence intensity (where 1% is considered low and over
10% high’"). Because no measurements of the turbulence charac-
teristics of the air entering the inlets could be made, the turbulence
intensity was assumed to be 10%, with a turbulence characteristic
length of 25% of the air inlet tube diameter.

Characterizing the fuel inlet boundary conditions was much more
challenging. For the air inlets, a constant velocity profile at the fuel

Table S Calculated gas generator exhaust
properties, air/ethylene ratio 1.3823

Property Gas generator Fuel plenum
Pressure, MPa 1.175 0.5
Temperature, K 1274.33 1132.07
Mass fractions
Ar 0.00829 0.00828
CHy 0.02354 0.02786
CcO 0.24107 0.21598
CO, 0.00519 0.01329
HCN 0.00008 0.00002
H; 0.05421 0.05208
H,0 0.01095 0.02043
NH3 0.00029 0.00022
N, 0.41620 0.41628
C(graphite) 0.24020 0.24555
Total 1 1

inlet was assumed, along with a turbulence intensity of 10% and
a turbulence characteristic length 25% of the fuel inlet diameter.
For all configurations, measured data from the direct-connect tests,
including pressures and temperatures, were used to calculate the
measured flow rates and mixture ratio for the ethylene and vitiated
air. Table 5 shows the equilibrium exhaust compositions, calculated
with the CET89 thermochemical equilibrium code,* of an ethy-
lene/air mixture (1.3823 air/ethylene mass ratio) expanded from a
chamber pressure of 1.175 MPa to the ramjet combustor pressure
of 0.5 MPa. The critical assumption is that thermochemical equi-
librium is reached in the fuel plenum. The best way to validate this
assumption would be to sample directly the gases within the fuel
plenum and analyze them with gas chromatography.

A parametric study®’ was carried out to determine the conse-
quences of any errors in the estimates of the boundary conditions
(including the fuel inlet), or how the combustor was modeled. No
significant effects on the predicted efficiency based on temperature
rise in the combustor, a7, at 458-mm combustor length were seen
when heat transfer from the walls, radiation, temperature-dependent
transport properties, or a doubled turbulence length scale were in-
cluded in the CFD model. Doubling the grid in each direction
(450,000 cells total), which reduces numerical diffusion and has the
same effect as reducing mixing, lowered nar by about 3%. The use
of Reynolds stress model for turbulence, second-order discretiza-
tion, or applying a 10% variation in fuel (gas generator exhaust)
temperature, ethylene mass flow rate, or air mass flow rate, all had
effects of less than 7%. Using the k—¢ turbulence model changed
nar by 17%, but this turbulence model is known not to perform
as well as the RNG model in this type of flow.>!33 However, de-
creasing the turbulence intensity from 10 to 1% or raising it from
10 to 20% had the largest effect, with a 25% change in nar. Higher
levels of turbulence intensity increased combustion efficiency, as
expected.

Two-Phase Flow

For the combustion modeling results previously reported,® the
boundary conditions for each experiment were used to generate sin-
gle fuel stream PDF data. This means that all of the fuel, including
both the gaseous and solid phases, was injected into the combustor
as a single homogeneous stream. The solid carbon was, therefore,
assumed to react instantaneously, as were the gases, once there was
any oxidizer present. Although a few of the calculated temperature-
based combustion efficiencies with the single fuel stream or one-
stream PDF were in agreement with the experimental results, most of
them were higher. However, bright orange-yellow exhaust plumes, a
likely indication of soot particles and incomplete combustion, were
observed for some of the direct-connect experiments. This indicates
that the soot particles were too large to be assumed to react instanta-
neously, and this can explain the overprediction of the combustion
efficiencies. Therefore, when a two-stream PDF approach,’' was
used with one stream consisting of the gaseous phase and the sec-
ond consisting of solid carbon soot particles that decompose and
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release fuel as they flow through the combustor, improvements to
the predictions of combustion efficiency were possible.

The first step to develop a model to describe the motion and de-
composition of the particles was to collect and measure some of the
solid material during an actual direct-connect combustion experi-
ment. This was accomplished by trapping some of the material from
the fuel plenum in an in-line filter. This material was then dispersed
in some ethanol using an ultrasonic bath and analyzed in a Malvern
Mastersizer 2000. The resulting size distribution, which assumes
that the particles are spherical, is shown in Fig. 6. A wide range of
particles was detected, from below 0.1 um to above 200 wm. For
comparison, the results from a sample of effluent from a GAP/carbon
gas generator are also displayed and show that the ethylene/air fuel
can also approximate the particle size distribution of the solid fuel
exhaust fairly well between 1 and 200 pm.

Soot from typical hydrocarbon/air combustion consists of minute
carbon spheres usually less than 60 nm in diameter. These spheres
are grouped together as much larger agglomerates that can be as
large as several micrometers (Ref. 38). A scanning electron micro-
scope (SEM) image of the soot collected from the fuel plenum of
the reacted ethylene/air mixture is presented in Fig. 7. There are
some smooth particles on the order of 1 um in diameter, but the
majority of the collected material has a rough texture and, on closer
inspection, is composed of agglomerates made up of spheres of
about 75 nm in diameter, a size close to that reported for soot from
typical hydrocarbon flames.

Whereas the trajectories of the particles are closely related to their
mass and overall dimensions, their decomposition is a function of
their total surface area exposed to the oxidizer. This total surface area
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Fig. 7 SEM picture of agglomerated soot particles in the ethylene/air
fuel.

is related more to the number and diameter of the minute spheres
that make up each soot particle rather than the overall size of the
particle. To determine the sensitivity of the size of the particles on
their trajectories, two-stream PDF modeling (with the subsequently
described particle model) for configuration 1 (Table 4) was carried
out for a wide range of particle sizes. The trajectories of the particles
injected from the fuel inlet hole were calculated using a Lagrangian
reference frame,?' and stochastic particle tracking so that the ef-
fects of turbulent fluctuations from the flowfield were included. The
continuous-phase flowfield and dispersed- (solid-) phase calcula-
tions were coupled, meaning that, not only did the flowfield affect
each particle’s trajectory and decomposition, but each particle could
also affect the flowfield.

The results for the trajectories of these various particle sizes and
how much they decompose are shown in Fig. 8. The density of each
particle is indicated by its shade of gray. In the side views of the
trajectories, the particles from 1 nm to 1 um diameter appear to
fill the bottom half of the combustor and abruptly change direction
when deflected by the incoming air jets, and the ensembles of their
trajectories appear similar. The 10- and 100-um particles, however,
do not seem to follow the flow as faithfully and have much straighter
trajectories toward the end of the combustor. Also, the smaller the
particle is, the faster it decomposes. In fact, for the 1-nm particles,
about half decompose completely before reaching the end of the
combustor. About 10-20% of the 10-nm particles and less than 5%
of the 75-nm particles decompose completely before the end of the
combustor. For particle diameters of 1 wm and above, all of the
particles leave the combustor before they decompose completely.

The results from Fig. 8, therefore, imply that all of the parti-
cles can be modeled as 75-nm spheres with little consequence on
their average trajectories, particularly for those from 1 nm to over
1 um in diameter. This is probably valid for the larger particles as
well. Because they are of irregular shape, they would have higher
aerodynamic drag than spheres of equivalent overall diameter and
should follow the flow like the 1-um-diam and smaller particles.
Furthermore, because they are agglomerates, they likely break up
as well.

2200 100 um particles

1980

1760

1540

1320
1100

1 nm particles

Fig. 8 Predicted particle trajectories vs diameter, configuration 1, side
view; scale is particle density.
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A kinetics/diffusion model in FLUENT?! was used to describe
the decomposition of the carbon particles. The change in mass of
the particles is described by

dm, ,O0RTmy R Ry

- R+ R,

1
dr M, M

where p and T are the density and temperature of the surrounding
gas, My, and M, are the mass fraction and the molecular mass of
the oxidant in the surrounding gas near the particles, and R, and
R, are the diffusion controlled and the surface kinetics controlled
rates, respectively. The diffusion-controlled decomposition rate is
derived from an expression for pulverized coal char particles over
a wide range of temperatures, where the particles give off carbon
monoxide rather than carbon dioxide®

Ry = C{l(T, + Tw) /217 /d, } )

where C, =4.993868 x 1072 kg/(m-s-Pa-K%) and T, is the
temperature of the surrounding gas not influenced by the particle.
The kinetics of the surface reaction come from an approximation
to the Nagel-Strickland-Constable formula for soot oxidation*! at
temperatures below approximately 2000 K:

R, = Crexp(—E,/RT,) A3)

where C,=1.11531 x 1073 kg/(m’s-Pa) and E,=1.42537 x
10® J/kmol is the activation energy of the surface reaction. Because
the particle gets very small, the diffusional rate R, becomes very
large, and the decomposition of the particles becomes controlled
by the surface reaction rate. For particles of 75 nm diameter, the
decomposition is essentially controlled by the surface reaction rate.

An important feature of the particle decomposition model is that
rather than having each particle decrease in diameter as its mass de-
creases the diameter remains the same while the density decreases.
The particle, therefore, becomes more porous. Also, approximately
500 particles had to be injected every 10 flowfield iterations to at-
tain a quasi-steady state and convergence after several hundred it-
erations. (For clarity, Fig. 8 shows the paths of only 30 of these
particles.)

Results

The purpose of the two-stream PDF model was to model more
accurately the distribution and decomposition of the solid carbon in
the gas generator exhaust and hopefully reduce the overprediction of
the temperatures that occurred with the one-stream model. The suc-
cess of this approach will be shown later. An example of how the
two-stream model can change the distribution of temperature in the
combustor is shown in Fig. 9. Along the centerline longitudinal axis
(a position arbitrarily chosen) for configuration 1, the two-stream
model shows a higher heat release than the one-stream approxi-
mately 100 mm downstream of the fuel injector. After 150 mm,
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Fig. 9 Predicted temperature distributions on centerline axis,
configuration 1.

however, the one-stream model has a higher heat release on the
centerline axis, likely due to the two-stream model’s solid particles
being carried to the bottom of the combustor, as shown in Fig. 8,
where they release heat below the centerline.

To show the improvement of the two-stream model over the one-
stream model in predicting combustor performance, the results were
compared with the results from the direct-connect experiments for
all configurations listed in Table 4. The chosen measure to express
combustor performance is the efficiency based on temperature rise
in the combustor:

Tr4,exp — 12

“

Nar =
Tt4,lheo - Tt2

For the direct-connect experiments, the combustion efficiency
was estimated using the methods recommended by AGARD.*? T}, is
the air inlet stagnation temperature, and T4 ¢y, iS the stagnation tem-
perature at the end of the combustor. T4 xp is determined from static
pressure measurements in the combustor and calculations of theo-
retical temperatures and characteristic velocities from the CET89
thermochemical equilibrium combustion code. For the CFD results,
Ti4.exp is the mass-averaged stagnation temperature at the 458-mm
cross section of the combustor to correspond with the length of the
combustor for the direct-connect experiments. For both the direct-
connect and the CFD results, T4 e, is calculated from CET89 using
the static pressure in the combustor, the nozzle entrance-to-throat
area ratio and the compositions, temperatures, and mass flow rates
of the vitiated air and gas generator exhaust as inputs.

A rigorous analysis®’ was also performed to estimate the over-
all uncertainty for the direct-connect tests. The uncertainties for
the mass flow rates of air, at £2%, and ethylene, at £5%, had the
largest effects on this overall uncertainty. Although the overall un-
certainty varied for each configuration, the average value was esti-
mated at £13% of the value reported for the combustion efficiency.
Whereas this may seem high, there is, unfortunately, little in the
cited literature with which to compare it. The only comprehensive
description of uncertainty analysis for direct-connect testing found
in the literature,* gave values of overall uncertainty and explained
how they were generated based on basic measurement parameters,
such as the mass flow rate of air, reported elsewhere*? for a single
test case. Although their estimates of overall uncertainty for nar
were lower than ours, so were their uncertainties for almost all of
the basic measurement parameters. As stated earlier, a significant
amount of our overall uncertainty also came from estimating the
exact composition of our ethylene/air mixture, which is not an is-
sue with most of the other testing reported. The reproducibility of
our experiments was very good, and results for each of the four
repeated configurations differed by much less than the experimen-
tal uncertainty. Nonetheless, we are improving the accuracy of our
basic measurement parameters.

Figure 10 shows the calculated temperature-based combustion
efficiency results for the experiments and the one-stream and
two-stream PDF models for the configurations shown in Table 4.

T T T T T T T

T T T T T T T T T
[__1One-stream PDF

I Experimental

V2] Two-stream PDF

Efficiency based on temperature rise

7 8 9111213141516 1819202128 29 30

Direct-connect configuration

Fig. 10 Results for the calculated efficiencies from the experiments
and CFD modeling.
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Under careful scrutiny, the one-stream PDF model can be seen to
overpredict combustion efficiency for several of the configurations,
as previously reported.> However, the two-stream PDF model im-
proves the prediction of combustion efficiency for most of the con-
figurations. In fact, the average difference between the two-stream
and experimental results is 16%, or nearly the same as the experi-
mental uncertainty, whereas it is 27% between the one-stream and
experimental results. Furthermore, with the two-stream model, ex-
actly half of the configurations are overpredicted and the remainder
underpredicted, rather than being consistently overpredicted as with
the one-stream model.

Although the two-stream PDF model improves the agreement
between the experiments and the predictions significantly over the
one-stream PDF model, there are still large differences in the results
for some of the configurations. An explanation for this may be that
the CFD modeling gives a time-averaged output of the flowfield,
whereas the flowfield in the experimental combustor is unsteady
(as seen in the previous water tunnel visualization') and results
in pressure oscillations that are not considered in the model. We
carried out some additional tests, done after all of the others listed
in Table 4, to determine whether or not there were any combustion-
driven waves. However, we had to extend the combustor outside
the air plenum (total combustor length 763 mm) so that two water-
cooled piezoelectric pressure transducers could be flush mounted to
the inner combustor wall just ahead of the nozzle. The transducer
signals were sampled at 80 kHz. Because the changing of the length
of the combustor will change its acoustics, the goal of these tests
was not to determine the exact nature of any combustion instabilities
(longitudinal, radial, tangential, which harmonics, etc.) nor identify
those due to interactions with the air plenum, gas generator, fuel
plenum, etc. (which would have required the careful placement of
even more transducers). These tests were simply to confirm the
presence of combustion-driven oscillations.

Figure 11 shows the magnitude of the pressure oscillations from
one of the transducers vs time. The magnitude of the pressure os-
cillations due to flow noise, about 50 kPa, can be seen before the
spike from the ignition of the gas generator that occurs at 3.0 s.
Shortly afterward at about 3.3 s, the fuel-rich exhaust from the gas
generator and the vitiated air ignites in the ramjet combustor, and the
magnitude of the pressure oscillations doubles to about 100 kPa. At
approximately 25% of the average static pressure in the combustor
of 0.42 MPa, the magnitude of the oscillations during combustion
is indeed significant.

Whereas the magnitude of the oscillations obviously changes be-
fore and after ignition of the mixture in the ramjet combustor, fast
Fourier transform (FFT) analysis of the signal was done at 1-s inter-
vals to see if the frequencies of the oscillations and the magnitude
of each frequency also change. Figure 12 shows that at 2.0 s, be-
fore ramjet ignition, there are two significant frequencies at 520
and 2890 Hz. Figure 13 shows an FFT at 6.0 s, well after ramjet
ignition, and the frequencies and magnitudes have changed signifi-
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Fig. 13 FFT amplitude vs frequency at 6.0 s.

cantly. There are dominant frequencies at approximately 250, 800,
920, 1500, 2420, and 4820 Hz, some of which may be harmonics of
the others. The magnitude of the lowest frequency component has
also doubled with respect to the 520 Hz peak at 2.0 s. The peak at
250 Hz probably corresponds to the fundamental longitudinal mode
in the combustor for a temperature of approximately 1800 K. The
same mode before ignition would be at a lower frequency (about
150 Hz) but this was not seen.

Apart from showing that the combustor pressure oscillations can
be significant, these data have demonstrated that the magnitude and
frequency of the pressure oscillations change when combustion oc-
curs in the ramjet and that there is a strong possibility that they
are coupled to the combustion processes taking place. The effect
of these pressure oscillations on combustor performance has not
been considered in the CFD modeling and, therefore, may help ex-
plain differences between the experimental and predicted results.
Although time-dependent CFD modeling is possible in theory and
could take these oscillations into account, this type of modeling
would not have been practical for the three-dimensional, turbulent
reacting flowfield of interest here.

Conclusions

A CFD-based methodology has been developed to predict the
performance of a ducted rocket combustor that uses a simulated
solid fuel. It differs from previous methodologies in that it uses a
two-stream equilibrium-chemistry PDF combustion model in which
the gaseous and solid particle components of the gas generator ex-
haust are treated separately. It has now been extensively validated
with results from direct-connect experiments over a wide range of
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configurations and test conditions and can predict, within a good
degree of accuracy, the performance of a ducted rocket combustor
using a simulated solid fuel.

Modeling the combustion using a two-stream PDF model rather
than a one-stream PDF model improved predictions of temperature-
based combustion efficiency significantly. The average difference
between the two-stream model predictions with the direct-connect
experimental results was 16%, or slightly higher than the experi-
mental uncertainty. For the one-stream PDF model, this difference
was 27%.

Not properly modeling pressure oscillations in the combustor
may account for not being able to predict combustion efficiency
accurately for some of the configurations. Pressure oscillations of
25% of the mean static pressure in the combustor were recorded, and
FFT analyses suggest that they might be coupled to the combustion
processes.

With appropriate changes to the combustion model for different
particle sizes and compositions, this methodology could certainly
be extended to a wide variety of solid ducted rocket fuels, including
metallized formulations.
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