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Experimental and computational results of X-33 linear aerospike engine noise tests are presented. Only noise
sources external to the nozzle are considered (no combustion noise). The experimental setup is such that the engine,
located 18.3 m above the ground, has its exhaust plume diverted from a vertical position to a nearly horizontal
position located 3 m above the ground using a J deflector. Experimental measurements are made at several locations
in the midfield. A semi-empirical model is derived that accounts for the nonaxisymmetry of the engine exit plane.
The model uses mean flow quantities obtained from a computational fluid dynamics computation using a k-¢
turbulence model. Midfield results obtained using the semi-empirical model are in reasonable agreement with the
experimental measurements. The semi-empirical model was able to explain the source of a low-frequency peak
observed in the spectra (near 10 Hz). In addition, the midfield directivity pattern and overall sound pressure levels
given by the semi-empirical model are in good agreement with the measurements.

I. Introduction

N the past 50 years the problem of jet noise has been inves-

tigated extensively experimentally, analytically, and computa-
tionally. Interest in jet noise has been driven by the ever-increasing
importance of the airplane for transportation and as a military ma-
chine. As we move into the 21st century, this interest will grow be-
cause of increasing regulations on community and passengernoise.
In addition, future space transportation vehicles, such as the X-33,
will have to be quieter at takeoff and landing to be used on regular
airport runways. All of this requires fundamental understanding of
the mechanisms responsible for jet noise.

The most important contribution to jet noise studies is due to
Lighthill,'? who used the basic fluid dynamic equations to de-
rive the well-known Lighthill acoustic analogy. This equation gives
the sound pressure at a far-field point radiated by a localized un-
steady source or turbulent flow. Ribner® used the Lighthill acoustic
analogy'? to arrive at a relation between the mean-square pressure
radiatedby a jet plume into the far field as the integral over the plume
volume of quadrupolecorrelations.Ribner*? also showed the impor-
tance of convection and refraction on the far-field jet noise. Several
other significant contributions to jet noise theory have been made
by various researchers and are summarized in the review papers by
Ffowcs Williams,®” Goldstein,® and Tam.’

Mani et al.'” used the Ribner® and the Ffowcs Williams'! jet noise
models in their extensive studies on high-velocity jet noise. Good
agreement was obtained between the model and the experimental
results for various nozzle geometries and flow regimes. More re-
cently, Khavaran et al.!> used a k-¢ turbulence model to compute
the jet mixing noise from a supersonic axisymmetric converging-
diverging nozzle. They used the Mani et al.! approach to arrive at
their results. Comparisons with experiments showed good agree-
ment. Other computational studies using the k—¢ turbulence model
were carried out, for example, in Refs. 13 and 14, with varying de-
grees of success. Recently, Tam et al.'> proposed a self-contained,
semi-empiricaljet noise theory for the predictionof fine-scale turbu-
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lence noise from high-speedjets. The theory uses jet flow turbulence
information supplied by a k—¢ turbulence model. In addition to the
empirical constantsfoundin a k- turbulencemodel, three empirical
constants were added in the proposed jet noise theory. Noise predic-
tions obtained from the new theory were in excellentagreement with
measurements. The new theory uses linearized Euler equations to
determine the far-field acoustic pressure, which is a departure from
the widely used Lighthill acoustic analogy.'?

In this paper, the model used by Mani et al.! is extended to a non-
axisymmetricjet. The mean flow results are obtained from a compu-
tational fluid dynamics (CFD) computation using a k-¢ turbulence
model. Experimental results from the X-33 engine tests conducted
by the second author at NASA Stennis Space Center are used. The
remainder of the paper is organized as follows: The details of the
model are given in Sec. II, Sec. III gives the experimental setup,
and Sec. IV describes the solution methodology. The results and
discussions are summarized in Sec. V, and the concluding remarks
are given in Sec. VI.

II. Mathematical Model

Just as Reynolds'® revolutionized the study of fluid dynamics,
Lighthill> made one of the most significant contributions to the
study of aerodynamic noise. His famous equation, derived from the
fundamental principals of fluid dynamics, is known as the Lighthill
acoustic analogy and is widely used in the study of acoustics from
any volumetricsource. In the far field, this equationcan be written as

RR; 3T
R,t) = L L [ d? 1
P = C2R3/|:8t2i|y ()
where T;; is the Lighthill stress tensor given by
Tl‘j:,OUI‘Uj‘i‘Tl‘j‘i‘(]T_C;,D)(Sij (2)

InEq. (2), the dominant term is the unsteady momentum flux pv; v;.
Also, 7;; is the viscous compressive stress tensor, 7 the local pres-
sure, p the density, C,, the ambient speed of sound, v; the veloc-
ity, and §;; the Kronecker symbol (=0 if i # j and =1 if i = j).
The notation [ ] in Eq. (1) denotes evaluation at the retarded time,
7=t — R/C4. On retaining the dominant term,'” thatis, pv; v;, the
mean square pressure p? radiatedin the observerdirection (R, 6, ¢)
in polar coordinates (see Fig. 1) can be written as

[

Ri RijRl
16m2C* RO

82(pviv,)8%(pv; V)
t/28/72

d3y/ d3y/r
(3

PA(R,6,¢) =
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Fig.1 Reference coordinate system.

The first term under the overbar is evaluated at (y’, t'), whereas the
second term is evaluated at (y”, t”). The emission times ¢’ and ¢”
are retarded with respect to the reception time 7. The quadrupole
correlation shown with an overbar can be expressed as a function
of the midpointy and the separationin space and time:

y:%(y/‘i‘y”), r:y/_y/r’ =t —t" (4)
If the observerdistance R is large compared to the flow dimensions,
then

Cot=r-R/R (5)
A convenient transformation of Eq. (3) is

= RiRRR [ 3 —————
P (R,9,¢)=m Vg(pvivj)(p vv) dr o (6)

Ribner® has shown that for an axisymmetric source field and for a
locally isotropicturbulentfield, only a few of the 81 possible combi-
nation of indices i, j, k, and [ have a significant contribution. When
the turbulence is assumed quasi incompressible, Eq. (6) becomes

2 4
P Rl‘RijRl / 8 —_— 3
rese—— _UI‘U'UkUIdr (7)

1672CL RS J, y

PR, 0, ¢) =
P( ®) pyn

where S;;;; = v;v;v, v, is the fourth-ordervelocity correlationtensor.
Ribner® expressed S;jx in terms of linear combinations of second-
order correlations as follows:

Sijie = SuSji + SuSjx + SijSu ®)

where S;; = v; v}. The various source terms are then evaluated using
the isotropic turbulence model of Batchelor'® and by assuming that
the second-order correlations are separable functions of r and t:

Sij(r,t) =Ai(r)g(r) 9)
with
A (r) = K[(f + Lrf)8; — L firr;/r] (10)

where k is the local turbulencekinetic energy and f some universal
function of r given by

f(r)y= exp(—nzrz/Lz) with r2=x*+ y2 +22 (1D

In the preceding definition of f, L is a longitudinal macroscale of
the turbulence.In Eq. (9), g(7) is the time-delay factor assumed by
Ribner’ to be of the form

8(1) = exp[—(r/1)*] (12)

where 1 is the characteristic time delay that determines the min-
imum significant correlation in a moving reference frame and is

defined to be
au\ !
Ty = (Ct_> (13)
on

with ¢, an empirical constantand dU /dn given by

2 2
aU aU aU
i \/ (3) * <a—> (1)

The length scale L in Eq. (11) is defined as

L =ckz, (15)

where ¢, is another empirical constant. Using Egs. (8-15) in Eq. (7)
and taking the Fourier transform of the resulting equation with re-
spectto 7, we arrive at the spectrum

1(Q) = ¢ p*kF (Qrp)*e T @0 (16)

where Q is the source frequency, which is related to the observed
frequency by'%12

Q= 271f\/(1 — M, c0s0)* + (csk? /C.)° (17)
In Eq. (17), M. is the convection Mach number given by

where M is the local Mach number, M; is the nozzle exit Mach
number, and ¢, and ¢, are empirical constants. Lighthill’s acoustic
analogy approach,’-? which is based on the classical wave equation,
does not include the effects of the surrounding mean flow. Several
studies were carried out to quantify the mean flow effects on sound
radiation.!®?° It is found that the mean flow results in not only the
refractionof the radiated sound, but also in convectionamplification
due to fluid motion. The Mani et al.® formulation is used to link the
turbulent properties of a jet plume to the radiated acoustic field as
follows:

PR, 0,Q) = / W(ay, + 4ay, +2a,, +2a,)dr  (19)

v

with W given by

2 2
1(€2) P\ {Coo B y
~ T672R2CY, (7) (T (I = Mcos6)™"(1 — M, cos0)
(20)

The directivity factors a,,, a,,, a,,, and a,, have different forms
depending on the location of the source and the velocity and tem-
perature profiles in the vicinity of the source. These factors depend
explicitly on a shielding function g” that has the form

(1 = Mcos6)*(Cy/C)? — cos* 6

(1= M,cosh)? @D

g (r) =

When the location and the shape of the profiles, that s, velocity and
temperature, are depended on, the function g> may have both pos-
itive and negative regions in space. When a negative region exists,
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Fig.2 Experimental setup and hotfire engine test.

fluid shielding of the source is possible. The directivity factors are
given by

cos* 0
xx — — Pxx 223
“ (1 —Mfcose)“ﬂ (222)

2 2

8, cos” 0
= 0T g 22b
= 30— M. coso)2 T ® (220)
3

Ayy = gggﬂyy (22¢)

1 4
ay; = ggoﬂyz (22d)

where g? is the value of g?(r) at the sourceradius r = ry. The shield-
ing coefficients B, By, By, and By, depend on the location of the
source and are set equal to one in the present study. A study on the
effects of the shielding coefficients is currently under way.

III. Experimental Setup

The linear aerospike engine, XRS-2200, single engine tests were
conducted at the Stennis Space Center in late 1999 and early 2000.
The acousticenvironmentwas measured during a series of 10 hotfire
tests (Fig. 2). The engine was suspended above a J deflector, where
the vertical distance (along the centerline of the engine) from the
engine exit ramp plane to the deflector was 15.244 m. The nozzle
ramp was 2.82 x 2.24 m at one end and 1.07 x 2.24 m at the other
end, with a length of 1.27 m and an area ratio of 58. The jet Mach
number was 3.042. Pressure transducers and microphones were ar-
ranged around the engine and test stand to determine the acoustic
noise generated during testing. Microphones were also arranged at
ground level at various distances and angles from the test stand, as
shown in Fig. 3. Most of the microphones on the test stand were
of the PCB Model 106B50, which has a relatively flat response for
frequencies greater than 20 kHz. In addition, Kulite Model XCS-
190-5D transducers were also used on the stand. The test stand mi-
crophones were recorded using a Teac XR-5000 video home system
(VHS) tape recorder. The analog signal was recorded 5-V full scale
at 76 cm/s tape speed in the FM high-bandwidth (HB) mode. The
vented field microphones were 1.27 cm in diameter (B&K Models
4190 and 4191) except at locations near the test stand, where mi-

+M7 moved 1met & toward M8
(out of ditch)

Stacks of lumber,
test 29, 30, 31

 Eihaust O
" {North)

Exhaust Bucket
Engine Centerline -

AL Test Stand

~,

Fig.3 Microphonelocationsin the midfield at 90 m from the test stand.

crophones of 0.632 cm in diameter (B&K Model 4138) were used.
The microphone signal was preamplified (B&K Model 2669) and
passed through shielded cabling to amplifiers (Nexus Model 2690),
then through coaxial cables to a test stand recorder. The analog sig-
nal was recorded 5-V full scale at 76-cm/s tape speed in the FM
mode using a Teac XR-510 VHS tape recorder. For the test stand
microphones, a 24-mV signal was input at each transducer location
and verified at the recorder input. The end-to-end step calibration
signal was recorded on the Teac XR-5000 VHS recorder at a tape
speed of 38 cm/s and an input voltage range of 5-V full scale. The
signal conditioning consists of a PCB amplifier for the PCB micro-
phones and a Pacific amplifier for the Kulite pressure transducers.
For the B&K microphones, a calibrator (B&K Model 4231) was
attached to each microphone, and the end-to-end signal from the
94 dB and 1000-Hz tone was recorded.

The frequencyresponseof the microphoneswas 5 Hz-20kHz and
pressure transducers dc—10 kHz. The microphone full-scale record
range was varied from 170 to 150 dB depending on location, and the
pressure transducer range was £5 psi differential. The background
noise was measured and removed from the test data. Acoustic data
at 34 different locations were successfully measured, recorded, and
analyzed. These dataprovide a databasefor linearaerospikeacoustic
environment predictions. Spectral shapes, overall sound-pressure-
level distributions,and decay rate were measured for the midfield.

IV. Method of Solution

A. Mean Flow Computation

The Reynolds-averaged Navier-Stokes equations are integrated
over a domain 2.5 times the length of the X-33 vehicle of 25 m. The
main CFD code used is known as FDNS.?' The code uses a second-
order finite difference scheme to discretize the diffusion fluxes and
source terms of the governing equations. The convective terms are
discretized using a second-order total-variation-diminishng differ-
ence scheme. The volume grid is composed of 2.2 x 10° grid points
and is shown in Fig. 4. Details about the grid refinement techniques
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used and the treatmentof the variousboundary conditionsand source
terms can be found in Ref. 22. An extended k-¢ turbulence model*
is used to describe the turbulence.

B. Engine Noise Computation

By the use of the CFD results for the engine plume, integration
of Eq. (19) over the entire plume volume is carried out. Because
the geometry of the engine is not axisymmetric (which leads to a
nonaxisymmetricflowfield), several computationaltechniques were
introduced to take this into account. One of the key elements of
the present model is the definition of the characteristic time de-
lay 79, given by Egs. (13) and (14). In most axisymmetric models,
70~ (U /0r)~! = k/e, with & being the dissipation rate of the tur-
bulent kinetic energy and r the radial coordinate. Equation (14) is
necessary to take into account both the spanwise and vertical varia-
tions. In Eq. (18), the jet Mach number M; is needed to compute the
convection Mach number M.,. This is achieved by averaging the lo-
cal Mach number M over the engine exit plane. Because the model
used is derived from an existing axisymmetric model, averaging of
all flow quantities in both the spanwise and vertical directions was
used extensively. The total mean-square pressureat a given observer
location is made up of the sum of the spanwise averaged result and
the vertical averaged result as follows:

P = 4 [P+ P (23)

Given the directionin which averaging takes place, integrationis
then carried out over the remaining direction of the cross section.
After this integrationis performed over all of the cross sections, the
streamwise integrationof the resultsis then carried out to obtain the
contribution of the total volume at a given observer frequency and
location. This process is repeated for all observer frequencies and
locations, R, 6, and ¢. The trapezoidal rule of integration is used
for all of the spatial integrals.

In the experimental setup, the engine plume is composed of two
sections: one in which the plume is directed toward the ground
for a distance of about 15.25 m from the engine exit plane and
another where the plume is deflected. The deflection, referred to as
aJ deflection, sends the plume at an angle with the ground. The CFD
computation was performed for a straight plume and was divided
into 64 streamwise cross sections, each cross section is made up of
57 and 137 vertical and spanwise direction grid points, respectively.
To account for the experimental plume deflection, the straight CFD
plume is divided into two blocks: each block is assigned a different
observer point for the same experimental measurement location.
This is achieved by using two reference frames; one is centered
at the beginning of the undeflected plume (engine exit plane) and
the other at the beginning of the deflected plume. Both blocks are
composedof 32 streamwise cross sections. This numerical treatment
does not take into account any additional noise sources created by

the deflectionitself. A more accurate steady-stateCFD computation
thatincludesaJ deflectionis needed. Such a calculationis expensive
and, therefore, not possible at the present time.

V. Results and Discussion

A. Mean Flow Results

The freestream parameters used in the computation are den-
sity ps = 1.2 kg/m?, temperature 7,, =300 K, and Mach number
M, =0. The ratio of specific heats y is set equal to 1.4. Figure 5
shows the temperature distribution in the plume region. The lat-
eral and vertical extent and the nonaxisymmetry of the plume are
clearly shown. In addition, Fig. 5 includes the interaction between
the engine plume and the thrusters’ plumes. The thrustersare located
upstream of the engine exit plane. Figure 5 focuses only on the re-
gion near the engine exit plane, but the computation is carried out
far downstream. The plume density contours at three downstream
distances from the engine exit plane are shown in Fig. 6. Figure 6
shows that, as the distance from the engine increases, the plume
becomes more axisymmetric. Figure 7 shows the lateral average of
the turbulentkinetic energy profiles as a function of the vertical dis-
tance at three different downstream locations. Figure 7 also shows
the asymmetry of the profiles caused by differences in geometry
between the upper and lower surfaces. Figure 8 shows the variation
of the vertical average of the turbulentkinetic energy with the lateral
distance at the same three downstream locations. As expected, the
profiles are symmetrical.

The vertical and lateral averages of the mean velocity profiles as a
functionof thelateral and verticaldirectionsare shownin Figs. 9 and

Fig.5 Calculated temperature distribution in the plume region.

x=3m

Fig. 6 Density contours at three downstream locations in the plume.
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Fig. 7 Nondimensional vertical turbulent kinetic energy profiles at
three downstream locations.
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Fig.8 Nondimensionallateral turbulentkinetic energy profiles at three
downstream locations.

10, respectively. Similar to the turbulent kinetic energy, the plume
mean velocity profile is symmetrical in the lateral direction (Fig. 9)
andasymmetricalin the verticaldirection(Fig. 10). Both the velocity
and turbulent kinetic energy profiles are nondimensionalized with
the maximum local plume velocity of U =3500 m/s. The lateral
and vertical directions are nondimensionalized with the width and
height of the engine, respectively.

B. Engine Noise Results

The first task to be performed is to select the four empirical con-
stants of the model, c., ¢4, ¢;, and ¢,. This is achieved by using a
measuredspectrumin one-third-octavefrequencyatafixed observer
location. Several measurements are made on the ground at a radius
of 90 m from the test stand and at various angular locations with
respectto the deflected plume (Fig. 3). Because of the experimental
setup, the 90-deg location is chosen for calibration of the empirical
constants. Figure 11 shows a comparison between the measured and
calculated spectra. The calculated spectrum is in reasonable agree-
ment with that of the measurement. The agreement is particularly
good at low frequencies. In addition, just as in the experiment, the
calculated spectrum shows the presence of two peaks. The location
and level of the calculated peaks are in good agreement with those
obtained experimentally. This agreement is obtained after few trial
and error runs with different empirical constants. The final set of

1 distance from exit (m)

Nondimensional width
I
o [5,]

-3
o

-1 TR SN TN TN S YT T T YT TN YT T S S A |
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Fig. 9 Nondimensional lateral mean velocity profiles at three down-
stream locations.
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Fig.10 Nondimensional vertical mean velocity profiles at three down-
stream locations.
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Fig. 11 Comparison of the calculated and measured spectrum at a
midfield location 90 m from the test stand and at an angle of 90 deg with
the deflected plume axis.
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Fig. 12 Contributions of the deflected and undeflected plumes to the
spectrum of Fig. 10.
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Fig. 13 Comparison of the calculated and measured spectrum at a
midfield location 90 m from the test stand and at an angle of 22 deg with
the deflected plume axis.

empirical constants selected is ¢, = 0.27, ¢; =0.55, ¢, =0.08, and
¢;=1.13. In addition to the spectrum, the overall sound pressure
level (OASPL) at the 90-deg location is used in choosing the con-
stants. The poor agreement at high frequenciesis partially attributed
to an inadequate grid resolution. The CFD grid was initially con-
structed for base-heating purposes; that is, the grid was clustered
around the engine and the base.??

To understand the spectrum of Fig. 11, the calculated results are
dividedinto a contribution from the primary undeflected plume and
that of the deflected plume. Figure 12 shows that the contribution
from the deflected plume at this location is negligible. Figure 13
shows a comparison between a calculated and measured spectrum
at a 22-deg angle with respect to the flow direction of the deflected
plume. Once again the low frequency and the shape of the spectrum
are in reasonably good agreement with the experimental measure-
ments. However, the calculated high-frequency peak is shifted. The
same empirical constants are used at this location. A better agree-
mentcouldbe achievedby changingthe empirical constants. Further
examination of the calculated spectrum shows the contribution of
the different parts of the plume (Fig. 14). The contribution of the
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Fig. 14 Contributions of the deflected and undeflected plumes to the
spectrum of Fig. 12.
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o CFD

270

180

Fig.15 Comparisonof the calculated and measured directivity pattern
at the midfield location of 90 m from the test stand.

deflected plume is to increase the level of the low frequencies(below
20 Hz). The calculated and measured directivity pattern at the mid-
fieldlocationis shownin Fig. 15. The OASPL is given at the various
angularlocations. Good agreementis obtained at most locations ex-
cept the ones between 135 and 225 deg. In the experiment, these
locations are sheltered by the stand and, therefore, are subjected to
less noise. This is not the case in the calculation. Both the exper-
imental data and the calculated results show a maximum OASPL
level of 136.3 dB located at angles of 22 and 338 deg. Figure 16
shows the contribution of the undeflected (primary) and deflected
plumes to the overall directivity pattern. Figure 16 also shows that
the undeflected plume dominates the noise radiation at most angular
locations except at 0 and 180 deg, where the deflected plume has
a significant contribution. The calculated spectrum at an angle of
180degis shownin Fig. 17. The contributionof the deflected plume
is given by a large peak near 10 Hz. The level of the high-frequency
peak contributedby the primary plume is lower. The spectrum of the
primary plume shows another peak around 40 Hz. Similar results
are obtained at 0 deg.

Because measurements were made on the stand near the engine,
a comparison is made at one location between the primary and
deflected plumes at a downstream location from the engine exit
plane of 1 m and a radius of 8.2 m. Figure 18 shows the calculated
and measured spectra. The calculated spectrum is obtained by only
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Fig. 16 Contribution of the deflected and undeflected plumes to the
directivity pattern of Fig. 14.
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Fig. 17 One-third-octave frequency spectrum at the midfield location
of 90 m and at an angle of 180 deg with deflected plume axis.
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Fig.18 Measured and calculated spectrum at a near-field location be-
tween the deflected and undeflected plumes.
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Fig. 19 Contributions of the deflected and undeflected plumes to the
spectrum of Fig. 17.
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Fig.20 Effect of the deflection location on the near-field spectrum.

adjusting one empirical constant, c. = 0.2 (the model presented in
this paper is a far-field model and, therefore, is not expected to
perform well at locations closer to the engine plume). Both the
calculated and measured spectra show two peaks, one near 10 Hz
and the other near 1000 Hz. On further inspection of the calculated
spectrum, it is shown that the deflected plume is responsible for the
low-frequencypeak, whereas the primary plume generates the high-
frequency peak as shown in Fig. 19. Figure 20 shows the effect of
the deflection location on the overall spectrum at the same nearfield
location. The results show that by varying the deflection location
between 6 and 26 m the low-frequency peak moves from 50 to 5 Hz
and its level decreases from 132 to 118 dB, respectively.

VI. Conclusions

A semi-empirical acoustic radiation model is derived from the
Lighthill acoustic analogy'? to study the noise radiated by a linear
aerospike engine. Because the engine is non-axisymmetric, a tech-
nique is introduced to take this into account while using the model
derived by Ribner.* The modelis calibrated using experimentaldata
ata midfield location. The results show that the model is able to pre-
dict midfield spectra and directivity patterns that are in reasonable
agreement with those measured. The model is subsequently used to
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explain the various components of the spectra. It is found that the
midfield directivity pattern at the given location is dictated by the
undeflected plume. The deflected plume’s contributionis to increase
the level of the low frequencies (less than 20 Hz). A similar result
is obtained at locations closer to the engine. The model showed
that changing the deflection location resulted in changing the low-
frequency peak and its level.
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