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The Coanda effect is the tendency of a stream of fluid to stay attached to a convex surface,
rather than follow a straight line in its original direction. Turbulent Coanda wall jets are
present in a multitude of applications. The obvious advantages associated with Coanda jets
compared with conventional jet flows -- in terms of substantial flow deflection, increased lift
and enhanced levels of turbulence and entrainment -- are often accompanied by a considerable
increase in associated noise levels and jet breakaway. Generally, the reasons for these issues
are not well understood and thus the full potential offered by the Coanda effect is yet to be
realized. It is clear that the ability to better predict Coanda jet noise would offer the
opportunity for the Coanda principle to be more widely exploited and its potential to be more
fully realized. In this paper, the results of recent modelling and experiments on a three-
dimensional turbulent Coanda wall jet are presented. The application of these results to
important problems of practical interest such as launch noise is also discussed, and recent data
pertaining to full-scale rocket launch noise sources is presented. In particular, the behaviour
of the jet exhaust within the flame trench of the Antares rocket is considered . Inside this
trench a curved turbulent wall jet flows adjacent to a Coanda surface. A simple model is
developed for predicting the flow in this trench and preliminary results related to the noise
emitted by the rocket plume (flame) trench are discussed.

Nomenclature

h = slot width

Pa = ambient pressure

Pe = nozzle exit pressure

Po = pressure in the reservoir supplying the nozzle
Re = radius of Coanda flare center stem

R¢ = radius of spherical section of Coanda flare
Ui = jet exit velocity

I. Introduction to Coanda Flows

A. The Coanda Effect

The Coanda effect -- the phenomenon whereby ““...when a jet is passed over a curved surface it bends to follow the
surface, entraining large amounts of air as it does so...” -- was first observed early in the twentieth century by
Romanian mathematician and scientist Henri Coanda. In addition to occurring naturally, the Coanda principle is
frequently invoked in engineering? as a result of the substantial flow deflection, enhanced levels of turbulence and
increased entrainment it can offer. The significant increase in associated noise levels is an undesirable side effect
which, it is suggested,® has prevented the Coanda effect from being more widely applied. The present work is part of
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an effort to better understand the mechanisms behind the aerodynamic noise
generation of such jets, with the goal of facilitating improvements in the
prediction and attenuation of such noise.

When a fluid element exits a nozzle adjacent to a curved surface, the radial
equilibrium of the element leads to the development of a pressure field which
forces the fluid against the surface. This effect is reinforced by the slightly
enhanced viscous drag experienced by the jet on its wall side as it exits the nozzle,
which also deflects it towards the surface. The pressure field continues to force
the jet towards the surface, whilst an additional viscous effect -- the entrainment
of the ambient fluid between the jet and the surface -- also moves the jet towards
the wall. Under certain operating conditions, the entire process collapses and jet
breakaway occurs, with a significant hysteresis effect.

In the case of a Coanda jet flow field, there are many complicating factors
compared with plane or axisymmetric flows. These include radial expansion and Figure 1. The flow field and
streamline curvature, both of which will lead to considerably higher levels of combuston zone of a Coanda
turbulence than in the mixing layer of a plane jet. Although the growth rate of the flare.
mixing layer has been found to be similar in both cases, the potential core is
generally shorter in the case of Coanda flows, because radial expansion causes the inviscid boundary layer to move
towards the surface in order to conserve mass flow. It is found that the effects of source convection are much more
important for a Coanda wall jet than a free jet. The shock cell structure is also found to be shorter than that of an
equivalent plane jet.

The jet under consideration here is assumed to issue at high velocity from an annular exit slot. Immediately upon
exit it is adjacent to a solid three-dimensional Coanda surface. The geometry of interest is shown in Fig. 1. Although
this representation is that of a Coanda flare*® of the type used in the petroleum industry (an example of which is shown
in operation in Fig. 2), the experimental results and models developed herein can easily be applied to other examples
of three-dimensional turbulent jet flows over Coanda surfaces.

Jet flows such as that shown in Fig. 1 emit both low- and high-frequency noise. It is
the latter that is of greatest interest, since it is both the most annoying to the human ear,
and the easiest to attenuate. There are two primary high-frequency noise sources;
turbulent mixing noise (TMN) and shock-associated noise (SAN). These will now be
discussed in more detail.

B.  Turbulent Mixing Noise (TMN)
The flow field and combustion zone of the Indair flare is shown in Fig. 1.
Immediately the flow leaves the nozzle exit, it entrains the ambient air, causing
turbulent mixing to take place between the two. Owing to the Coanda effect, this air-
gas mixture then adheres to the flare-tip surface, causing further entrainment, and
S - turbulent shear layers are thus formed in the mixing-layer and wall-jet regions of the
Figure 2. An  operating flare ro_w field. Thgse layers plfay an important part in the various _noise—gene_ration
Coanda flare. mechanisms responsible for the high-frequency component of flare noise. In particular,
the convection downstream of large eddies, or large-scale coherent structures present in
the flare jet, by the mean jet flow, causes fluctuations in the turbulent shear stress in these shear layers. The kinetic
energy of the fluctuating stress is converted to acoustic energy, and the aerodynamic noise thus generated is known
as Turbulent Mixing Noise. TMN emission by turbulent Coanda jets
has already been studied in some detail .67

C. Shock-Associated Noise (SAN)

The turbulent Coanda flow field under investigation is two-
dimensional, convergent-divergent and supersonic under most
operating conditions. In contrast to subsonic jets, conditions at a
downstream point in a supersonic jet cannot affect those upstream.
In this way, discontinuities in flow properties can arise. Depending
upon the relative pressure difference between the nozzle exit pressure
(pe) and the ambient pressure (pa) a stationary shock-cell structure is
present in the mixing layer region close to the jet exit slot under a Figure 3. Typical flow structure in Coanda
wide range of operating conditions.. This effect can be seen in the flare mixing layer.
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Schlieren flow visualization photograph of Fig. 3. The exact location
of these shock-waves depends upon a variety of factors including the
relative magnitudes of the pressure in the reservoir supplying the
nozzle (po) and the pressure of the medium into which the jet flows
(Pa). .

The quasi-periodic constituents of this pattern, known as shock ' > “\
cells, are shown schematically for a Coanda flare jet in Fig. 4. y B
Typically a series of 8-10 shock cells will form in the jet exhaust. ek xpAvsion
Turbulent eddies convected downstream within the mixing layer can P pEmecTEn il
successively interact with several shock waves, generating multiple
sound sources (one resulting from each interaction). '8 This distortion
of the shock front propagates away as broadband, but highly
directionl and strongly peaked high-frequency sound waves known
as Shock-Associated Noise (SAN). Additionally, one or more feedback cycles is often present, leading to the
generation of discrete, harmonically related tones.

It is well known that the flow just downstream of the jet exit slot is responsible for most of the flare noise generation
and that most of the SAN is produced in this region.'® Thus in order to fully comprehend this high-frequency acoustic
emission, it is very important to understand the behaviour of the flow in the initial region near the nozzle exit. In
particular, for the type of high speed jets presently under consideration, it is the shock-cell structure close to the slot
that is of paramount importance.?

FLARE-TIP SURFACE

INITIAL EXPANSION FAN

“T——JET BOUNDARY

Figure 4. Shock-cell structure near Coanda
flare exit slot (reproduced from Ref. 9).

Il. Recent Theoretical and Experimental Results

A. Introduction

Experiments were conducted ina5m x 2.5m x 2.5m anechoic chamber at James Madison University. The model
consisted a “tulip-shaped” body of revolution with an annular nozzle leading to an exit slot at the base of the tulip.
The Coanda surface had a 53.3 mm maximum diameter, where R_ (radius of the flare center stem) = 18.056mm and

R, (radius of the spherical section of the flare) =9mm. The jet exit velocities (ij) were between 200m/s and 500m/s,

and the exit slot (h) varied from 1.14mm to 4.19mm. All experiments were carried out at ambient (room) temperature
and pressure. Simultaneous sound measurements (using four B & K % inch condenser microphones at angles of 11.3°
(mic 1), 5.7° (mic 2), 0° (mic 3) and -6° (mic 4) to the horizontal) and Schlieren flow visualization experiments were
conducted. A time-synchronized digital video camera was used to record the experiments and selected frames were
used to investigate flow behaviour. Shock-cells formation was observed under almost all operating conditions.

B. Breakaway Results

Breakaway is the phenomenon that is often observed in Coanda flows when a lip shock is formed at the lower
edge of the exit slot. This lip shock generates a separation bubble on the Coanda surface which grows in size with
operating pressure and ultimately causes the flow to separate from the Coanda surface to which it was formerly
attached.’* The breakaway process is shown in more detail by the set of Schlieren photos in Fig. 5(a)-(d).

(a) Immediately before breakaway (b) During breakaway (c) after breakaway
Figure 5. Schlieren photographs showing breakaway, 2.82mm slot width.

For the Coanda surface studied, this occurs at certain slot width-operating pressure combinations, as shown in
Fig. 6. As soon as breakaway occurs, a steep drop in SPL is observed as the flow is redirected away from the
horizontal. The relationship between breakaway and the observed shock cell structure and operating characteristics is
currently being investigated.
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The sound pressure level directivity was investigated experimentally for
a Coanda flow.1*224 Figure 7 shows a typical flare spectrum. Note the
presence of discrete tones in the flow. It is postulated'®!* that these are
generated by a self-excited acoustic feedback loop caused by the interaction
between the stagnant cavity and the large-scale coherent structures in the
flow. Discrete tones were generated throughout the range of operating
conditions and their presence had the effect of disrupting observed trends.

g8 & & & 8 8§

Breakaway Pressure (psig)

Ny

- C. TMN Results

< z e : s One important result of recent work on TMN prediction®*? has been to
: i . show that the effect of source —
Figure 6. Variation in breakaway i

convection by jet flow is far
more important in the case of
curved wall-jets than free jets. Approximate predictions have been made g™
of some of the basic aeroacoustic properties associated with a turbulent
Coanda flow. For example, the SPL has been found to approximately
follow Lighthill’s well-known Uj,® law and h? law. Additionally, the

5.70°

pressure with slot width

8
—

Sound Pressure Level (dB)

broadband peak frequency is found to be proportional to the maximum %

Coanda diameter. Accurate prediction of the acoustic source wl

wavenumber, k, is found to be very important when modeling Coanda

turbulent flows. T B R S R A

x10

Figure 7. Flare spectrum (54mm
diameter, 2.39mm slot width, operating
pressure 35 psig).

D. SAN Results
In order to facilitate prediction of SAN, the shock cell structure
associated with a particular turbulent Coanda jet needs to be accurately
modelled. Following Green and others'® 1%2122  gne-dimensional flow
theory and the method of characteristics will be used to model flow
through this nozzle. The three governing partial differential equations -- speed of sound, irrotationality and gas
dynamic -- can be rewritten in terms of two non-linear ordinary differential equations; the characteristic equation and
the compatibility equation. The Euler predictor-corrector numerical integration algorithm is then used to rewrite these
equations as finite difference equations and solve them at points in the flare jet flow field immediately downstream
of the nozzle exit. In this way, the shock cell can be estimated and compared with experimental results obtained using
flow visualisation techniques. Figure 8 shows the predicted
shock-cell pattern for U;, = 467m/s, and h = 3.05mm. Other
predictions exhibit similar features. Shock waves can clearly
be seen, as well as the familiar curvature of the jet boundary
observed when shock cells are present. Comparison with
Schlieren photographs indicates that this preliminary model of
SAN is relatively accurate at predicting the location of the first
shock cell formation.?® Some general trends in behaviour are
observed. The location of the first shock cell appears to be
unaffected to any large extent by jet exit velocity, and to
decrease with slot width. Breakaway is achieved under certain
operating conditions and the relationship of this phenomenon
to the observed shock waves is currently being investigated in
. . . more detail. The mean shock cell spacing (for the first 3-4
gzla%'tjer:n % ZTS?IC;'?E hcfasngsamrjﬁt shock  cell shock_cells) appears to increase with _both slot Width and
e ' ' ' operating pressure. The shock cell spacing increases slightly
with distance from the nozzle. It should be noted that shock cells further from the exit slot are less well predicted,
and future work will focus on modifying this preliminary model to include radial expansion and streamline curvature,
which is anticipated to improve these predictions.

E. Coanda Jet Boundary Prediction

In much of the modelling described previously, despite the Coanda jet boundary profile being an input parameter,
its exact shape is often unknown and must be approximated. Recent work has attempted to begin to rectify the
significant lack of knowledge in this area. In particular, work is focused on determining how the Coanda jet boundary
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is influenced by jet operating characteristics. A model based on experimental data from a turbulent Coanda jet flow
has recently been developed to describe the jet boundary as a function of slot width (h) and operating pressure (p).
Shock cell location has been determined? to be extremely sensitive to the jet boundary input, and thus the impact of
h and p on shock cell location is of great importance. Because of the nature of the relationship between shock cell
location and breakaway, the jet boundary profile also has a previously unknown but significant impact on jet
breakaway.

I11.  Application to Launch Acoustics

The work described in Sections I11. A - B was conducted by Panda, Mosher and Porter? on behalf of NASA and
Orbital ATK. For full details of the experimental work, and other related work, please see Ref. 26. This reference also
acknowledges the many other people involved in producing these results.

A. Introduction

During lift-off, a launch vehicle is subjected to extremely high, fluctuating acoustic loads. These loads are a
principal source of structural vibration and can critically affect correct operation of the launch vehicle and its environs
- the vehicle components and supporting structures. Substantial savings in unexpected repairs, operating costs and
system failures can be realized by relatively small reductions in this noise level. Thus a research project was recently
undertaken to identify the primary noise sources generated during the launch of the Orbital ATK Antares rocket, which
currently resupplies the International Space Station (ISS). This was the first such investigation undertaken during an
actual rocket launch.?

In order to identify the level and location of the
various noise sources, a phased-array of 70 GRAS . : f
1/4 inch flush-mounted condenser microphones (in S , o %]
a3 mx 3 m frame) was used. The array was = * - ’ 8
mounted on a scissor lift raised 12 m above the *ow
ground, at a distance of 122 m from the pad. The g ol . s 20 _1;
microphone array is shown in detail in Fig. 9. -

The goal of the particular microphone layout =
was to maximize the array resolution at the lower .
frequency range (400 Hz — 2KHz) whilst also * Mg o OB m

reducing the side lobes. The microphone array also % © © = & 5 o & & & w

housed a two-axis accelerometer and two cameras Figure 9.(a) Microphone layout and (b) a photograph of

at its center (a 1.3 MPixel visible wavelength e tront surface of the 3m x 3m array. (Reproduced from
camera and a 640 pixel x 480 pixel infrared Fig. 3, Ref. 26).

wavelength thermal camera). More details of the
array, including a full description of the phased array data processing, is given by Panda, Mosher & Porter.?

Figure 10 shows the acoustic suppression system already in place on the specially-built Antares launch pad (located
at Wallops Flight Facility, Wallops Island, VVa) which is composed of three separate sets of water injection ports; the
‘duct inlet water’, the ‘flame trench water’ and the
‘rainbirds’ (tall and short). The first two sources
start to flow before engine ignition, whilst the
rainbirds, which spray water onto the launch pad
surface to prevent plume impingement damage,
start at two different times, with the shorter ones
starting just before the taller ones, to avoid
deluging the launch vehicle.

B. Experimental Considerations

; 4 T The microphone phased-array set-up described
Tall rainbird above was deployed at the A-One launch of the

! Antares rocket on April 21%, 2013. The ‘look

angle’ of the cameras was determined
. =R 1 ; experimentally and used to correct the results from

Figure 10. Water injection systems used for acoustic both cameras. The rocket was sufficiently slow-

attenuation in launch pad 0A. (a) Duct-inlet water; (b) on-  mgving that no Doppler-correction was necessary
deck ‘rainbird’ water). (Reproduced from Fig. 2, Ref. 26)
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in the beamforming calculations, although the delay in propagation of the sound waves from the launch pad to the
face of the array needed to be accounted for.

Previous launch noise prediction models have been based on the notion of the plume as the primary noise source
throughout launch. However an extremely important result of this work - which represents the first time a ground-
based beamforming experiment has been conducted during an actual launch — was that the noise sources during launch
were found to be time-dependent. Figure 11 clearly shows this time evolution for eight pairs of images. The left-
column pictures are composites of three separate images; this is necessary to provide enough definition of the pad,
which was obscured by steam, water and debris generated during launch. The three images are (a) a beamformed noise
map whose levels are shown in color (b) the bottom section of a temperature map from just prior to ignition and (c)
the top section of the temperature map at the time shown on the figure. The corresponding right-hand column images
(selected frames from a high-speed camera) are courtesy of NASA KSC imaging group. In these figures, the
Transporter Erector Launcher (TEL) can be seen releasing the launch vehicle and pitching away from the vehicle early
in the launch sequence, as the launch vehicle simultaneously fires at an slight angle to the vertical away from it. This
so-called ‘TEL avoidance maneuver’ significantly affects the noise distribution, because the tilting of the vehicle,

Ht=6.1s

(hyt=87s |8

Figure 11. Left column noise maps superimposed on frames from IR camera, conventional beamform at
2kHz; (right) corresponding frames from a high-speed camera. (Reproduced from Fig. 11, Ref. 26).
combined with its motion, causes the hot exhaust plume (responsible for most of the noise) to spill out from the duct
inlet (designed to suppress the associated noise) and spread across the launch pad. The observed start of the rainbirds
(later than initially expected) compounded this problem.

Data collected from the experiments just described provided vital results not previously available. In particular,
information was obtained pertaining to acoustic sources during a full-scale launch which indicated that the source
distribution was very different from that used in traditional models of lift-off acoustics. These sources were found to
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be time-dependent, and to depend strongly on the phase of the launch. Initially, during engine ignition (just prior to
lift off) the primary noise source was the launch mount (duct inlet). However, once the engines came to full power,
the hot exhaust plume exited the duct and the duct exit (J-deflector exit) became the primary source, although this
effect was mitigated to some degree by the duct water. As the launch vehicle started to tilt and rise, the motion away
from the duct caused the plume to spill across the launch pad and a large area on the top surface of the pad became a
loud, distributed acoustic source, although initiation of the rainbirds reduced its extent. As the rocket gained vertical
elevation, the plume itself became the primary noise source. At this point, the water suppression system was at full
power and the rainbirds were still cooling the top of the pad, but not the plume itself, of course. Ground reflection was
identified as the primary noise source only at ignition and when the plume emerged from the duct, but not in the
interim.

C. Flame Trench Modelling
A practical application of the turbulent Coanda jet flow work described previously is to launch acoustics. The
experimental results discussed in the previous section indicate that a thorough understanding of the changes in

Figure 12. (a) Photograph of J-deflector (b) Technical drawing of J-deflector

Antares rocket flame trench (J-deflector), Wallops Island, Va.
acoustic source location with launch-phase is of fundamental importance in accurately modelling launch acoustics.
During this time-dependent behavior, the flame duct, or J-deflector, is a significant source of launch noise.

This flame trench, shown in Figs. 12 (a) and (b), is the primary noise source as the engines come to full power, at
a time when acoustic-induced vibration is potentially very damaging to the launch vehicle and its contents. More
specifically, during this period the primary noise source changes
from being the duct inlet to the duct exit. Applying some of the
results obtained previously (outlined in Sections 1. B - E) will
hopefully lead to a greater understanding of the turbulent wall jet
flow within this deflector (which contains a Coanda surface at the
bend, as shown in Fig. 12(b)) and might significantly contribute to
noise reduction during this phase of the launch process. The benefits ™
of reduction of acoustic load at launch have already been elucidated  Figure 13. Initial flame trench mesh
previously. This work is currently underway.

In order to investigate the behavior of the flow within the flame trench in more detail, a simple model was
developed. Using the package Solidworks, a basic mesh was created to represent the flame duct, as shown in Fig. 13.
This mesh covered the domain of interest — in this case, the flame trench (shown in the left half of Fig. 13) plus the
open end of the flame trench(shown as the large area in the right : . :
half of Fig. 13). Initially this mesh comprised a number of pre-
determined (by Solidworks) 3D shapes. The mesh consists of
smaller elements, and each element is sufficiently small that we can
assume the variables of interest, P (pressure), U (particle velocity)
and T (temperature) to be homogeneous within a given element.
Thus, we can approximate these values by single point values
within a given element. For reasons related to computing time, the
initial mesh was one element thick. Here the mesh cell size is
0.1mx0.1mx0.1m, the finite mesh volume is 813m? and the final
total number of cells is 81,300. OpenFOAM automatically calculated the maximum Courant number based on flow

e

Figure 14. Flame trench mesh with
improved approximation to Coanda surface.
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velocity and error tolerance. At each timestep, the program verified that the Courant number was smaller than the
maximum tolerance. Note that in this preliminary model the Coanda flow was replaced by a right angle, although in
a more recent model a better approximation is made (see Fig. 14).

Once the flame trench mesh was created, the flow in the flame trench was modelled using a RAS (Reynolds-
Averaged Simulation) turbulence model implemented in OpenFOAM CFD software. Initial conditions including
thermodynamic conditions provided the model input for the flame trench flow field and were used to numerically

30000402

8500 33100404
|y : |

26330403 35e46 7046 Lies?

Figure 15. (a) Pressure, P (b) Temperature T (c) Velocity, U

Results of OpenFOAM calculations at t = 0.0222s

approximate the pressure, temperature and velocity values at each of the 81,300 cells at several subsequent times.
The calculations are based on the k-¢ model, which is the most common model used in Computational Fluid
Dynamics (CFD) to simulate mean flow characteristics for turbulent flow conditions. The k- model is a two equation
model which gives a general description of turbulence by means of two transport equations. The turbulent kinetic
energy, k, determines the energy in the turbulence and ¢ represents the turbulent dissipation, which determines the
rate of dissipation of the turbulent kinetic energy. The original impetus for the development of this model was to

Figure 16. (a) Pressure, P (b) Temperature, T (c) Acoustic Contours (d) Velocity, U
(d) Results of OpenFOAM calculations at t = 0.0004s, 0.0013s, 0.0043s, 0.007s and 0.0165s (from top to bottom)
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improve the mixing-length model, as well as to find an alternative to algebraically prescribing turbulent length scales
in moderate to high complexity flows. The results of this modelling are shown in Fig. 15 (a),(b) and (d) for P, T and
U at time 0.0222s

Since the solver employs a finite volume scheme (and the volume within each element in the mesh is fixed) then
according to the ideal gas law, the ratio of P to T for each element in the mesh should be constant. Thus any changes
(turbulence) in this constant can be assumed to correspond to acoustic turbulence, and joining lines of equal value will
yield acoustic contours. Forming the ratio P/T and looking for changes using centred-difference numerical
differentiation at different time steps yields the plots shown in Fig. 16(c). The corresponding values of P, T and U
can be seen in Figs. 16 (a),(b) and (d). From these plots it can be seen that the only significant acoustic contours
(corresponding to perturbations in the constant P/T) coincide with the front of the simulated airflow. Whilst some
sections of the trench exhibited turbulence behind the air front, they only exhibited turbulence for a short period of
time. Since there were no fixed locations exhibiting sustained turbulence, it was not possible to apply Lighthill’s
acoustic analogy and simulate the noise using (acoustic) monopoles, diples and quadrupoles. In future simulations, a
fully three-dimensional model will be constructed in order to better capture the noise production within the flame
trench.

IV. Summary and Conclusions

The current work has illuminated the relationship between cell location and flow characteristics, and thus the
effect of jet operating conditions on SAN can now be determined. The relationship between cell location and jet
breakaway is also under investigation. This work is in the process of being extended so that the Rankine-Hugoniot
conditions can be used to predict the shock cell structure (and thus the SAN) along the entire jet.?> Some general
trends in behaviour are observed. Breakaway is achieved under certain operating conditions and the relationship of
this phenomenon to the observed shock waves is currently being investigated in more detail. A comparison of these
results with those of plane or axisymmetric flows highlights the difference effects that occur when dealing with
Coanda wall jets.

A turbulent Coanda wall jet of current interest is the one which occurs in the flame trench used during launch of
the Antares rocket. Recent experimental data has indicated that a thorough understanding of the changes in acoustic
source location with launch-phase is of fundamental importance. During this time-dependent behavior, the flame
trench is a fundamental player in noise generation. Specifically, it is the primary noise source when the engines reach
full power, at a time when acoustic-induced vibration is potentially very damaging to the launch vehicle and its
contents. A thorough understanding of this Coanda flow should contribute significantly to noise reduction during this
phase of the launch process. A preliminary model of the time-dependent acoustic behavior within this trench has been
developed. It is hoped that methods developed during previous work on turbulent Coanda wall jets will shortly be
applied to this flow.
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