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Conclusions

An explicit calculation procedure for the dynamic geometry of
TV nozzles was presented. Relation of the geometry to the flow
performances was elaborated and used to create a model for de-
termining the flow coefficient and a maximum effective vector-
ing angle. This model was then compared with experimental data.
The geometric predictions compared proved to be able to pre-
dict the upper bound of the effective vectoring angle very well,
whereas the geometry only was proven to describe the variation in
the flow coefficient with vectoring, but not the conventional flow
coefficient.

Though the prediction decreased in precision with the addition
of afterburning, it remains within experimental accuracy. As the
flaps on the nozzle were shortened, the predictiondiverged from the
nozzledataas a function of vectoringangle, proving the dependence
of jet performance on the nozzle divergence angle. In other words,
the greater the divergence angle, the less ideal the jet expansion.
Thus, the geometrical predictionshave been verified for quasi-ideal
cases and can be used in future TV nozzle design to reduce costly
experimental investigations.

Further, it may be implemented to evaluate current TV noz-
zle performances to enhance aircraft and defense simulations, as
well as provide realistic initial conditions for future numerical
vertical/standard takeoff and landing/ TV jet performance studies.
In the future NPR influence on nozzle performance may be included
in this procedure for a more robust nozzle performance prediction
across the NPR range.
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Combustion Characteristics of
Ethylene in Scramjet Engines
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Old Dominion University, Norfolk, Virginia 23529

Introduction

OST of the scramjet combustionstudies, currently being con-

ducted, use liquid hydrocarbonfuels or hydrogen. The use of
hydrocarbonfuels in volume-limited systems will require an ignitor
and some form of combustionenhancement.' The results of the early
tests conductedby Kay et al.>* clearly demonstrated that the super-
sonic combustion of various hydrocarbon fuels could be achieved;
although for many test conditions special externally mounted pilot-
ing devices were required to initiate and stabilize the flame.

The piloted-supersoniccombustion experiments strongly recom-
mended that hydrogen piloting is highly effective for a variety of
fuels including methane and kerosene. A monopropellent, OTTO
fuel, was successfully used as an effective pilot in the scramjets.!
Other results showed that silane/hydrogen mixtures were effective
pilots for ethylene and kerosene combustion

Ethylene C,Hy is a primary fuel itself and is also produced in
large amounts during the combustion of methane CH,, ethane C,Hg,
and other higher hydrocarbons? Ethylene is often chosen for the
hydrocarbon-fueled scramjet engines tests because it is used as a
surrogate test fuel for hydrocarbon fuels.

The intentof this study s to investigatethe supersoniccombustion
flowfield of ethylene as a candidate hydrocarbon fuel in scramjet
engines. Special attention is paid to studying the effect of piloting
on the main flame initialization and stabilization. During this phase
of the study, piloting with gaseous ethylene was used while the
proposed objectiveis to use hydrogenas a pilot fuel. Because of the
unavailability of experimental data for the supersonic combustion
of ethylene, the verification of the present numerical results with
existing experimental results could not be achieved. Therefore, the
validation of the computational fluid dynamics (CFD) Fluent code®
was achieved by comparing cold-flow numerical results with the
pertinent experimental results of McDaniel et al.” This verification
study was published in Ref. 8

Theoretical Model and Computational Procedure

The schematic diagram for the configuration used in the present
study is presented in Fig. 1 in which a rearward-facing step is lo-
cated at the upper longitudinal wall. Sonic pilot ethylene is injected
parallel to the incoming airstream via three 1-mm circular holes
thatare equally distributed at the base of the step. The pilot ethylene
static temperatureis 500 K with equivalenceratio of 0.06 calculated
based on the mass flow rate of the incoming supersonicair inlet. The
inflow is vitiated air with Mach number =1.756 to simulate the en-
thalpy level of the typical conditions at the combustor inlet. The
total temperature is 1800 K while the total pressure is set to be
431.762 kPa. The vitiated supersonic air inlet contains H,O with
mass fractionof 0.17. A 15-deg wedge is located downstream of the
step and upstream of the main normal injection. The combination
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Main Injection
{Ethvlene)

Fig. 1 Schematic diagram for the case study.

of the rearward-facing step and the wedge forms a cavity-like con-
figuration that helps in enhancing the fuel-air mixing in addition to
initiate and stabilize the main flame.

The configuration used in this study uses the symmetry condi-
tion at the midspan location; therefore, just one-half of the physical
domain is simulated to minimize the computational time.

While using the same basic configuration and inlets boundary
conditions as of Owens et al.,” slight differencesin the dimensions
are applied. The step height H is 10 mm. Gaseous ethylene, as the
main fuel, is injectedat four step heights downstreamof the step with
a sonic speed normal to a supersonic airstream. The main injection
static temperature is 300 K with equivalenceratio of 0.6 calculated
based on the mass flow rate of the incoming supersonic air at inlet.

Anunstructuredgrid with 180,360cellsis used for accuratemesh-
ing of the circularcross-sectioninjectionholes. The normal injection
evolves the three-dimensional nature of the physical problem. Ac-
cordingly, the three-dimensional version of the CFD code is usedin
the simulation.

The CFD code used in this study is the Fluent commercial code
(version 5).° The code is a finite volume-based CFD code, which
solves steady and unsteady three-dimensional Reynolds-averaged
Navier-Stokes equations. The renormalization-growp «-€ turbu-
lence model is used in the present study.

At the supersonicinflow boundaries the total and static pressures,
the total temperature, and the species mass fractions are specified.
For these supersonic inflow boundaries uniform conditions were
assumed for the primitive parameters. At the supersonic outflow
boundaries first-order extrapolation for all parameters is used. All
walls and step boundaries are treated as no-slip adiabatic surfaces.

The initial conditions were set by applying freestream inlet con-
ditions throughout the entire flowfield. The solution convergenceis
judged by reaching a scaled residual value of at most 10~ for ev-
ery calculated parameter. The most important flowfield parameters
such as temperature, pressure, velocity magnitude, and CO, mass
fraction are averaged over all grid cells at different crossflow planes
along the combustor length using the mass-weighted approach. At
the convergence condition these averages should show unchange-
able values with the solution iterations as additional way to check
for the solution convergence.

Results and Discussion

Figure 2 shows the distribution of the average static pressure and
temperature at the upper wall along the combustor length. Fourteen
crossflow lines marking the intersectionof the combustorupper wall
and the correspondingcrossflow planes are defined along the upper
wall length. The points on the two curves of Fig. 2 represent the
arithmetic averages of static pressure and temperature respectively
at the centers of all grid cells of the 14 intersectionlines. The typical
upper-wall average static-pressure distribution is presented by the
solid line in Fig. 2. Because of the expansion waves formed around
the step edge, the static pressure decreases, reaching its minimum
value just upstream of the wedge body. The oblique shock wave
formed by the wedge body increases the pressure. The maximum
pressure location is coincided with the main normal injection sta-
tion. The high normal injection pressure creates a low-pressure re-
gion near upstream of the injection area. This forms a recirculation
region thatentrains the incoming supersonicair to be mixed with the
fuel and forming a combustible mixture supporting the main flame.
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Fig. 2 Average wallstatic pressure and temperature distribution along
the combustor length.

Y, Combustor height (M)

-0.0125 -0.01  -0.0075 -0.005 .0.0025 L] 0.0625 0.005 0.0075  o.01 0.0125
Z, Combustor width (M)

Fig. 3 Velocity vectors at x = 40 mm cross plane.
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Fig. 4 Velocity vectors at x = 70 mm cross plane.

Because of the shock reflection off the lower wall, the upper-wall
static pressureincreases followed by a continuouspressuredecrease
caused by the 3-deg combustor divergence.

The upper-wall average temperature distribution is presented by
the dotted line in Fig. 2. The frictional heating at the upper-wall
surface increases the surface temperature downstream of the com-
bustor inlet. The effect of the pilot flame can be shown by noting
the location of the first peak in the temperature plot. This first peak
coincides with the pilot flame tip at the wedge edge that forms a
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high-temperatureregion near upstream of the main normal injection
location. This region forms a continuoushigh-temperaturearea, the
effect of which resembles that of a sparkplugin helping initializing
and holding the main flame. Igniting the main fuel injected leads to
the second increase of the upper-wall temperature, reaching its peak
downstream of the injection station. The flow expansion caused by
the 3-deg combustor divergence reduces the temperature towards
the combustor exit. Other results for this case study are presented
in Ref. 10.

The flowfield features are presentedin Figs. 3 and 4. The velocity
vectors plot with the superimposed streamlines are depicted at two
crossflow locations. Figure 3 shows the vectors in the cavity region
downstream of the pilot injection at X =40 mm. The vectors at the
main injection location, X =70 mm, are shown in Fig. 4. The two
plots exhibit the interaction between the incoming supersonic air-
flow and the pilot and main ethylene injections. The recirculations
formed in the cavity are caused by the expansion effect of the step.
The parallelpilotinjectionsintensify the recirculationspatternin the
cavity. This can be observedin Fig. 3 at the pilot injection location,
Y =30.5 mm. Figure 4 shows the interaction between the incoming
supersonic airflow and the vortices formed as a result of the normal
injection. This effect is manifested by observing the two counter-
flows at the midcombustor span, ¥ ~ 15 mm. The confrontation of
the two counterflows is presented by the two loopsin the streamlines
around Z = £0.0065 m. The counterflow has the effectof increasing
the diffusion between the fuel and air and eventually enhancing the
fuel/air mixing. The vortices formed around the fuel injection areas
help in promoting the air-fuel mixing process and consequentlylead
to more efficient combustion.

Conclusions

The step plays aremarkablerole in enhancingthe fuel/air mixing.
The pilot flame stabilizes and supports the main flame formed by
the main vertical injection. The existence of the wedge downstream
of the rearward-facing step helps in initiating and stabilizing the
main flame. Work is underway to analyze the effect of the gaseous
hydrogen pilot injection on the combustion of the sonic normal
ethylene flow.
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High-Intensity Sound Absorption
at an Orifice with Bias Flow

Xiaodong Jing* and Xiaofeng Sun’
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I. Introduction

PERFORATED liner has been widely used to control noise

or suppress combustion instability in the afterburner of a jet
engine or the combustor of a rocket engine. For the suppression of
combustioninstability, cooling air is introduced through the orifices
to protect the liner from being burnt. Previous research' showed that
mean bias flow also enhances the sound absorption at an orifice. It
was further proposed that bias flow could be employed to control
the linerimpedance, thereby greatly increasingthe ductattenuation 2
Various models®* have been set up to study the bias flow effect on
the orifice impedance. A common feature of the preceding models
is that the incidentsound is assumed to be of low intensity and to in-
teract linearly with mean bias flow. On the other hand, considerable
research!*~7 has been carried out on the nonlinearsound dissipation
at an orifice in the absence of mean flow, and it was shown that the
velocity of the sound-excitedoscillatory flow in the orifice could be
very large at high sound pressure levels. Thus, in the situation of
high-intensity sound incident on an orifice with bias flow, there will
be little evidence for assuming linear flow-acoustic interaction. To
the authors’ knowledge, there has been experimentalinvestigations®
on the combining effect of mean bias flow and high sound intensity
on the orifice impedance, but the related theoretical studies are very
few.

Previousstudieshave providedpersuasiveevidencethat the sound
absorption that occurs at an orifice is due to the conversion of the
acoustic energy into vortical energy, either in the presence of mean
bias flow? or at high sound intensity*~" It is reasonable to believe
that this mechanism is also applied to the high-intensity sound ab-
sorption at an orifice in the presence of bias flow. From this point of
view, we first employ a discrete vortex model to simulate the vor-
tex shedding process produced by high-intensity sound at an orifice
with bias flow. This model is also used to obtain some quantita-
tive results, including the average velocity through the orifice and
the orifice acoustic impedance. In addition, a quasi-steady model is
further developed to study this phenomenon.

II. Theoretical Models

Consider the phenomenon that a low-frequency, high-amplitude
sinusoidal sound is incident on a circular orifice of radius R that
is located in an infinitely thin, rigid plate. There is also mean bias
flow through the orifice. The total pressure difference Ap across the
orifice plate can be written as follows:

Ap = Py + P, cos(wt) 1)

where Py is steady pressure difference producing bias flow, P, is
the amplitude of the incident sound, w is angular frequency, and ¢
is time.

A. Discrete Vortex Model

The discrete vortex model of Ref. 6 is modified to study the
sound-excited vortex shedding at the orifice. To obtain a smooth
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