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LAR-14054-1 AWARDS ABSTRACT

SHOCK-FREE SUPERSONIC ELLIPTIC NOZZLES
AND METHOD OF FORMING SAME

The present invention relates in general to jet mnozzles and
specifically to supersonic elliptic jet nozzles.

According to the design procedure, the nozzle to be designed is
divided into three sections, as shown in Figures 1(a) and 1(b), a
circular-to-elliptic section 3 which begins at a circular nozzle
inlet, an elliptic subsonic section 2 downstream from the circular-
to-elliptic section and a supersonic section 3 downstream from the
elliptic subsonic section. The maximum and minimum radii are
determined for each axial point in the circular-to-elliptic
section, the maximum and minimum radii being the radii for the
widest part of an elliptic cross section and the narrowest part of
the elliptic cross section, respectively. The maximum and minimum
radii are determined for each axial point in the elliptic subsonic
section. The maximum and minimum radii are determined for each
axial point in the supersonic section based on the Method of
Characteristics. The shape of each of the three sections is
determined separately based on the maximum and minimum radii for
each axial point in the respective section. The resulting elliptic
jet nozzle is also claimed.

The supersonic elliptic nozzle formed according to the above method
minimizes shock noise and exhibits smooth pressure contours within
the nozzle.
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SHOCK-FREE SUPERSONIC ELLIPTIC NOZZLES
AND METHOD OF FORMING SAME

Origin of the Invention

The invention described herein was jointly made in the performance of
work done under NASA Grant No. NASW 45041-18471 by an employee of
the U.S. Government and a graduate student of Pennsylvania State

University.

Background of the Invention

1. Field of the Invention

This invention relates in general to jet nozzles and specifically to

supersonic elliptic jet nozzles.

2. Description of the Related Art

In the past, nozzles with circular, i.e., axisymmetric, cross-sections
were used for supersonic jet aircraft. These nozzles were designed such that
they had cross-sectional areas which contracted until sonic flow of the gases
was achieved at the throat of the nozzle. Then, after the throat of the nozzle,
the nozzle expanded slightly until the flow achieved supersonic speed at
nozzle exit. The supersonic portion of the nozzle is designed so that shock
waves and thus shock noise were limited. This type of nozzle is known as
a convergent-divergent nozzle.

One conventional method of designing circular nozzles was with the
Inverse Method of Freidrichs. The Method of Freidrichs has been fully

described in various publications, including K.O. Freidrichs, "Theoretical
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Studies on the Flow Through Nozzles and Related Problems,” NDRC Applied
Math Panel, AMP Report 82.1R, April 1944. This publication is hereby
incorporated by reference.

In the Method of Freidrichs, the centerline velocity distribution is used
an input parameter. Then, using the equations of the Method of Freidrichs,
the streamlines are computed and the inner nozzle geometry coordinates are
calculated from the boundary of the streamlines.

The Method of Freidrichs only works for fluid flow velocities up to
approximately 1.2 Mach. Therefore, in nozzles which have a final Mach
number which is over 1.2, the Method of Freidrichs can be used for the lower
velocity portions of the nozzle, but a different design procedure must be used
for the downstream, higher velocity nozzle portions.

Another conventional and quite successful way of designing circular

nozzles is with the Method of Characteristics, which has been fully described

in various publications, including Ascher H. Shapiro, Thermodynamics of
ompressible Fluid Flow, Ronald Press (1953). This publication is hereby
incorporated by reference.

The Method of Characteristics can be used for fluid velocities above
1.0 Mach, i.e., is not limited to fluid velocities below 1.2 Mach. There are
quite a few different Method of Characteristics codes. In each, the nozzle is
designed according to the parameter that the angle of the nozzle wall should
be such that any wave incident to the surface of the nozzle wall would be a
non-reflective wave. This minimizes the formation of shock waves.

All circular nozzles, even those designed by the Method of
Characteristics and/or the Method of Freidrichs, still produced an undesirable
amount of noise.

In the past there were attempts to design and build elliptic nozzles.
However, all nozzles designed according to these procedures were convergent
only. That is, the cross-sectional area of the nozzle only became smaller,

thus resulting in large shock waves and noise.
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Furthermore, none of the previous methods of designing elliptic nozzles
translated the convergent-divergent circular nozzle geometry into elliptic

coordinates.

Summary of the Invention

Accordingly, it is an object of the present invention to achieve a
method of forming elliptic nozzles which do not produce undesirable shock
waves.

Another object of the present invention is to achieve a method of
forming elliptic nozzles which translates the geometry of a circular nozzle
designed by previous methods into elliptic coordinates.

Still another object of the present invention is to obtain an elliptic
nozzle acoustically superior to previous nozzles.

These and other objects are accomplished by a method of forming an
elliptic supersonic nozzle having the steps of dividing the nozzle to be
designed into three sections, a circular-to-elliptic section which begins at a
circular nozzle inlet, an elliptic subsonic section downstream from the circular-
to-elliptic section and a supersonic section downstream from the elliptic
subsonic section, determining the maximum and minimum radii for each axial
point in the circular-to-elliptic section, the maximum and minimum radii being
the radii for the widest part of the elliptic cross section and the narrowest
part of the elliptic cross section, respectively, determining the maximum and
minimum radii for each axial point in the elliptic subsonic section, determining
the maximum and minimum radii for each axial point in the supersonic section
based on the Method of Characteristics, and forming each of the three
sections based on the determined maximum and minimum radii for each axial
point in the respective section.

An elliptic jet nozzle according to the present invention has a circular-

to-elliptic section attached at an upstream end to a circular inlet, an elliptic
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subsonic section downstream from the circular-to-elliptic section, the elliptic
subsonic section having an aspect ratio which is constant for the section and
a cross-sectional area which decreases in the downstream direction so that
gases leaving the elliptic subsonic section are changing from subsonic to
supersonic as they leave, and a supersonic elliptic section in which the gases
flowing therein move at supersonic speeds, the supersonic section being
downstream from the elliptic subsonic contraction section and having an
aspect ratio which is constant for the section and an exit which allows

supersonic gases to escape to the atmosphere.

Brief Description of the Drawings

These and other objects of the present invention will be understood
from the description herein, with reference to the accompanying drawings,
in which:

Figure 1(a) is a cross-sectional view taken along a major axial plane of
a nozzle formed according to the present invention;

Figure 1(b) is a cross-sectional view taken along a minor axial plane of
the nozzle formed according to the present invention;

Figure 2(a) is a diagram showing pressure contours along the major
axial plane of a supersonic nozzle section;

Figure 2(b) is a diagram showing pressure contours along the minor
axial plane of the supersonic nozzle section;

Figure 3(a) is a diagram showing velocity vectors along the major axial
plane of the supersonic section;

Figure 3(b) is a diagram showing velocity vectors along the minor axial
plane of the supersonic section;

Figure 4(a) is a diagram showing variations in a ratio of the plume static
pressure to the ambient pressure for an axisymmetric nozzle of the prior art;

Figure 4(b) is a diagram showing variations in the ratio of the plume
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static pressure to the ambient pressure for an elliptic nozzle according to the
present invention;

Figure 5 is a diagram showing the predicted and the tested Mach flow
velocities at the nozzle exit for both the major and minor axes; and

Figure 6 is a diagram showing the perceived noise level for different

nozzle shapes at different angles to a nozzle axis.

Detailed Description of the Preferred Embodiment

Figures 1(a) and 1(b) are cross-sectional diagrams of a nozzle designed
according to the present invention. As shown in Figures 1(a) and 1(b), the
nozzle internal geometry is divided into three sections. The first section is a
circular-to-elliptic transition section 1. At its upstream end, it is connected
to a circular nozzle inlet. The second section is an elliptic subsonic section
2. Itis downstream from the circular-to-elliptic section 1. The third section
is a supersonic section 3. Itis downstream from the elliptic subsonic section
2.

The resulting elliptic cross-sectional shape at the end of the circular-to-
elliptic section has a cross-section with major radii at the widest part of the
ellipse and minor radii at the narrowest part of the ellipse. Figure 1{(a) is a
view along the major axial plane and Figure 1(b) is a view taken along the
minor axial plane.

The shape, i.e., the nozzle coordinates, of all three sections of the
nozzle, is determined from the major and minor radii at each axial point of the
nozzle. Thus, an explanation follows of how the minor and major radii are
calculated.

The circular-to-elliptic section translates the circular geometry of the
circular nozzle inlet into an elliptic shape. Flow in this section is subsonic.
The major radius a(x) at each point in the circular-to-elliptic section is

determined according to
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a(x) = R; + Sx + O\x% + C,x°, (1)

where R;is the circular nozzle inlet radius, S is the slope of the walls at the
circular nozzle inlet and x is the axial distance from the circular nozzle inlet.

C, and C, are constants. C, is determined according to

2(R; - A,) + SX,

C1 =
X

’ (2)

where A _is the major radius at the end of the circular-to-elliptic section which
is chosen based upon the necessity to keep the nozzle convergent in the
circular-to-elliptic section and possibly based upon the desired Mach flow
velocity at the end of the circular-to-elliptic section, for example Mach 0.3.
X, is the length of the circular-to-elliptic section which is determined by space
constraints as an upper boundary, and by the maximum slope of the inwardly
sloping nozzle walls as a lower boundary. If the nozzle walls in the circular-
to-elliptic section change slope too rapidly, there will be gas separation at the
walls of the nozzle. Note that the maximum slope of the nozzle walls is, for

example, -13.6°. C, is determined according to

5+3C,X:
c, - —scalesym300{TXZ—LscalesymBOO}. (3)
L

As shown in Figure 1(b), the minor radii is reduced throughout the
circular-to-elliptic section. Thus, the nozzle
slopes inwardly. The inward slope helps reduce the boundary layer. The
minor radius b(x) at each axial point in the circular-to-elliptic section is

determined according to

b(x) - —2alx) |
1+ (A,-1) =
XL

(4)

where A, is the aspect ratio which is the ratio of the major radii to the minor
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radii. According to a preferred embodiment, the aspect ratio is kept constant
throughout the elliptic subsonic and the supersonic sections of the nozzle.
However, it could be varied. The present forming method will work for
aspect ratios over 1.0. However, aspect ratios in the range of 2 to 3 have
been found to be optimal.

The elliptic subsonic section 2 is the section immediately downstream
from the circular-to-elliptic section. This section contracts so that by the end
of the section the gas flow is sonic.

The major and minor radii, and each axial point in the elliptic subsonic
section, and thereby the wall coordinates, are derived from the coordinates
of a corresponding axisymmetric, i.e., circular, nozzle. Specifically, according
to the present invention, the elliptic nozzle coordinates are determined from
the corresponding axisymmetric nozzle radii R(x) at each axial point in the
corresponding axisymmetric section. The corresponding axisymmetric nozzle
radii R(x) are determined, for example, by the Inverse Method of Freidrichs.

The major nozzle radii a(x) are determined according to

1

a(x) - R(x) (&) 2, (5)

wherein A, is the aspect ratio which is held constant for the elliptic subsonic
section and, according to a preferred embodiment, is 2.

The minor nozzle radii b(x) are simply determined from the constant
aspect ratio A,

b(x) - 22X (x) .
(x) A, (6)

The supersonic section 3 is the section immediately downstream from

the elliptic subsonic section. It begins at the throat 4 of the nozzle, which is

the smallest point of the nozzle and the point at which the gas flow is sonic
(Mach 1.0). It ends at the nozzle exit.
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To avoid shock waves, there is no contraction in the supersonic
section. Instead, as can be seen from Figures 1(a) and 1{b), the nozzle
expands slightly in the supersonic section.

The nozzle coordinates in the supersonic section are approximated from
corresponding axisymmetric nozzle coordinates R(x) again using equations (2)
and (3). However, the radii of the corresponding axisymmetric nozzle R(x)
can no longer be approximated by the Inverse Method of Freidrichs because
the flow velocity in the supersonic section may exceed Mach 1.2, and
because the second derivative of the nozzle wall in the axial direction
downstream of the throat becomes negative, for which the Inverse Method
of Freidrichs is inappropriate. Therefore, a different axisymmetric design code
must be used and, preferably, the Method of Characteristic is used.

In forming the circular-to-elliptic section, the length of the section was
selected to be 1.825". The circular-to-elliptic section translated an inlet
circular cross-section with a radius of 1.549" to an elliptic cross-section with
an aspect ratio of 2. At the end of the circular-to-elliptic section, the major
radius was 1.414" and the minor radius was .707". Flow at the end of the
circular-to-elliptic section was .24 Mach. The end of the circular-to-elliptic
section was also formed to accommodate a 40 x 40 mesh stainless steel
screen to aid in smoothing any flow irregularities. Testing of the nozzle
without the screen demonstrated that the screen was unnecessary, but may
still be required for those flows that have substantial non-uniformities.

As stated above, the aspect ratio for the elliptic subsonic section and
the supersonic section was kept constant at 2 and the flow at the end of the
elliptic subsonic section was sonic.

The flow field for the designed nozzle was predicted using Navier-
Stokes Equations. Figures 2(a) and 2(b) respectively show pressure contours
along the major and minor axial planes of the supersonic section calculated
using a Navier-Stokes Code. There are several different published Navier-

Stokes Codes, one of which is published in A. Kumar, "Numerical Simulation
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of Scramjet Inlet Flow Fields," NASA TP-2517. This publication is hereby
incorporated by reference. In Figures 2(a) and 2(b) each approximately
vertical line within the nozzle represents a pressure variation (pressure
contour) of about 5000 newtons per meter squared (n/m?). The elliptic
section towards the nozzle exit represents a region where the pressure is
slightly under 110,000 n/m?, which is just slightly above atmospheric
pressure.

As can be seen from Figures 2(a) and 2(b), the pressure contours along
both the major and minor axes are generally smooth except for small
oscillations in the pressure contours of the minor axis which are confined to
near the wall of the nozzle. Thus, there is no sign of shock formation and no
noise is expected due to shock turbulence interaction.

Figures 3(a) and 3(b) respectively show the velocity vectors along the
major and minor axial planes of the supersonic section, as computed
according to the Navier-Stokes code. The length of each vector is
proportional to the velocity at that point. As can be seen from Figures 3(a)
and 3(b), the velocity at the nozzle exit appears uniform except for only a thin
boundary layer at the walls of the nozzle. Thus, velocity vector analysis also
indicates that the expected noise would not contain any shock/turbulence
generated noise.

The nozzle was constructed in halves and joined along the minor axis.
The nozzle was experimentally tested for its acoustic properties and to verify
the correctness of the predicted calculated results.

Figure 4(a) shows variations in a ratio of the plume static pressure to
the ambient pressure for an axisymmetric nozzle of the prior art. The x axis
represents a distance x away from the nozzle exit (exterior to the nozzle)
divided by the major diameter 2a at the nozzle exit. The y axis represents the
ratio of the plume static pressure P, to the ambient pressure P,. The plume
static pressure is the pressure along the centerline of the nozzle at a distance

away from the nozzle exit. As can be seen from Figure 4(a), the plume static
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pressure falls below the ambient pressure. This is due to surrounding fluid
entrained in the high speed gases. As can be seen from the peak at about
x/2a = .1, there was an undesirably large variation in the pressure ratio P,/P,
in the circular nozzle. It varied as much as .3.

It is an important criterion for the present invention that the pressure
ratio P,/P, not vary more than .1. Figure 4(b) shows variations in the ratio of
the plume static pressure to the ambient pressure for an elliptic nozzle formed
according to the present invention. The x axis represents the distance x
away from the nozzle exit divided by the length 2b of a minor diameter at the
nozzle exit. As can be seen from Figure 4(b), the elliptic nozzle satisfies this
design criteria.

Figure 5 shows the predicted and the tested velocity Mach numbers at
the nozzle exit for both the major and minor axes. The square and circular
plots in Figure 5 represent the measured Mach numbers along the major and
minor axes, respectively. The solid and dotted lines represent the Navier-
Stokes predicted Mach numbers along the major and minor axes, respectively.
The x axis represents the fractional distance from the centerline and is either
the distance X, along the major axis divided by length 2a of the major axis or
the distance X, along the minor axis divided by length 2b of the minor axis.
The y axis represents the Mach number.

As can be seen from Figure 5, after a thin boundary layer at the nozzle
wall, the flow velocity is uniform at the desired 1.5 Mach at both the major
and minor axis. Figure 5 also shows that the predicted flow velocities are
very close to the experimentally measured velocities.

Elliptic nozzles formed according to the above-described method were
tested and found to be superior to round nozzles in noise reduction. Nozzles
which produced a Mach 1.5 flow across the exit plane of the nozzle were
produced and tested, the results of which are shown in Figure 6. Figure 6 is
a diagram showing the perceived noise level for different nozzle shapes. In

Figure 6, the y-axis represents the perceived noise level in decibels. All noise
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measurements were taken along a straight line 1,459’ from the centerline of
the jet (FAR 36 sideline observation points). The x-axis represents the
directivity angle, the angle from the nozzle exit relative to the centerline of the
exiting stream of the gases (plume). As can be seen from the diagram, four
types of nozzles were tested, Mach 1.0 round nozzles, Mach 1.5 round
nozzles, Mach 1.5 Aden Nozzles and Mach 1.5 elliptic nozzles. The noise for
all tested nozzles was scaled to a single constant mass flow rate and a single
constant thrust of 50,000 Ibs. Itis known that noise at a directivity angle of
less than 60° is dominated by shock noise, and noise at a directivity angle of
greater than above 120° is dominated by jet mixing noise. As can be seen
from Figure 6, the elliptic nozzle was superior to the other tested nozzies in
both the 'fegion where shock noise dominated and the region where jet mixing
noise dominated. It can also be observed that although the Aden nozzle
performed well in the region where jet mixing noise dominated, it was louder
in the region where shock noise dominated.

Numerous modifications and adaptations of the present invention will
be apparent to those skilled in the art. For example, minor modifications may
be made to the equations herein. Thus, the following claims are intended to
cover all such modifications and adaptations which fall within the true spirit
and scope of the present invention.

What is claimed is:
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SHOCK-FREE SUPERSONIC ELLIPTIC NOZZLES
AND METHOD OF FORMING SAME

Abstract of the Disclosure

A method of forming a shock-free supersonic elliptic nozzle, in which
the nozzle to be designed is divided into three sections, a circular-to-elliptic
section which begins at a circular nozzle inlet, an elliptic subsonic section
downstream from the circular-to-elliptic section and a supersonic section
downstream from the elliptic subsonic section. The maximum and minimum
radii for each axial point in the circular-to-elliptic section and the elliptic
subsonic section are then separately determined, the maximum and minimum
radii being the radii for the widest part of an elliptic cross-section and the
narrowest part of the elliptic cross-section, respectively. The maximum and
minimum radii for each axial point in the supersonic section are determined
based on the Method of Characteristics. Then, each of the three sections are
based on the maximum and minimum radii for each axial point in the section.

The resulting nozzle is acoustically superior.

PATENT APPLICATION
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