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Nozzle Thrust Optimization While Reducing Jet Noise
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A Bluebell nozzle design concept is proposed for jet noise reduction with minimal thrust loss or even thrust
augmentation. A Bluebell nozzle has a sinusoidal lip-line edge (chevrons) and a sinusoidal cross-section shape
with linear amplitude increasing downstream in the divergent nozzle part (corrugations). The experimental tests
of several Bluebell nozzle designs have shown noise reduction relative to a convergent—divergent round nozzle
with design exhaust Mach number M, = 1.5. The best design provides an acoustic benefit near 4 dB with about
1% thrust augmentation. For subsonic flow (M. = 0.6), the tests indicated that the present method of design for
Bluebell nozzles produces increased levels of jet noise. The proposed designs incorporate analytical theory and
two- and three-dimensional numerical simulations. Full Navier-Stokes and Euler solvers were utilized. Boundary
layer effects were used. Several different designs were accounted for in the Euler applications.

Nomenclature
¢ = sonic velocity
cr = friction coefficient
cp = specific heat at constant pressure
cy = specific heat at constant volume
H, = total enthalpy
h, =radial direction step size
he = azimuthal direction step size
k = specific heat ratio, ¢ p/ cy
Ly, L, = lip-line length of baseline and Bluebell nozzles
M = Mach number
NPR = nozzle pressure ratio
n. = corrugation frequency
n, = petal frequency
p = pressure
q = velocity vector, q(u, v, w)
Ty, T = maximum and minimum radius values
T = temperature
u, v, w = velocity components in cylindrical coordinates
X, 1, Q = cylindrical coordinates
X, ),z = Cartesian coordinates
a = wedge or cone angle
B = shock-wave angle
o = corrugation amplitude
£ = petal amplitude
Eno =normalized coordinates
P = density
Subscripts
¢ = corrugation start
e =nozzle exit
n = Bluebell nozzle
0 = baseline nozzle
% = critical cross section
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Superscripts
0 = baseline nozzle
% = boundary layer thickness

Introduction

UCCESSFUL design of a nozzle system for supersonic com-

mercial aircraft involves meeting both environmental and eco-
nomic metrics. For nozzles, the environmental metric is noise, as
expressedinthe FAR 36 Stage 1l regulations. Economic metrics are
usually associated with both takeoffand cruise aero- and propulsion
performance, weight, mechanical complexity, and structural relia-
bility. These very involved issues are beyond the scope of this paper,
but there exist fundamental considerations involving implementa-
tion of both metrics that are the subject of this paper.

Severalyearsago, it became apparentthat a program was required
that placed more emphasis on scientific methods for the design of
nozzles for supersonic commercial applications. Current methods
heavilyrely on state-of-the-artempirical methods that are supported
by massive data sets from previous nozzle testing. The process is
both cumbersome and expensive. Examples of this can be found in
a review article by Seiner and Krejsa.! The most successful noz-
zle designs are based on nozzle geometry that controls the strength
of shock waves, that can rapidly mix high- and low-speed streams
efficiently, and that produce noise spectrally outside the range of
the Noy weighting. One discovers very quickly, however, that real
solutions can be achieved only with a nozzle concept that is still ef-
fective at reducing noise at low jet-exhaust velocities, where trades
with nozzle performanceare historicallydisappointingto date. Sub-
sonic jet noise reduction represents a fine example of this point,
where noise reduction is achieved primarily through an increase of
the engine bypass ratio, which leads to low mixed-flow velocities.
For supersonicaircraft, it is unknown whether an economic solution
exists for high bypass ratio engines.

One simple, yet realistic, question to pose is what technology
exists that can optimize both the aeroacoustic suppression charac-
teristics and suppressed mode performance of any given nozzle de-
sign. Suppressed mode performancerefersto the nozzle’s efficiency
with acoustic suppressiondevices deployed in the airflow part. One
would, in particular, like to know this for nozzles targeted to oper-
ate with low jet-exhaust velocities. One cannot, of course, directly
answer this question. We can, however, outline aspects of this tech-
nology. For example, in the lobed mixer of Presz,” counter-rotating
axial vorticity generated by mixer lobes is used to mix high-speed
engine primary core and fan stream flow with entrained lower speed
secondary flow from an ejector inlet. The enhanced mixing is used
to both increase the level of secondary flow entrainment and mix
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a) Four-petal Bluebell nozzle b) Cross-section nozzle contour

Fig.1 Four-petal Bluebell nozzle surface geometry.

high and low stream flow to achieve lower speed uniform ejector
exit velocity that has an acceptable level of external jet noise. The
current state-of-the-art cannot adequately relate the design of lobe
geometry to prediction of circulation strength of counter-rotating
vorticity, nor can it determine the circulation strength required to
achieve full mixing in the shortest possible ejector duct. Addition-
ally, both aeroperformance computations and nozzle internal noise
computations cannot be treated with accuracy sufficient to optimize
the design. Similar observations of nozzle suppression effective-
ness can be made for other nozzle concepts, like those previously
discussed.!

The approachdescribed in the present paper attempts to developa
process involving optimal design of noise-suppressiontechnology
for both subsonic and supersonic applications. As such, it is not
necessary that we even consider nozzle geometry that meets any
particular international noise regulation when projected to prod-
uct scale. It is sufficient that the nozzle geometry selected contains
one or several concepts that achieve some level of noise reduc-
tion. The long-term objective of the research is to explain observed
noise reduction from alteration of the turbulent source function and
relate this to the nozzle geometry for optimization. Toward this pur-
pose, we have selected a simple axisymmetricnozzle geometry (see
Fig. 1), which we denote as a Bluebellnozzle*:* because of the ob-
served petal shapes of the nozzle plume generated by this nozzle.
The Bluebellnozzle utilizes two conceptsthathave been used in the
past to suppress noise. These concepts involve the use of chevrons
to enhance the nozzle exit perimeter to increase the area for mixing
and internal corrugations to generate counter-rotatingaxial vortic-
ity to enhance mixing of high-speed primary flow with low-speed
secondary flow. The presentresearch does not yet include an ejector.

Several Bluebell nozzles have been constructed with select vari-
ations of the chevron and corrugation geometry. All of these were
designed as convergent-divergent nozzles for an exit Mach number
of 1.5. In this paper, predictions of thrust and measurement of the
noise are made to enable optimization of the nozzle geometry. The
intermediate steps of either numerical simulation or measurement
of the turbulence with consequent prediction of the noise remain a
deficiency of the present paper but will be addressed in future work.
The thrust calculations were performed in both two and three di-
mensions using the Krayko—Godunov first-order numerical scheme
(K-G code) with and without boundary layer corrections. In se-
lect cases, a full Navier—Stokes code with a k-& turbulence model,
the CRAFT code, was also applied to evaluate performance-based
calculations when a boundary layer correction was applied to a
Euler analysis (K-G code). Acoustic measurements were acquired
on baseline reference nozzles and all Bluebell nozzles. The results,
as presented below, demonstrate that it is possible to achieve a level
of optimal nozzle design through considerationof both performance
and noise reduction. A more detailed description of the proposed
approach and the results are presented*

Bluebell Nozzle
Nozzle Geometry
The proposed Bluebell nozzle can be constructed on the base of
any plain nozzle: axisymmetric round conical, elliptical, triangular,
rectangular, or two-dimensionalconvergent-divergentplane. Let us
consider the axisymmetric baseline nozzle contour, which is de-
scribed by the function R = Ry(x) ina meridional plane ¢ = const.

For the Bluebellnozzle, the function R, (x) describes the nozzle ge-
ometry. The convergentpart is represented by a cubic parabola,and
thedivergentpartis calculatedby usingthe method of characteristics
(MOC).

Figure 1 shows a representative example of a four-petal Bluebell
nozzle surface geometry. The x axis coincides with the nozzle axis
of symmetry. The Bluebell nozzle is designed on the base of a round
convergent-divergent nozzle.

A Bluebell nozzle has a sinusoidal lip-line edge, i.e., the nozzle
edge distance from the nozzle throat, x = x,, changes sinusoidally
vs azimuth angle @ with variation in amplitude €. The cross sections
of the nozzle divergent part also are limited by sinusoidal curves vs
angle ¢, so that the variationamplitude in surface r (x, @) increases
along a nozzle centerline from zero at the cross section x = x,
downstream from the throat to the maximum value at the exit, =
&(x —x)/ (x. _x.). Cross section x. is chosento have an axial flow
velocity slightly exceeding the local sound velocity (M, = 1.01—
1.03;details provided in the next section). Finally, the lateral surface
equation of a Bluebell nozzle can be written as

r(x, @) = Ry(x), 0 SX Sx[ (1a)
r(x, @ = R,(x)[1 + Scos(n. )], Xe <X Sxe((p) (1b)
x(@) = x[1 4+ gcos(n, )] (1c)

where n,, n, prescribe the variation of the longitudinal lip-line
change and cross section, respectively. These values are assumed
to be even integers. For simplification of description, these varia-
tions are denoted as chevrons (or petals) and corrugations.

We require the same area for Bluebelland baselinenozzlesin each
cross section, which are denoted by S, (x) and Sy(x), respectively.
From this equality in cross-sectionarea, the coordinates R,(x) are
derived from Egs. (la-1c). A Bluebell nozzle cross-section area
S, (x) is defined by the integral, which is calculated analytically.
Then the function R,(x) can be expressed explicitly by baseline
radius Ry(x):

2

S,(x) = %]0 ”rz(x, @ dp= nRj(x)( 1+ %) (2a)

Ro(x)

T+ (82)

Here it is assumed that Ry(x) = Ry(x{) for x > x{.

Adivergentpart lateralsurfaceareaanda lip-tine length in general
canbe calculatednumericallyonly forthe tabledata Ry(x). For some
particular cases, these values can be defined analytically. For exam-
ple, a lip-line length of a Bluebell nozzle without petals (& = 0) is
expressed by elliptical functions and, additionally, if it is assumed
that 6 = 1, the appropriate integral is defined by the elementary
functions. A lateral surface area S, can be defined analytically for
conical nozzles with divergent angle ¢, so that Ry(x) = 1+ tana
(x —x,). The corresponding integral can also be expressed by el-
ementary functions. We write this formula for a nozzle with petals
without corrugations (& = 0):

Ri(x) = (2b)

S, = (nxf/ cos (2 + x!tan o+ $x0€ tan (3)

Note that the cross-section equivalent radius of a Bluebell nozzle
R,(x) is independent of frequency 7., and the lip-line length in-
creases with both 7, and n. as well as the lateral surface area. For
small values of gand &, this increase is small. Calculationsshow that
the lip-line length ratios L,/ Lo are more dependenton Sthan lateral
area ratios. The lateral area ratios are close to one for small values
of & This is very important for practical applications to minimize
wall friction effects.

Another Bluebell nozzle embodiment is based on the MOC-
designed round nozzle with extended cylindricalpipe (r = R(x?) at
x> x%). Such a design provides a more uniform pressure distribu-
tiomat the lip-line edge and this reduces the barrel shock intensity in
the jet exhaust. In particular,a nozzle with petals, but without corru-
gations (@ = 0), is a shock-free nozzle. In this case, such a design
has less thrust than that correspondingto the first embodiment.
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Theory, Numerical Methods

Theoretical Approach

The general purpose of the theoretical approach is to define the
optimum conditions that provide minimum Bluebell nozzle thrust
loss by comparison with the baseline convergent-divergent design,
or conicalnozzles. To achieve an optimalnozzle design, the solution
would require multiple computations of a three-dimensionalsuper-
sonicflow region. For practicalapplications,unit Reynolds numbers
are very high (Re = 10°-10%). Under these conditions, the bound-
ary layer at the wall is turbulent. Its value makes up a small portion
(1_3%) of the cross-sectional size. For example, in accordance
with Ref. 5, the ratio of the local boundary layer thickness &* to
the distance x along a flat plate is dependent on the local Reynolds
number, Re,, as given by the relationship

1
84 x = 0.02 5 Rey” (4a)

The local wall skin friction coefficient ¢, = 7,/ (%pooU (2)3 is given
by

1 3
¢y =0.0263 5 ReZT [ {1+ [(k _ 1)/4]M§)0}~3 (4b)

In such a situation, it is inefficient to use a numerical solution based
onthe fullunsteady Navier-Stokes equations. Our approachis based
on the viscous—inviscid interaction.’> We used the Euler Approxima-
tion for definition of the external inviscid flow outside a thin bound-
ary layer whose thickness is defined by Eq. (4a) with friction along
the nozzle wall defined by Eq. (4b). The Euler calculations were re-
peated for each new nozzle shape (r = R)) after accounting for the
boundary layer thickness (&%), i.e., Ri(x, @) = R(x, @) _OKx, @).
The new computed external inviscid flow again was used for def-
inition of a new boundary layer thickness. In each iteration, of
course, the boundary layer is computed at the given nozzle surface
r = R(x, ¢). Usually, the results were closed after several (three or
four) iterations.

Subsonic and transonic flow numerical simulation in the conver-
gent nozzle part was conducted in the interval 0 « x « x. by an
implicit upwind second-ordernumerical scheme (ENO ¥ersion) for
solution of the full unsteady Navier—Stokes equations, as incorpo-
rated in the CRAFT code of CRAFT-Tech (see Ref. 6). This code
was originally developed by Molvik and Merkle.” The algorithm,
its capability, and several modifications with different applications
are described in a set of papers by Dash et al. (see, for example,
Ref. 6). Thus, we omit its description completely. We modified this
code so that, in some time intervals of the Euler stage computa-
tion, we could adapt Patankar—Spalding’s code® for boundary layer
computation. With this code, we made a correction of the nozzle
boundary location and then continued computation by the CRAFT
code. Such a procedure is repeated until two consequent iterations
differ by less than a given small value. Note also that in most of our
computations, the problem is two dimensional, because we are able
to assume that in this interval the nozzle is axisymmetric. Recall
that the cross section x, is chosen to have an axial flow velocity
slightly exceeding the local sound velocity (M, = 1.01_1.03).
Several variants of completely three-dimensional problems were
computed by this method using the CRAFT-Spalding combination
code. We used that only for comparisonand examinationof the main
approachresults obtained by two- and three-dimensionalmarching
schemes. The grid at the Bluebellnozzle surface is shown in Fig. 1a.
It is based on the cylindrical coordinate system, which transforms
to the normalized (&, 1, @) system, so that in the x and r directions
the computational region becomes a unit square in &, 1] variables

(Osésl,()snsl)‘

Krayko—Godunov Numerical Scheme

Numerical simulation of supersonic flow in the divergentnozzle
partand exhaustjet was conducted by the Krayko-Godunov explicit
first-order numerical scheme (K-G code).’ Consider a cylindrical
coordinatesystem (x, r, ¢), as shown in Fig. 1a, with components of
velocity-vectorqontheseaxesof (u, v, w), and let ¢ be a modulusof
velocity-vectorq, p be a pressureand p be a density. All variables

are nondimensional. Linear sizes are related to throat radius r »

velocities to sound velocity ¢ in the nozzle critical section (throat),
density to the critical density p,, and pressure to p*c? The gas is
assumed perfect with constant specific heat coefficients ¢ » and ¢,,
so that specific heat ratio k = ¢,/ ¢, is constant. The Euler equation
is written in the form of the integral conservation laws:

i]] adrdcp:ﬁc_ag“’)dr_(b_ag’)d(p+]] fdrde
dx | [= ). b )

where vectors a, b, ¢, and f are the usual conservationvariables (see
Refs. 4 and 9 for details); L is some reserved contour, which limits
the area 2 in an arbitrary cross section, ¢ = dn/dx, where dn is a
projection of displacement L to an outward normal. Vectors ¢ and
dn are perpendicularto the x axis in each point of contour L. They
are completely defined by their projections ¢" and ¢? to the r and
@ axes. The equation for a total enthalpy conservation, Hy, written
along with Eq. (5), completely defines the system.

Three-dimensional fixed grids are used. In plane r, @ the region
contained within external flow boundary R(¢) inthe r directionand
between two symmetry planes = 0, o= 71/ n. in the ¢ direction
are split by K radial straight lines ¢ = const and J lines £ = const
as shown in Fig. 1b. The 7 lines contain straight intervals between
appropriatesplitting points of neighboringradial lines. A splittingin
the @direction (/) is chosenuniform,andinthe r direction(/, ) it is
a geometric progressionwith a denominatorthat is defined by equal-
ity of the neighbor cell sizes at both sides of each boundary. This
provides uniform accuracy for numerical results near boundaries,
which can represent shock waves, slip shocks, or usual streamline
surfaces. The step size &, increasesnear the axis of symmetry.

The known flow values at cross section x = x; will define those
in the following section x;, | = x; + /.. For each cell (as control
volume) we write the conservation laws (5) using the usual explicit
first-order finite differential scheme, which includes the conserva-
tion variable values at the lateral cell sides. These values are desig-
nated by capital letters A, B, C and they correspond to the similar
small conservativevalues a, b, ¢ for cell centersof the cross sections
Xis Xig1-

Big values are used to determine the elementary solutions by con-
sideringthe similartwo-dimensionalsteady problemoftwo uniform
unlimited interacting supersonic flows. Dependingon the relational
flow direction, the pressure and density ratio from different loca-
tions and combinations of the shock waves, uniform flow regions,
slip shocks, and rarefaction waves were obtained. We can consider
such an interaction problem by assuming that flows in the neigh-
boring grid cells are uniform at each cell interface. There are five
main possible mutual locations of the cell interface and similar flow
regions? Determined values correspond to the similar solution in
one of the regions. These solutionsrequire iterations. Linear (acous-
tics) approximation (Riemann solver) allows us to avoid these iter-
ations. However, such an approach does not provide the necessary
accuracy of numerical solution, and in some cases it requires a low
Courant number. Usually, for boundary cells we have to apply the
nonlinear approach, especially for lip shocks. Of course, extraction
of the barrel shock waves, lip shocks, and bow shocks for flight
simulation always requires a nonlinear approach.

The algorithm was tested against the exact solution of the fol-
lowing problems: one-dimensional flow from a point source, two-
dimensional Prandtl-Meyerrarefactionflow, a flow arounda wedge,
and two-dimensional shock wave reflection from a plate. Compari-
son was also made to a similar solution for a flow around a cone. For
each case, sensitivity to grid variation was studied and the integral
conservation law for flow in each cross section was examined. The
different tests show that the algorithm achieves high resolution and
is very fast and economical, especially with two-dimensional flow
simulations. For example, a computation by the two-dimensional
K-G code with 100 cells in a cross section leads to an error of less
than __0.1%. For the jet nozzle flowfield and nozzle plume extend-
ing to 50 jet radii, the computation requires only about 60 s on an
Indigo IIT computer workstation.

The same tests were applied to the three-dimensionalflow. Note
that one-dimensionalflow from a point source in a cylindrical coor-
dinate system is a three-dimensionalproblem if a point origin is not
located in the x axis of this system. Of course, this code required
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Fig.2 Comparison of numerical and exact solutions for a two-dimensional wedge-shaped inlet flow.

more time for the computation to reach the given accuracy of less
than ,__0.1%. The grid J v K = 60 y, 10 provides an accuracy
of . _0.3_0.5% for the thrust augmentation along the nozzle wall.
These estimates are for the Bluebellnozzle withn, = n. = 4 and 8
and € 0.3, & <0.2. We have used three different grids for numer-
ical comparisorof results and have calculated the maximal error of
the integral conservationlaws for each cross sectionof the marching
scheme in the x direction, x = x_+ ih,, (i=1,2,..., ).

An example of such test results is shown in Figs. 2a and 2b. Fig-
ure 2a illustrates Mach contours computed by the two-dimensional
K-G code of a supersonic flow with M__= 3 into a wedge-shaped
inlet with angle oc = 5 deg. The code used 200 cells in each cross
section with uniform step /,. The oblique shock wave at the wedge
repeatedly reflects from the symmetry plane and from the wall. The
reflected shock waves are inclined at angle 3,,. The reflection coor-
dinates and all constant flow parameters at the shock interface are
calculated by the exact relationships on oblique shock waves and
by simple geometric relationships. This is reached by solving the
implicit equation

_ f(B)] tan B, 2
o= Ey o P

with the help of the Newton iterations relative to the shock wave
angle f3,.. Pressure distributions computed by the exact method and
the two-dimensionalK-G code are shown in Fig. 2b along the plane
of symmetry and along the wall. The error of the numerical scheme
isno more than ,_0.5% up to one to four reflections from both walls.

Note that in Fig. 2 the wedged wall transforms to the plate that is
parallelto the upstream flow at the inlet. Prandtl-Meyer rarefaction
waves are formed at the section x = x,, as indicated in Fig. 2a.
These waves interact with reflected shock waves. In the sections
x > x,, we did not perform analytical computations because of the
complexity of the formulation(see Ref. 10). The oscillatorypressure
distributiondownstreamof'the sectionat x = x, shows the influence
of this interaction. The oscillatory amplitude decreases downstream
because of reflected shock waves being weakened by the rarefaction
waves. The coordinate of transformation is defined by the formula
xq = (hy _1)/2 tan o, where A, is an inlet height. For this case
h; = 3, a= Sdeg, sothatx, = 23.5. The accuracy of the numerical
solution increases with increasing flow Mach number, M 00 OF the
wedge angle o

(sin® B_ M)

Boundary Layer Patankar-Spalding’s Numerical Method

This algorithm is based on a six-point second-order, implicit
finite-difference scheme for the two-dimensionalsteady compress-
ible boundary layer numerical solution. This method and algorithm
is described by Patankar and Spalding ® The energy and momentum
equationsare cast in terms of the Mises variables(x, y), where yisa
streamline function. This SPALD-2 code is very fast and convenient
fornozzle-jetnumericalsimulationsand for examinationof different
turbulencemodels. We used this code for two-dimensionalproblems
and modified it for three-dimensionalboundary layer problems. The

subsonic and transonic flow is defined by the sequential iterations
with external flow as we described in a prior section. In the super-
sonic region, we use this code as a subroutine in combination with
two- and three-dimensional K-G codes. The appropriate iterations
were conducted in each cross section x = const and the defined
equivalent nozzle boundary. For a supersonic flow into a Bluebell
nozzle, where n. = n, = n, there are 2n planes of symmetry.
Therefore, it is sufficient to compute only between two planes in
the interval (0 « @ « 7t/ n). In each of these planes, a boundary
layer is two dimensional if one ignores second derivatives in the
@ direction. Assuming that the three-dimensional boundary layer
thicknessis 0% x, ¢) and the frictionat the wall is 7, (x, ¢), one can
approximate these by the function

o(x) ;gK(X) cos ng+ go(x) -; gx(x)

where subscriptindices 0 and K correspondto their valuesin o= 0
and @ = 71/ n planes of symmetry. In relation, (6) g is either &* or
7,,. Comparison with the fully Navier-Stokes equation (NSE) sim-
ulation results shows that such an approximation is most effective
for n <4, 8«03, & <0.3-04 and when the nozzle is operated
nearlyTully pressure bafanced (i.e., p. ~_ p.)- A similar approxi-
mation was applied earlier for three-dimensional supersonic flows
around blunt bodies. However, the agreement with NSE numerical
simulation illustrated in Fig. 5 is better when we have used instead
of (6) the approximation in the form

g(x, @) = (6)

g&p= Mcos nQ+ M
(7)
-= Xi* <t = xe?q;ix* R

This result has a very simple explanation. For a corrugated lip-
line nozzle edge, approximation (6) requires some extrapolation for
the wall shape between the two neighboring petals. Otherwise, we
have applied here corresponding values for boundary layer using
for this area the nozzle shape, which coincides with the inviscid jet
boundary. Approximation(7) doesnotuse any extrapolationbut with
an increase of petal amplitude &, the errors of such approximations
also quickly increase. Therefore, we had good agreement with a full
NSE numerical simulation only for the petal amplitudes & «0.3.

The turbulent boundary layer theoretical mode!® is basedon the
Prandtl mixing-lengthhypothesis,a one-dimensionalrepresentative
flow near a wall (Couette flow) and the van Driest!! hypothesis,
which introduces an “effective” viscosity near a wall as

ou
0y
where A, and K are constants, y is the normal directionto the wall,

U is a laminar viscosity, pK> yzllau/ oy Lis a turbulence viscosity,
and the latter is “damped” near tlle wall in an exponential fashion.

Mo = L+ pK*y7[1 —expf_y \7_3/ (,UA+)}]2
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Thrust Calculation
In accordance with the traditional thrust definition, introduce P
and the correspondingnondimensional value 7" as

P
Poz*

P= (pu? + p)dT _ o T = 8
1& pu, + p Pog (8)

where subscriptindicese, A0, and $are assignedto the nozzleexit
cross section, ambient, togp and crltlcal (in a throat) parameters,
respectively. X , is a throat area. The integrand expression in (8)
is called an impulse function.!? Such a definition is introduced for
rocket motors, but it does not take into account vehicle drag, and it
assumes the same shape of the externaland internal vehiclesurfaces.
Therefore, it only approximates the real vehicle net thrust. Never-
theless, we use this definition for estimation of the nozzle shape
variation influence on the thrust. The ideal thrust of a nozzle is de-
termined from the quasi-one-dimensiona approximationsassuming
an isentropic perfect gas. These are simple formulas, available in
many textbooks—for example, Ref. 12. Let us define T;,(k, NPR)
as the thrust of the ideal nozzle and AT;, as the thrust augmenta-
tion from the supersonic (divergent) part of such a nozzle. These
values are calculated with the base formula (4.33) for T}, from the
textbook!2:

Tid/(l)oz*) =
T (0o PO+ (Ze £ )[(pel po) —(pod p)] (9)

In accordance with (9), the thrust reaches the maximal value for
the designed nozzle p, = p,. This value is completely defined by
specific heat ratio k and pressure ratio NPR = po/ p_ . We define
the thrust 7" and its augmentation AT directly by integration of the
impulse function from the inlet cross section I and the difference
between pressure and friction along the nozzle wall. The integral
of the impulse function at the nozzle exit, taking into account the
boundary layer, allows us to estimate the integral error of the applied
numerical scheme. Thus, the thrust for a single design is calculated
by using the preceding nondimensional variables as

T=B(h+ 1) —(pylpo) x(Z/Z)
B = (K m)[2/ (k + 1)]¥®-D

Moy rep 2w k
IO:] ] ] p(l 2Mzc,sm a);dxd; do
0 T 0

0

k\/[z/(k _ D2/ (k+ )]+ D/G=D

where

I = I(x0) = ]0"0]02”(1) + puz)l‘ drde
and
AT=T_T, (10)
where 7, is the thrust of a convergentnozzle part.

Numerical Simulation Results

Using the approach and numerical schemes described in the prior
sections, we conducted simulations of the internal flow in the Blue-
bell nozzles and the exhaust jet. These simulations included a wide
diversity of nozzle geometries, in particular, variation of the petal
and corrugation coefficients €, &, their frequenciesn, and ., exit
Mach numbers M,, and baseline nozzle variation (i.e., conical and
optimal axisymmetric nozzles). An optimal nozzle provides maxi-
mum thrust for the fixed convergent length part.

We concentrated on a baseline nozzle for shock-free flow with
M, = 1.5 because we had obtained acoustic data for this nozzle.
Figure 3 illustrates Mach contours for the four-petal nozzle with
€= 0.7 and & = 0.2. Here, there are two meridional planes of
flow symmetry: @ = 0 and 45 deg. They are limited by the axis
of symmetry, nozzle boundary, and inviscid jet boundary from the
nozzlethroatat x = Otothe end ofthe fourthbarrelat x = 10. These
crosssectionsare located at the nozzlethroat (x = 0),two at internal
nozzle cross sections, x, = 1 and x3 = 2.5, close to the nozzle exit,

n—4, €=0.7, 6=0.2

NPR=3.68

Fig.3 Mach contours in the planes of symmetry and in the five cross
sections.

n=4, €=0.35, 8=0.2
x.°=3.37, NPR=17

Fig.4 Mach contours in the
planes of symmetry and in
the five cross sections.

x4 = 4, and at the end of the computed interval x5 = 10. This cross
section is located at the end of the first jet barrel, i.e., where the
internal barrel shock wave meets the x axis. Note that in this section
we define an origin x = 0 not at the subsonic inlet as in the prior
sections but at the nozzle throat. At the top of Figs. 3 and 4, the
amplitude O corresponds to its maximal value &. Apparently, the
round shape deforms to a round-rectangularshape and further, just
downstream of the nozzle exit, it takes a shape similar to petals or a
flower: a round part transforms to rectangularand from rectangular
to almost triangular. The petals become sharper, which promotesthe
formation of streamwise vortices. The streamwise vortices improve
mixing of the jet flow.

Figure 4 shows developmentof cross-section Mach contours and
jet shape in the planes of symmetry for NPR = 17. For under-
expended jets, such mixing intensification increases, which is ex-
pected. The flow through the “gaps” between petals penetrates into
ambient air, forming shapes like that of an ear and at the nozzle
exit, x, = 4, the cross sectionhas a butterfly shape with streamwise
vortex flow into its wings. The closed Mach contours show the ex-
istence of vortical flow. Near the end of the first barrel, the cross
section transforms to an X shape. Calculations with other Bluebell
nozzle geometries produce similar results.

Unfortunately, we could not simulate three-dimensional mixing
layers effectively and observe formation, development, and desta-
bilizationof the vorticities starting from the nozzle exit and moving
downstream in the jet exhaust. For this, we need to use a large-eddy
simulation approach with the correspondent code. However, even
for two-dimensional problems such computationalwork is very ex-
pensive.

The main numerical results concerning thrust optimization are
represented in Fig. 5, which shows the ratio of the Bluebell nozzle-
first embodiment relative to the baseline nozzle thrust, 7,/ Ty, vs
nozzle geometric parameters. All comparisons are performed for
exhaust Mach number M, = 1.5. There are several curves that
illustrate the contribution of different nozzle geometric factors to
the thrust: viscous effects, petals, and corrugations. As we have
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Fig.5 Thrust ratio of the Bluebell and baseline nozzles.

noted, the agreement between full NSE numerical simulation re-

sults shown by the open circles and squares, and boundary layer

correction (BLC) shown by the filled circles and squares, are better

for the BLC approach using approximation (7).

The parametric intervals used are limited by restrictions in the

numerical scheme following from the condition M, > 1. The de-

pendence of the thrust on corrugation coefficient and frequency is

foundto be more significant than from petal values. The influence of
the petal length (&) is nonmonotonic; for small values, & < 0.025,
the thrust reduces with € increasing, but it increases with & when
& > 0.025and & <En- These curvesrepresentthe maximum values
achieved by Bluebellnozzle geometry. Several factors influence the
behaviorof'these curves. The first occurs from increase of the nozzle
length with a corresponding “effective” Mach number increase at
the exit. Of course, forthe case & > 0 theterm “exit” is a conditional
understandingand Mach number can change significantly along the
exit lip line. On the one hand, a lateral flow reduces a pressure at
the wall; on the other hand, it reduces the effective boundary layer
thickness o+ The flow expands into the nozzle’s channels, and this
creates additional thrust by hydrodynamic pressure on the “lateral
sides” of such channels.

Another dependence is observed for Bluebell nozzle-secondem-
bodiment. The thrust ratios are similar to those observed for the
prior case. There is some thrust loss from the friction of the gas flow
with the almost horizontaladditionalsheet with the petals. However,
this thrust loss is insignificant and does not exceed 1-2%. This is
much less than thrust losses encountered for nozzles described in
Refs. 3 and 13 that suppress noise.

The generalconclusionobtained from the numerical simulationis
that there is an optimum set of geometric parameters, which provide
a maximum thrust exceeding the usual round nozzle thrust. The
influence of such nozzle shape variation on jet noise is examined in
the next section.

Acoustic Data

Experimental Approach

The Bluebell nozzle design takes into account all theoretical and
numerical understanding discussed above. Nine different nozzles
were made, including the baseline round nozzle. The list of these
nozzles assigned by numbers 1-9 is represented in Table 1, along
with their geometric parameters n = n, = n., & &. In Table 1,
nozzle 7 is the round convergent baseline nozzle and nozzle 9 is
the round convergent-divergent baseline nozzle. Four of them are
shown in Fig. 6a.

All nozzles have throat radius r = 0.0165 m. The round nozzle
has exit radius r? = 0.0176 m. The Bluebell nozzles have exit radii
defined by Eq. (2b). The length of the convergent part of all nozzles
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Table1 Nine tested nozzles and their geometric parameters

N 1 2 3 4 5 6 7 8 9
n 8 8 8 8 4 4 0 8 0
z 023 023 038 015 045 045 0 023 O
& 020 000 000 000 020 000 O 010 O

W
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Y
+
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o

Fig. 6a Baseline round and Bluebell nozzles.
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Fig.7 Second embodiment of the four-petal Bluebell nozzle.

is x_ = 0.0522 m, and the entire length of the baseline round nozzle
is x, = 0.108 m. All Bluebell nozzles tested were made on the
base of the second embodiment with use of the additional sheets.
Their lengths are varied from the baseline nozzle by an additional
0.025-0.028 m (1.0-1.1 in.) dependingon the geometric parameters
selected for the nozzle. The internal surfaces of the two four-petal
Bluebell nozzles are shown in Figs. 7a and 7b with the amplitude
of corrugation & = 0.2 (a) and without corrugation & = 0(b). In
both cases, the petal amplitude is the same, € = 0.45. Note that
for the second embodiment the petal amplitude definition, g, differs
from value € in our theory in accordance with formula (1c). The
abscissa x, of a nozzle lip-line edge for the second embodiment is
calculated by the formula

X = x° 4+ E1 4 cos(n, )] (11)
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so thatthe relationshipbetween these “petalamplitudes”is €= x'¢,
and the abscissas are nondimensional (£ = 3.27¢).

The experiments were conducted in the Small AnechoicJet Noise
Facility (SAJF) at the NASA Langley Research Center. Figure 6b
shows part of this facility with Bluebellnozzle 1. The interiordimen-
sions of the facility within the wedge tips are 3.05 y, 3.96 X 244 m
high. The anechoictreatmentabsorbsat least 99% of incident sound
at frequenciesgreaterthan 150 Hz. The air system provides a supply
of continuous dry unheated or electrically heated air at mass flow
rates of 0.907kg/s and maximum stagnationpressureof 154.5,10°
N/m2. NPR are controlled electronically within 0.3%. The noz-
zles are fastened at the end of a 63.5-m straight diameter pipe
section that extends 0.61 m and that is connected upstream with
a contoured transition section back to a 7.5-cm (3 in.)-diameter
pipe section, which contains a flow straightener. Air is supplied
through this pipe systemto the nozzle and can reach temperaturesof
811 K.

Three 0.635y, 10—2-m-diameter microphones were located along
the wall. The sketch of the location of the microphones and
nozzle-jet system is shown in Fig. 8a. All dimensional values pre-
sented for microphone locations are 6 = 91.1deg, 6 = 125.7 deg,
6, = 145deg, S = 1.8m(70.75in.), S; = 3.08 m(121.375in.),
S3=2.18m(86.1251in.); 2 =0.254m (10 in.). The data from these
microphones were low-pass-filtered at 100 kHz, amplified, and
digitized before being sent to the computer for storage and ana-
lysis.

Experimental Results

All nozzles shown in Table 1 were tested at both supersonic
and subsonic conditions. In the supersonic regime, the nozzles
were operated slightly underexpanded at NPR = 4.0 and jet to-
tal temperature 7; = 450 K. This corresponds to a fully ex-
panded jet Mach number of 1.56 with a corresponding exit ve-
locity of 530 m/s. All nozzles, except convergent nozzle 7, were
designed for fully expanded Mach number M, = 1.5. In the
subsonic regime, the nozzles were operated at NPR = 1.27 and
at a jet total temperature of 554 K. This corresponds to exhaust
Mach number M, = 0.6 with correspondingexit velocity 274 m/s.
At either supersonic or subsonic nozzle operating conditions, the
nozzles were conducted dimensionally to produce the same ideal
thrust.

Because of the small size of the nozzles of Table 1, it is not pos-
sible to display acoustic data in terms of the perceived noise level
metric. Instead, we show comparative results in terms of the mea-
sured overall sound pressure level, and then we show comparative
narrow band spectra of those nozzles of most interest.

Figures 8band 8c show the overallsound pressure levelresults for
all nozzles. Figure 8b compares results at the supersonic condition
and Fig. 8c compares those at the subsonic condition. In the super-
sonic regime, the overall levels are shown as differences relative to
that measured from the baseline convergent-divergent nozzle with
design exhaust Mach number M, = 1.5. In the subsonic regime,
the reference nozzle is the baseline convergent nozzle. In both the
supersonic and subsonic regimes, the reference nozzles produced
maximum sound radiation at angle ¥ = 145 deg. Figure 8b shows
that all nozzle concepts produced various levels of noise reduction
at the peak radiation angle and even at ¥ = 91.1 deg. The noise
reduction at W = 125.7 deg was the least, even indicating levels
above the baseline nozzle. In all cases, those nozzles with corruga-
tions displayedthe best acoustic performance (i.e., nozzles 1, 5, and
8). Also, increasing the nozzle perimeter leads to improved levels
of noise reduction.

Figure 8c indicates that most nozzle configurations actually pro-
duced more noise than the baseline convergentnozzle. The only one
showing some promise is nozzle 1. The results shown in Figs. 8b
and 8c are not surprising. In the supersonicregime, noise is heavily
driven by Mach wave emission, where it is generally good prac-
tice to select a suppressionconcept that enhances mixing. However,
we now have observed the following anomalous behavior: nozzle 1
works well in both flow regimes. Thus, it is important that we show
details of the narrow band spectra for this nozzle to see where the
noise reduction occurs.

microphones
3.2 1
,/’ 111 v, WNV 1‘"’
l/’, * 8 3 2 8 1

flow axis

nozzle/

a) Mutual location of the microphones, nozzle, and jet
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A OASPL(dB)
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b) Overall pressure level differences vs angle ¥
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Fig.8 Location of microphone and nozzle and overall sound pressure
levels.

Figures 9a and 9b show, respectively, narrow band spectra for
angles ¥ = 91.1 and 145 deg to the nozzle inlet. These spectra
are acquired at the supersonic condition. All spectra were com-
puted from digitized time records with a 2K fast Fourier transform,
which provides a spectral resolution of 100 Hz. From Fig. 9a, one
clearly can observe the presence of screech and broadband shock
noise in referencenozzle 9. This is expected because of operationat
the slightly underexpandedcondition. Note, however, that Bluebell
nozzle 1 has significantly reduced shock noise, but it is difficult to
determine whether the high-frequency range contains shock noise
above 20 kHz for this nozzle. The spectrum in Fig. 9b shows that
the noise reduction achieved in the peak radiation direction occurs
over the entire spectral range.
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Discussion and Conclusions

In this paper, we have examined both the thrust and noise per-
formance of several round axisymmetric nozzles designed with
chevrons and corrugations and have made comparisons to refer-
ence baseline convergent-divergent M, = 1.5 and convergent noz-
zles. All nozzles with chevrons and corrugations were designed as
convergent-divergentnozzles with exhaust Mach number M, = 1.5.
The thrust calculations were performed by using the Krayko—
Godunov numerical scheme (Euler based) both with and without
boundary layer correction. Additional thrust calculations were per-
formed with a full Navier—Stokes code with a k-& turbulence model
for select cases.

The thrust calculations for the supersonic regime demonstrated
that Bluebell nozzle 5, with & = 0.2 and € = 0.45 (see Fig. 5),
actually has augmented thrust in the range of 1%. The noise data
for this nozzle (i.e., Fig. 8b) exhibit a reduction of noise of nearly
4 dB. The thrust calculations also indicated that even better aerop-
erformance could be obtained at greater values of the corrugation
amplitude & and also with an increase in nozzle perimeter, as re-
flected through the parameter €. The noise results also showed that
increased suppression is obtained with increasing values of & and
& Unfortunately, we have not constructed such a model nozzle, nor
have we yet predicted or measured the turbulent flowfield to further
confirm these results. This is being addressedat this time. The thrust
calculations also revealed that standard methods usually applied to
account for boundary layer thickness with a Euler solver provide
misleading results similar to those obtained from Navier-Stokes
simulations (see Fig. 5).

The subsonic acousticresults were disappointingbut not entirely
unexpected. They demonstrate what we have known for a long time.
Noise reduction is very difficult to achieve at low exhaust veloci-
ties. At high velocities, noise reduction is achieved simply through
enhanced mixing, although, in general, it comes as a tradeoff with
aeroperformance.Thus, the Bluebellnozzle without ejector is an ex-
ception. With an ejector, one expects even better aeroperformance
and noise suppression from the Bluebell nozzle, and it may even be
possible to achieve this in the subsonic regime. As stated in the in-
troduction, one needs to investigate the turbulent acoustic source to
properly optimize the nozzle geometry, particularly in the subsonic
regime.

20 40 60 aci< 100
Hz

spectral density vs frequency.
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