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A high Reynolds-number Mach-6 wind-tunnel nozzle
has been designed for a new quiet-flow Ludwieg tube.
The quiet-flow nozzle is designed to maintain laminar
boundary layers on the nozzle walls as far downstream
as possible. Transition onset is estimated using the ¢"
method. A very long nozzle with gentle curvature is
used to reduce Gortler instability. Early transition
would occur in adiabatic nozzles of this type, due to the
first-mode TS instability. The first mode is controlled
with an isothermal wall temperature that is high near
the throat and tapers to ambient near the exit. The
crossflow instability is eliminated through use of an axi-
symmetric nozzle. The ¢” method predicts that a quiet-
flow Reynolds number in excess of 13 million can be
achieved in a prototype nozzle that is 2.61 m (103 inch)
long and 0.23 m (9inch) in diameter, at 10 atm.
(1.03 x 10° Pa) total pressure. This performance would
be about twice that of the existing Langley Mach-6
quiet-flow nozzle. At the same pressure, a nozzle that is
10 m (33 ft) long and 0.61 m (24 in.) in diameter is pre-
dicted to have a quiet Reynolds number of more than 36
million, a value sufficient to allow reproducing many
flight experiments.

LAMINAR-turbulent transition in high-speed boundary
layers is important for prediction and control of heat
transfer, skin friction, and other boundary layer proper-
ties. However, the mechanisms leading to transition are
still poorly understood, even in low-noise environ-
ments. Applications hindered by this lack of under-
standing include reusable launch vehicles such as the X-
33 (ref. 1), high-speed interceptor missiles” and hyper-
sonic cruise vehicles”.

The transition process is initiated through the growth
and development of disturbances originating on the
body or in the freestream®. These disturbances generate
instability waves which grow and break down into tur-
bulence”'®. The best commonly-available design tool
uses correlations between transition and the integrated
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Satish Dhawan played a major role in leading study of laminar—
turbulent transition from empirical correlations toward a scientific
understanding based on the physical mechanisms. The work de-
scribed here continues a 30-year experimental effort toward this
same goal and has drawn inspiration from Prof. Dhawan and the
other early leaders.
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growth of the linear instability waves’. Although these
¢" correlations neglect all receptivity, nonlinear, and
secondary instability effects, they work fairly well for a
variety of conditions where the environmental noise is
generally low'"'*.

Unambiguous progress in characterizing the mecha-
nisms of low-speed transition has been made through
the use of low-noise wind tunnels with disturbance lev-
els comparable to those in flight, and the study of the
development of controlled perturbations. In contrast, the
interpretation of most high-speed experiments has been
ambiguous due in part to operation in high-noise wind
tunnels with disturbance levels much larger than those
in flight. Only in the last two decades have low-noise
supersonic wind tunnels been developed'”'*. This de-
velopment has been difficult, since the boundary layers
on the nozzle walls must be kept laminar in order to
avoid high levels of eddy-Mach-wave acoustic radiation
from the normally-present turbulent boundary layers.
The effects of this acoustic noise are profound. For ex-
ample, linear instability theory suggests that the transi-
tion Reynolds number on a 5 degree half-angle cone
should be 0.7 of that on a flat plate, but noisy tunnel
data showed that the cone transition Reynolds number
was actually higher than the flat plate result. Only when
quiet tunnel results were obtained was the theory veri-
fied"”. Consequently, both the location and the paramet-
ric trends for transition in conventional wind tunnels
can be dramatically different from those in flight'.
Only the study of controlled disturbances in a controlled
quiet environment can produce unambiguous data suit-
able for development of reliable theory. Reliable predic-
tive methods will have to be based on estimates of the
flight disturbance environment.

To address hypersonic transition applications, NASA
Langley constructed a Mach-6 quiet tunnel'®. This tun-
nel was designed using ¢ methods, and the perform-
ance agreed fairly well with an N=7.5 criterion. A
number of experiments were carried out in this facility
before it was deactivated'’. A Mach-8 quiet tunnel has
also been under development at Langley'”.

The present work is part of a program to develop an
improved hypersonic quiet tunnel with low operating
costs'®?. The Mach number was chosen to be 6, which
is near the lowest Mach number at which the hypersonic
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second-mode instability is dominant under coldwall
conditions®’. The hypersonic insensitivity of transition
to roughness can also be studied at Mach 6 (ref. 21).
The limited temperatures required to reach Mach 6 re-
duce construction, operating, and instrumentation costs.

Design methods

The methods used for design of the quiet-flow nozzles are
very nearly the same ones used by NASA Langley for its
designs®. The major difference from the Langley methods
is that the supersonic uniform-flow-exit nozzle shape is
computed using the wind-tunnel nozzle design code used
for the AEDC tunnels™**, instead of a Langley-modified
form of the short-rocket-nozzle code of Nelms™. The Siv-
ells code used already included the ability to create radial-
flow sections between the initial expansion contour and
the latter part of the contour (which cancels the character-
istics in order to provide uniform flow at the exit)*. Har-
ris’s boundary-layer code is used for the laminar
boundary-layer®®. The e**Malik code is used for the e
stability computationszng. The number of circumferential
waves is held constant in the Gortler computation®. The
present author was able to repeat earlier computations of
the N-factor for Gortler instability on the wall of the
Langley Mach-6 quiet nozzle™.

The input/output of the three codes has been modified
by the author, to create an automatic system that feeds the
output of one code into the input of the next, with mini-
mal user labour®. The bleed slot lip ahead of the throat is
computed using the Hopkins-Hill technique, just as it has
been at Langley, except a new, documented version was
written’®. The suction side of the bleed slot lip has been
designed by the method of streamtubes’'. The design of
the contraction and bleed-slot area is described together
with the mechanical design in ref. 32.

Excellent resolution in the boundary-layer and insta-
bility analyses is necessary to achieve accurate stability
results™. Extensive grid-resolution tests were therefore
carried out. In the boundary-layer code, 201 points were
used in the wall-normal direction, although a compari-
son between most-amplified Gortler N factors from
computations with 201 and 101 points yielded a differ-
ence of only 0.3% at the nozzle exit. In the Harris bound-
ary layer code, the geometrical progression factor xk was
taken as 1.05 to 1.10, for a fairly uniform grid with a
small amount of packing near the wall. This is because
good accuracy near the boundary-layer edge is needed.
The boundary layer profiles were obtained to about 1.25
times the 99.99% boundary-layer edge thickness, to make
sure that the derivatives near the boundary layer edge
were fully resolved. This was a very conservative grid,
since a comparison to a grid with 1/3 fewer points near
the boundary-layer edge yielded a difference in second-
mode N-factor of less than 0.2% at the nozzle exit.
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The first derivatives of the velocity and temperature
profiles are written directly from the Harris code, so
only one numerical differentiation is required to generate
second derivatives for input to e**Malik. Figures 25-27
in ref. 34 show that changing the streamwise resolution
from 254 profiles to 398 profiles changed the most-
amplified N-factor by less than 1%. The streamwise reso-
lution given is the number of stations computed in the
e**Malik code; the number of streamwise boundary-layer
solution stations was twice this. In e**Malik, 141 grid
points were used in each local eigenvalue search, a num-
ber near the maximum allowable, again to be conserva-
tive. The major difficulty was obtaining accurate
streamwise radii of curvature for the Gortler analysis; this
was surmounted by writing the first and second deriva-
tives of the streamwise wall contour directly from
where they are computed inside the Sivells code. The
integrated N-factors are thus thought to be accurate to
about 1%. Further details are contained in ref. 34.

Approach

Lengthen the nozzle to achieve higher quiet-flow
Reynolds numbers

Ref. 35 shows experimental data to demonstrate that
lengthening a nozzle extends the quiet-flow Reynolds
number. This concept is discussed in some detail with
respect to another Langley Mach-2.4 design’, which
provides e" computations. Figures 1 and 2 in ref. 36
show that a nozzle that is 3 times larger when operated
at 1/3 of the total pressure yields nearly identical quiet-
flow length Reynolds number, with transition occurring
in nearly the same relative location for the two nozzles.
This scaling indicates that Gortler-induced transition
also scales with Reynolds number, as will be discussed
further later. Ref. 36 also showed that a nozzle of ap-
proximately twice the length increased the quiet-flow
length Reynolds number (R4,) by a factor of about two.

Heat the nozzle throat to delay transition

A further transition delay might be expected if the noz-
zle throat is heated’’. Ref. 38 explains the likely
mechanism — note that although this second reference is
for incompressible flow, the trend with wall cooling is
the same for first-mode compressible waves, which may
be a major factor in the first part of the nozzle. Al-
though the effect of heating on the Gortler instability
may be small, the heating will also thicken the throat-
region boundary layer and so reduce the relative rough-
ness height. Langley observations indicate that a hot
nozzle can increase the extent of quiet flow™. These
results were confirmed indirectly by measurements in
the Purdue tunnel carried out with hot driver-tube gas
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(to which the wall appears cold); these results show a
decrease in quiet-flow Reynolds number*.

Reference 41 discusses the favourable effect of throat
heating, but raises a new concern about a second gener-
alized inflection point that can arise in the throat area
when large amounts of heating are used. In the present
case, the peak throat temperature is limited to values
that are low by the standards of ref. 41, because of the
limitations of cost-effective nozzle materials. No evi-
dence of a second generalized inflection point is seen in
plots similar to Figure 3 of ref. 41.

Results
Nozzle shapes

Figure 1 shows the inviscid contours of three nozzles
designed with Sivell’s code®®. Choices had to be made
in setting the input parameters for this code. A 3rd-
degree axial velocity distribution was chosen in the
throat region, and a 4th-degree velocity distribution was
chosen in the exit region. Neither of these selections is
thought to be critical. The contour of the Langley
Mach-6 quiet tunnel is also shown — this contour in-
cludes the displacement thickness correlation. Some key
parameters are shown in Table 1. Here, ID is the case
number for the nozzle; each nozzle was assigned a letter
identifying the inviscid design, followed by a number
identifying the viscous conditions. These IDs will be
shown in parentheses in the plots. All lengths are given
in throat radii, and the coordinate origin is on the cen-
terline at the throat. The nozzles were scaled geometri-
cally to various sizes. Nozzle mé6chen6 is very similar
to the Langley Mach-6 design, although the similarity is
obscured somewhat in this plot since the Langley exit
diameter is 0.19m (7.5in.). The long nozzle, g, has
half the inflection-point angle and about twice the
length. The very long nozzle, i, has an inflection angle
which is halved again. The 4th nozzle, m, was shortened
because the additional length is not needed for the
prototype. The S5th nozzle, I, is the same as i, except it
was computed with higher resolution. The length of the
radial flow region generally increases with nozzle
length.

Further validation

Computations were carried out for the nozzle similar to
that used at NASA Langley. Envelopes of the first-
mode and Gortler instabilities were computed“. The
results are similar to those reported by Chen®’; Gortler
instability dominates. The nozzle wall was adiabatic,
T,=456 K (820 R), and the inviscid exit diameter
(without the displacement thickness correction) is
0.20 m (8.0 in.).
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Figure 2 shows the quiet-flow length Reynolds num-
ber for the shorter nozzles, computed and compared to
results for the Langley Mach 6. The Langley data were
digitized from figure 9 in ref. 42. Of course, there are
many uncertainties in a semi-empirical prediction
method of this type; these uncertainties include nonlin-
ear effects in the growth of individual instabilities, non-
linear effects in the combined effects of several insta-
bilities, and receptivity effects. Computations using the
Parabolized Stability Equations (PSE) would have been

useful, because they could include nonparallel,
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Figure 1. Inviscid contours for 3 axisymmetric nozzles with 0.20 m
(8 in.) exits.
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Figure 2. Quiet Reynolds numbers for Langley and Langley-like
nozzles {(m6chen6b, méchen6e).
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Table 1. Key parameters for inviscid nozzle designs

D n RC Xg Ve Xq Ya Xa Ya
méchen6 9.84 3.68 3.39 1.50 12.82 3.13  81.85 7.29
g 4.92 4.00 1.81 1.13 28.42 342 142.1 7.29
i 2.46 8.00 1.43 1.05 72.32 4.09 2407 7.29
m 4.00 8.00 2.13 1.12 38.31 3.65  164.9 7.29
1 2.46 8.00 1.43 1.05 72.32 4.09 2407 7.29
—a—— 1.03 MPa, 0.41-m exit Using this method, transition was predicted on the
——5—— 2.06 MPa, 0.20-m exit nozzle walls, and the characteristic lines from the invis-
—<—— 1.03MPa, 8/D cid nozzle solution were used to predict the extent of
—=+&—— 2.06 MPa, 6/D quiet flow. The results for N=7.5 are very similar to
0.001 Chen’s results, and to the original data from the Mach-6
8 0.0009 quiet tunnel. The new nozzle performs a bit better, for
0.0008 Figure 2 shows that R4, is higher even though the TS N-
factor is included in our prediction method. The slope is
g 6 0.0007 about the same; the quiet Reynolds number increases
£ 0.0006 with nozzle Reynolds number.
z 0.0005S
24 0.0004 .
8 Scaling
0.0003
2 0.0002 Figure 3 shows results computed in the long nozzle at
0.0001 the same nozzle Reynolds number, to determine
0.4 ’ 0 Reynolds number effects. The two cases achieve
0 Reynolds number by a different combination of size and

xc/D
Figure 3. Gortler number for two long Mach-6 nozzles with differ-
ent scalings (g5, g6).

non-linear, and wave interaction effects that are ne-
glected in the present analysis. However, use of the par-
ticular PSE methods that were available at the time was
considered to be beyond the scope of this effort.

Earlier predictions by Chen*” agreed well with data in
the Langley quiet nozzles when an N-factor of 7.5 was
used as a transition criterion. Chen used N = 7.5 based
on only the most amplified instability; the second-mode
instability was not computed, and since the N-factor for
the first mode was 2 or 3 it was also neglected®. Since
the various instability-wave types have varying relative
sizes in the computations presented here, some method
of accounting for their overall effect on transition is
needed. Unfortunately, there is little data for nonlinear
growth and interaction effects. Here, transition will be
based on the ‘combined N-factor’, N which is the
square root of the sum of the squares of the individual N
factors. This simple estimate is without theoretical or
empirical justification, except that it is similar to one
used successfully by Schrauf for crossflow and TS in-
stability on swept wings®. Predictions will be based
primarily on N,,; = 7.5, which is more conservative than
Chen’s method since it includes the effect of the smaller
instabilities.
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pressure. When scaled with Reynolds number and exit
diameter, the results for the momentum thickness and
Gortler number are identical. Obviously, Gértler num-
ber scales with size and Reynolds number. The stagna-
tion temperature is 456 K (820 R), and the stagnation
pressure and nozzle exit diameter are shown in the
legend. The nozzle wall is isothermal for these compu-
tations, with an inlet temperature equal to the stagnation
temperature, and a wall temperature that tapers linearly
to 300 K (540 R). This temperature distribution is
similar to that which is expected in the tunnel — the
driver tube must be continuously maintained at stagna-
tion temperature for Mach 6, and it will heat the up-

stream end of the nozzle by conduction. The
downstream end will be cold due to conduction to the
piping.

Figure 4 shows N-factor results for the same two
cases. The envelope of the most amplified first-mode
and Gortler waves is plotted, for each nozzle. The hori-
zontal axis is the arclength along the nozzle wall scaled
with the nozzle exit diameter. The curves overlap to
within 1 per cent. Thus, the instability computations
scale with diameter and Reynolds number, even though
the frequencies and Gortler wave number differ by a
factor of 2. Reynolds number can be achieved with size
or pressure, and the ¢ results are identical in either
case. This plot serves to validate the computational
methods as well as the scaling.
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—o—— 1.03 MPa, 0.406 m, TS envelope
——=a—— 1.03 MPa, 0.406 m, Gortler envelope
—=a—— 2.06 MPa, 0.203 m, TS envelope
2.06 MPa, 0.203 m, Gortler envelope
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Figure 4. TS and Gértler envelopes for two nozzles at different
scales but the same Reynolds number (g5, g6).
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Figure 5. N-factor envelopes at three Reynolds numbers (g3, g5, g4,
see Table 2).

Effect of Reynolds number

Figure 5 compares N-factors in the long Mach 6 nozzle,
at three Reynolds numbers. As is true in general
unless otherwise stated, the stagnation pressure is
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Figure 6. Total N-factors at three Reynolds numbers (g3, g5, g4, see
Table 2).

1.03 x 10° Pa (150 psia) and the stagnation temperature
is 456 K (820 R). Here, the wall temperature is isother-
mal, decreasing linearly with arclength from 456 K
(820 R) at the bleed lip to 300 K (540 R) at the exit.
The exit diameters are shown in the legend. Both TS
(first mode) and Gortler rise with Reynolds number.

Figure 6 shows the envelope of the three N-factors,
including the second mode, and again taken with the
square root of the sum of the squares. Using N = 7.5 the
quiet Reynolds number was computed, with the results
given in Table 2. The quiet Reynolds number increases
with Reynolds number, but not as fast as it did for
Chen’s shorter nozzles. The performance of the long
0.20 m (8 in.) nozzle is about 50% better than the Lang-
ley 7.5 inch Mach 6; the performance of the 0.61 m
(24 in.) is about 2 times better.

Effect of nozzle length at moderate Reynolds number

Figure 7 shows momentum thickness and Gortler num-
ber for the long and very long nozzles. Both nozzles
also have isothermal wall temperatures that decrease
linearly with arclength from 456 K (820 R) at the bleed
lip tip to 300 K (540 R) at the exit, and both have
0.20 m (8in.) exit diameters. Gortler number remains
about the same as the nozzle is lengthened.

Figure 8 shows first-mode and Gortler envelopes for
three 0.20 m (8 in.) nozzles. As started earlier m6chen6b
has an adiabatic wall, while g3 and il have isothermal
walls with a temperature that drops linearly with ar-
clength from 456 K (820 R) to 300K (540 R). The
Gortler N-factors drop dramatically when the nozzle is
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Table 2. Quiet Reynolds number vs Reynolds number for long nozzle

ID Exit diam. xc, N=6.5 xc, N=17.5 Regier D, L,
23 0.20 m 1.46 m 1.67m 8.7 million 0.15m 9.85m
g5 0.41 m 2.39m 2.61m 9.7 million 0.16 m 0.98 m
g4 0.61m 3.29m 3.63m 11.4 million 0.19 m 1.13 m
—<¢—— 6, long nozzle ——a8—— med., adiab., 2nd-m. env.
——a—— Gortler No., long nozzle ——o—— med.,adiab., sqrt(sumsq)
—— % velry 'ﬁ“g nozzlle ——a— long, isoth., 2nd-m. env.
v ortier No., very long ———— long, isoth., sqrt(sumsgq)
37 —b—— very |, isoth., 2nd-m. env.
] ——e¢—— very l., isoth., sqrt(sumsq)
=
3 12
ER- N
J442 .
1 8 B
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] 8 by -
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] - =
1 Z |
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Figure 7. Momentum thickness and Goértler number in long and very [~
long nozzles (g3, il). 0 e
0

——a—— med., adiabatic, TS env.
———— med.,adiab., Gortler env.
—=a—— long, isoth., TS envelope
——=—— long, isoth., Gortler env.
—=—— very long, isoth., TS env.
——<—— very |, isoth., Gortler env.
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Figure 8. N-factor envelopes for three nozzle lengths (m6chen6b,
23,1il).
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Figure 9. Total N-factors for three nozzles of different lengths
{mé6chen6b, g3, 1i1).

lengthened, but the first-mode increases with length for
the two isothermal wall cases. Although peak Gortler
number does not decrease when the nozzle is length-
ened, Gortler N factors do decrease. The use of transi-
tion estimates based on the N-factors rather than the
Gortler numbers is supported by previous Langley ex-
perience with lengthened nozzles™.

Figure 9 shows the combined N-factors for the 3 noz-
zles, along with the second-mode envelopes. The long
and very long nozzles have the same temperature distri-
bution, the medium nozzle is similar to the Langley de-
sign and has the adiabatic wall temperature used at
Langley. The key quiet-flow parameters are summa-
rized in Table 3. The quiet Reynolds numbers increase
with length because the first-mode instability increases
less than the Gortler instability decreases.

Effect of length at high Reynolds number

Figure 10 shows the results for the very long nozzle
when it is scaled up to increase the Reynolds number by
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Table 3. Quiet Reynolds numbers vs nozzle length

ID xc, N=6.5 xc, N=17.5 Regier D, L,

mé6chen6b 0.63 m 0.72 m 7.3 million 0.12 m 0.73 m

23 1.46 m 1.67m 8.7 million 0.15m 0.85m

il 2.94 m 332 m 11.1 million 0.19 m 1.10 m

. long, Gortler env. —o—— 694K linear to 300K
———— Jlong, 2nd-mode env 611K then drop
9, ’ —=o6—— 556K then drop

——e—— long, sgri(sumsq)

v. long, 1st-mode
v. long, Gortler

——a—— V. long, 2nd-mode

° v. long, sqrt(sumsq)
14
12F
10F
N
z 6F
4F
2t

00 ;_;,_,. 10

XC, m

Figure 10. N-factors for long and very long nozzles at higher Rey-
nolds number (g4, i2).

a factor of 3. It is compared to the long nozzle at the
same Reynolds number. Both nozzles now have 0.61 m
(24 in.) inviscid exit diameters. Both nozzles have wall
temperatures that taper linearly from 456 K (820 R) to
300 K (540 R). Every 10th point is shown. Using
Nyt = 7.5 as a transition criterion, the very long nozzle
has a quiet Reynolds number of 7.8 million, while the
long nozzle has a quiet Reynolds number of 11.4 mil-
lion.

The very long nozzle in the 0.61 m (24 in.) exit size
has worse performance than it does in the 0.20 m (8 in.)
exit size. It also has worse performance than the long
0.20 m (24 in.) nozzle does, although the very long
0.20 m (8 in.) is better than the long 0.20 m (8 in.). TS
dominates the very long nozzle, whereas it is less than
Gortler in the long nozzle. The combined N-factor is
also shown. Although N, is lower at the nozzle exit for
the very long nozzle, its performance is worse because
N =7.5 is reached farther upstream of the nozzle exit.
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Figure 11. Various wall temperature distributions for very long
nozzle (i2, i3, i4, i5).

Although lengthening the nozzle works well at the
moderate Reynolds number, the improvement is not
sustained at the higher Reynolds number, due to in-
creased problems with the first-mode instability. An-
other means of control is needed in order to reach high
quiet Reynolds numbers.

Effect of nozzle wall temperature

It has already been shown that the temperature distribu-
tion at the nozzle wall is very important. A number of
cases were then computed in order to see if the com-
bined effect of wall temperature and nozzle length
would allow reaching high quiet Reynolds numbers.
Figure 11 shows the temperature distributions for 4
such cases. All the nozzles have 0.61 m (24 in.) inviscid
exit diameters. The first case, i2, begins with a wall
temperature equal to the stagnation temperature, 456 K
(820 R). It tapers linearly to nominal ambient tempera-
ture, 300 K (540 R), at the nozzle exit. This simulates a
throat maintained at the driver-tube temperature of
456 K (820 R), and a nozzle exit cooled to maintain it at
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Table 4. Quiet Reynolds number vs wall temperature for the very long 0.61 m (24 in.) nozzle

ID xc, N=6.5 xc, N=17.5 Regier D, L,
i2 6.86 m 7.44 m 7.8 million 0.13 m 0.76 m
i3 9.88 m past exit 35.6 million 0.59 m 351 m
4 9.11m past exit 35.6 million 0.59 m 351m
i5 8.75 m 9.72 m 30.6 million 051 m 3.02m
——=—— 1st-mode, 456K throat incl. b.l. correction
——+—— QGortler, 456K without b.l. correction
——— 2nd-mode, 456K 120
——e—— sqrt(sum. sq.) 456K -
——=a—— 1st-mode, 694K throat 100}
——<o—— Gortler, 694K -
— & 2nd-mode, 694K < 80F
———o—— sqri(sum. sq.), 694K £ I
goof
8 I
40
5 20F
*g -
[ 1 1 1 el 1 L I L L 1 i 1 I
= °% 1 2

Figure 12. Effect of additional throat heating in very long nozzle
(i2, i3).

300 K (540R), with a nominal constant-thermal-
resistance path in between. The second case, i3, shows a
throat maintained at 694 K (1250 R) over the first
0.91 m (3 ft) of arclength, followed by the same linear
gradient down to ambient temperature at the exit. The
third case, i4, is similar, except the throat is heated only
to 611 K (1100 R), and the last 1.82 m (6 ft.) of the
nozzle is held at room temperature. This simulates a
case where the heat is taken out of the nozzle upstream
of the last section where the windows are. The final
case, 15, reduces the peak throat temperature further to
556 K (1000 R), but spreads it over a longer distance,
1.82 m (6 ft.), easing thermal-stress issues while main-
taining a similar amount of total heat transfer into the
boundary layer.

Figure 12 shows the dramatic effect of substantial
heating at the throat. The envelopes of the most unsta-
ble waves are plotted for the nozzle, for each of the 3
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Z,m

Figure 13. Contour for prototype nozzle (m1).

types of instabilities, and for the square root of the sum
of the squares. The Gortler instability is affected only
weakly by the heating. The first-mode instability de-
creases dramatically, causing a dramatic decrease in
thot-

Only the throat is heated, so the second-mode insta-
bility, which grows only near the exit, should not be
affected much. Uniform heating decreases the growth of
the second mode, so a decreasing wall temperature
should make the wall look cold, increasing the second-
mode growth. Unexpectedly, however, the second-mode
waves decrease with the throat heating. This effect re-
mains to be explained.

Throat heating is thus a very effective means of con-
trolling the first-mode waves, and it also has a favour-
able effect on the second-mode waves. Table 4
summarizes the key results. For case i3 with the 694 K
(1250 R) throat, N, does not reach 7.5 before the exit,
where the computation halted. Transition is assumed at
the nozzle exit, for a quiet Reynolds number in excess
of 35.6 million. Quiet flow is predicted for a back-to-
back cone with a half-length of 1.74 m (5.7 ft.) and a
diameter of 0.58 m (1.9 ft.). This quiet-flow Reynolds
number is sufficient to allow reproducing many flight
experiments**. Lengthening the nozzle controls Gortler
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SPECIAL SECTION:

Table 5. Quiet Reynolds number vs wall temperature for the prototype 0.23 m (9 in.) nozzle

ID xc, N=6.5 xc, N=17.5 Regier D, L,

ml 2.59m past exit 13.2 million 0.22 m 131 m
m2 1.98 m 226 m 10.2 million 0.17 m 1.0l m
m3 1.83 m 2.07 m 8.1 million 0.13 m 0.79 m

1st-mode, 556K 0.30 m.
Gortler, 556K 0.30 m
2nd-mode, 556K 0.30 m
sqrt(sum. sq.) 556K 0.30 m
1st-mode, 456K taper ‘
Gortler 456K taper
2nd-mode, 456K taper
sqrt(sum. sq.) 456K taper
1st-mode, 456K uniform
Gortler, 456K uniform
2nd-mode, 456K uniform
sqrt(sum. sq.), 456K uniform

N factor

XCc, m

Figure 14. N-factor envelopes for prototype nozzle at three wall
temperature distributions {m1, m2, m3).

instabilities, but causes problems with TS instabilities.
However, when a long nozzle and a hot throat are com-
bined, the result is a dramatic improvement.

Results at and near final design point for prototype

An inviscid exit diameter of 0.23 m (9.0 in.) was se-
lected for the prototype. This diameter is a closer match
to the inside diameter of commonly available thick-
walled pipe, which can be used to fabricate some of the
nozzle parts. It also should allow the use of the same
models used in the open-jet 0.19 m (7.5 in.) nozzle at
Langley. Since this prototype has an intermediate Rey-
nolds number compared to the cases computed previ-
ously, further studies were carried out to determine an
optimum length and the required throat temperatures.
Detailed results are presented in ref. 34.
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Figure 13 shows the contour of the final design for
the prototype nozzle, which has a length of about 2.62 m
(103 in.). Details of the inviscid contour are shown in
Table 1. The relative length of the nozzle is less than that
of the full-scale version because larger curvature is allow-
able at the lower Reynolds number. The correction due to
displacement thickness is also shown in Figure 13; thick-
ness is about 6 mm (1/4 in.) at the nozzle exit.

Figure 14 shows the N-factor envelopes in the proto-
type nozzle. Case ml has a 556 K (1000 R) throat for
the first 0.30 m (1 ft.) of arclength, followed by a linear
taper to 300 K (540 R), where the last 0.61 m (2 ft.) is
held. Case m2 has a linearly tapering isothermal tem-
perature from 456 K (820 R) at the bleed lip tip to
300 K (540 R) at the exit. Case m3 has an isothermal
wall that is 456 K (820 R) over the whole nozzle. Key
parameters are shown in Table 5. The legend for the
corresponding figure in ref. 34 is incorrect and has been
corrected here. For the first case, which is the nominal
design, Ni,: never reaches 7.5. Transition is assumed at
the nozzle exit, for the purpose of computing the num-
bers in the table.

The second and third cases with smaller throat tem-
peratures have dramatically reduced performance.
Clearly, some throat heating is essential to optimal op-
eration of the nozzle, as is the requirement for the tem-
perature to decrease with streamwise distance.

Summary

Using ¢" methods, an 0.61 m (24 in.) Mach-6 nozzle is
designed to remain quiet to a length Reynolds number
in excess of 36 million. Lengthening the nozzle reduces
the Gortler N factor, although it does not reduce the
Gortler number. The nozzle-wall temperature is main-
tained above the stagnation temperature, near the throat,
and is made to decrease to ambient near the exit. This
temperature distribution greatly reduces the growth of
first and second-mode instabilities. The reduction in the
growth of the first mode was expected, but the reduc-
tion in the growth of the second mode remains to be
explained. The two factors must be combined carefully
to be effective.

An 0.23m (9 in.) prototype is also designed, and
should remain quiet to a length Reynolds number in
excess of 13 million, according to similar e” computa-
tions. This performance would be twice that of the best
nozzle yet tested at hypersonic speeds. Construction of
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INSTABILITIES, TRANSITIONS AND TURBULENCE

the

prototype is well underway, and should be com-

pleted late in 2000.

Nomenclature
D exit diameter of inviscid nozzle
D, diameter of the quiet uniform region
G Gortler number, G= (U8 /v)\/6 /R
Ly length of the quiet uniform region, from tip to tip
Nyt square root of sum of squares of N factors for indi-
vidual instabilities
P, total or stagnation pressure
R concave-wall radius of curvature
R.. unit Reynolds number in nozzle freestream
R, Reynolds number based on R., and Ax
RC radius of curvature at the nozzle throat, throat radii
T, total or stagnation temperature
T, wall temperature
U velocity at the boundary layer edge
x, axial location of the end of radial flow at the nozzle
wall, throat radii
x4 axial location of the nozzle exit, throat radii
x; axial location of the beginning of radial flow at the
nozzle wall, throat radii
xc arclength along the nozzle wall from the bleed lip tip
v, radial location of the end of radial flow at the noz-
zle wall, throat radii
yq radial location of the inviscid nozzle exit, throat radii
ye radial location of the beginning of radial flow at
the nozzle wall, throat radii
z  axial coordinate down nozzle centerline, origin at
throat
0  momentum thickness
Ax axial length of uniform and quiet nozzle flow
v kinematic visocity at the boundary layer edge
n  wall angle at the inflection point, degrees
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