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Mach 10 Hypersonic Nozzle: Improved Flow Quality
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The � ow quality of the Mach 10 nozzle (exit diameter 1.27 m) at the National Aerospace Laboratory,Chofu, has
been signi� cantly improved.The spread of pitot pressure ratio over nearly 60% of the test section width and height
was reduced from §7.5 to §1.5%. This was accomplished by remachining the nozzle based on a new technique
for smoothing the method of characteristics plus boundary-layer correction coordinates. Various sets of possible
smoothed contours were checked using two computational� uid dynamics (CFD) codes before selecting one set for
machining. These codes were run with the initial contour, and the CFD results were validated by comparison to
the initial test data before checking the suggested contours. The change in nozzle radius was less than 1 mm.

Nomenclature
Grad P = [(dP=dX /2 C .dP=dR/2]0:5

P = nondimensionalizedpressure, p=p0

p = static pressure, Pa
p0; pt1 = upstream total pressure, Pa
pt2 = total pressure behind normal shock in test section, Pa
R = nondimensionalizedcoordinate in the radial

direction, r=r ¤

r = nozzle coordinate in the radial direction, mm
r ¤ = throat radius, 24.182 mm
X = nondimensionalizedcoordinate in the longitudinal

direction, x=r ¤

x = nozzle coordinate in the longitudinaldirection, mm;
axial location of pitot rake from the end of the test
section, mm

z = vertical location of pitot rake from test section
centerline, mm
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Introduction

T HE 1.27-m-diam Mach 10 nozzle at the National Aerospace
Laboratory (NAL) at Chofu, Japan, was designed in the early

1990s for a nominal design point of 1070 K and 6 MPa. This noz-
zle was designed and manufactured in accordance with industry
standards at the time. The � ow quality (Fig. 1) of this project was
acceptableat the time as compared to other tunnels1; however, since
then wind tunnels with better performance have been offered.2 The
tighter tolerance limits used by the industry can be inferred from
Refs. 3 and 4, where the resolution in Mach number changed from
0.20 to 0.01, respectively.As a result, the Chofu design was not sat-
isfactorycomparedto the currentworld-classperformancecriteria.5

The purpose of this effort was to improve the � ow quality of the
NAL Chofu Mach 10 facility up to the state of the art for hypersonic
testing. Only with such an improvement will test data from the
facility be comparable to those of others around the world. The
improved quality is also necessary to allow use of larger models in
the entire test section.

Other researchers have investigated similar problems,6;7 and the
present effort is seen as another example of a detailed investiga-
tion to improve � ow quality of hypersonic nozzles. The program
described herein was initiated to improve the � ow quality through
the following steps: 1) computational� uid dynamics (CFD) model-
ing of the existing� ow, 2) developmentof possiblenozzlecontours,
3) evaluationof these nozzle contours,4) remachiningof the nozzle,
and 5) validation testing.

Mitsubishi Heavy Industries (MHI), Aero Systems Engineering
(ASE), and NASA Langley Research Center (LaRC) participated
in this effort with NAL. Researchers at NAL obtained experimental
data and analyzed the � ow characteristics in detail; they also deter-
mined the overall speci� cation and provided project management
of the program. Investigatorsat MHI did the contour measurements
and the remachining. Participants at MHI and NASA LaRC used
their CFD capability to model the original test results and to eval-
uate the new contours. Associates at ASE collaborated to develop
the improved nozzle contours.

Analysis: Existing Contour
As shown in Fig. 2, the detailed experimental data indicate pres-

sure waves traversing the test section and the effects of other waves
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converging on the centerline. The pro� le was shown to be nearly
symmetrical. The spread of pitot pressure ratio is shown to be
§7.5%; this spread of pitot pressure implies a Mach number vari-
ation of §1.4%. (All test data in this paper are at the nominal de-
sign point of 6 MPa total pressure, 1070 K total temperature, and
M » 10.)

Through a preliminary CFD analysis these waves were specu-
lated to originate from the nozzle wall as shown in Fig. 3. Whereas
one wave could come from the joint between expansion 1 and
expansion 2, the others were not so obvious. Those other waves
could be re� ections of waves that originated farther upstream, or
they could be waves generated on the nozzle wall at the location
shown.Therefore, the wall contourwas preciselymeasured at many
stations so that small disturbances could be detected. The results of
these measurementsshowed that the contourwas, in general, typical
of hypersonic nozzles, but the slope and curvature were not fully
smooth, as shown in Fig. 4 for the throat and initial expansion.

The complete measured contour data were placed in the CFD
codes of both LaRC and MHI, and the predictions are shown in
Figs. 5 and 6, respectively. In each case, the general character of

Fig. 1 Pitot pressure distributionsat design point pro� le; center of the
test section.

Fig. 2 Pitot pressure pro� les, various axial stations X: u, 75 cm; s, 50
cm; £, 25 cm; ¤, 0 cm; n and l, Mach 10.

Fig. 3 Nozzle sections and possible wave pattern.

the nonuniform pro� les is predicted. (The differences that do exist
are not deemed to be signi� cant because a prediction of such steep
gradients is subject to exact measurements of all peaks and valleys.
Althoughthecoordinatesof thecontourweremeasuredin � nedetail,
there is the possibility that some peaks/valleys were not recorded
and/or that some gas properties are not fully modeled.)

The following points brie� y describe the MHI CFD method:
1) three stage Runge–Kutta scheme, 2) � ux vector splittingcompact
total variation diminishing (� fth-order),8 3) Baldwin–Barth turbu-
lence model (one-equation model), and 4) gas properties based on
Refs. 9 and 10. The code used 401 points in the axial direction and
71 in the radial direction.The code is more fully described in Ref. 8.

The NASA LaRC methoduses theCANDO code that is described
in Ref. 11 and has proven applications in Refs. 12 and 13. To cal-
culate the nozzle � ow� eld, the nozzle is divided into two regions:
the subsonic–transonic section and the supersonic–hypersonic sec-
tion. In the subsonic–transonicsection, the full Navier–Stokes (NS)
equations are solved. In the supersonic–hypersonic section, the

Fig. 4 Original slope and curvature.

Fig. 5 Comparisonsof pitot pressure pro� les with CFD, NASA LaRC.
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Fig. 6 ComparisonsofMachnumberpro� les with CFD, MHI: l, mea-
surement and ——, CFD prediction.

Fig. 7 Typical Mach contour.

parabolized NS equations are solved. The subsonic–transonic grid
was 75 £ 125 points in the axial and normal directions, respectively.
The centerlineMach number startedat approximately0.2 and ended
at a 1.8 Mach number for the � rst region. The downstream calcula-
tions started at approximately 1.4 Mach number and took approxi-
mately 1 £ 106 space marching steps.The numerical grid stretching
was controlled to maintain y C <5.

Other Tools for Analysis
Along with the pitot pressure pro� les, the usual contour maps

of Mach, pressure, velocity, etc., were also obtained. (See Fig. 7
for an example.) The origins of waves were not easily interpreted
from these usual contour plots. Therefore, the parameter GradP=P
was developed. This parameter is not dependent on the selection
of resolution, as was required for the contours in Fig. 7. These
contours are shown in Fig. 8 for the original nozzle, and they depict
gradients in the � ow in all parts of the nozzle. The many waves that
come from the wall can be seen, and some of these traverse the test
section.Strong gradientson the centerlineare also obvious in Fig. 8.
Two waves generally agree with the two pressure waves that were
identi� ed in Fig. 2. The agreement between experimental data and
CFD predictionsvalidated the use of CFD to predict � ow quality of
a revised contour.

Contour Smoothing
Initial Smoothing

Based on the successful validationof the CFD models, new con-
tours were developed in an attempt to obtain a more uniform � ow.

Fig. 8 Contour of Grad P/P for original nozzle.

Fig. 9 Pitot pressure pro� le for two cases of throat block smoothing.

One criterion for these new contours was that the existing nozzle
(except the throat block) had to be reused to minimize cost.

The � rst attempt was to smooth just the throat block, that is,
the initial expansion of the nozzle. The nozzle block is a small
section and could be remade for relatively low cost. The results are
shown in Fig. 9. Note that in both cases that were studied, major
nonuniformities still remain. Thus, it does not seem possible to
achieve uniform � ow with modi� cation of only the throat block.
Furtherattemptsto obtainuniform� ow consideredthe entirenozzle,
not just the throat block.

Final Smoothing
The original contour was based on the method of character-

istics plus boundary-layer correction (MOC C BL) and was then
smoothed using cubic spline methods. For the new coordinates, a
revised smoothingmethod was used based on polynomialequations
of the nozzle radius as a function of the nozzle axial location. The
nozzle was divided into axial sections for the curve � t procedure.To
avoid suddenchangesof slope in the nozzle, the secondderivativeof
the nozzle radiusmust be continuous.Althougha continuoussecond
derivative can be provided by a series of third-order equations, use
of higher-order equations allows coverage of longer nozzle lengths
in each equation; thus, fewer equations are needed. In general, the
curve � t should allow in� ection of the second derivative, and, thus,
a series of � fth-order equations is used to curve � t the MOC C BL
coordinates. The lengths of the sections were adjusted to provide a
good � t of the existing coordinates. Five sections were needed, as
shown in Fig. 10.

At the match point betweeneach section,thecoef� cientswere ad-
justeduntil therewas a match fornozzleradius,slope,and curvature.
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Fig. 10 Sections of nozzle for curve � t procedure.

Fig. 11 Comparison of original contour with new contour.

The sectionfromabout2500to 5500mm is coveredby a singleequa-
tion. Selection of this critical section of the nozzle is a subtle, but
important point; any wave originating in this range goes directly to
the core of the test section, without re� ection from a wall boundary
layer (which may diffuse the effect). That critical section must be a
very smooth and is best provided by a single equation.

Furthermore,becausethe MOC C BL method is step-by-steppro-
cess that uses assumptionsand averagesto compute the downstream
points, it is possible that the best coordinates might be slightly dif-
ferent than the computed values. Therefore, exact matching of the
MOC C BL coordinates was not a priority in this smoothing pro-
cess. It is more important to have a smooth contour than to exactly
match the MOC C BL computed points.

One criterion for this nozzle was that the existing surface had
to be machined at least 0.5 mm so that the new contour could be
made with con� dence.This allowancewas neededfor the tolerances
of machine setup, concentricity, and a full removal of the existing
coating.After smoothing the existingcoordinates,this criterionwas
achieved by rotating the smoothed coordinates0.00016 rad about a
point 2000 mm upstream of the throat.

New Contour
The described method was used to generate several nozzle con-

tours that might improve the � ow uniformity. Each contour was
evaluated using the CFD programs to predict the � ow quality.

The � nal selected contour is shown in Fig. 11. Figure 11 shows
the amount of material that was removed from the original nozzle. It
shows the slightmodi� cation that was applied to the originalnozzle.
Note that, exclusive of the general downward trend (resulting from
the rotation mentioned earlier), the contour change is only about
§0.25mm. The peaksin the lineat about3400and 5000mm indicate
compression corners in the original nozzle; these nearly match the
origin of waves suggested in Fig. 3. At each of these two locations,
the slope is changed by about 1.6/1000 mm (»0.1-deg change of
� ow direction); this highlights the need to limit the size of slope
variations, especially in the compressionmode. Note that the sharp
compression corner near 700 mm may have also contributed to the
problem (after several re� ections); for reference see Fig. 8, which
shows several strong waves originatingin this area.The � ow quality
of the new contour is shown in Fig. 12. The improvement from the
original nozzle can be seen by comparison to Fig. 8. Most of the
disturbances from the wall and the � ow disturbances in the test
section have been eliminated.

Fig. 12 Flow quality of new contour as designed.

Fig. 13 Results of machining to new contour.

Fig. 14 Flow quality of new contour as machined.

Machining Results
As shown in Fig. 3, the nozzle is in � ve sections, the throat

blockand four expansionsections.The throatwas replaced; the four
expansion sectionswere remachinedusing the material of the origi-
nal nozzle.Each expansionsectionwas too long for a singlemachine
setup; two steps were necessary, one from each end. All measure-
ments were made at about20±C as a precautionto achievethe design
contour. The � nal � nish of electroless nickel was hand polished to
0.8 ¹m.

The results of the machining to the new contour are shown in
Fig. 13. The contourwas held to within nearly C,¡0.025 mm of the
design values. The apparent compression corners near the joints at
2500 and 5800 mm are less than 0.01 deg. There is a step, about
0.03 mm high, near 2500 and a similar gap near 4100 mm. The � ow
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quality of the nozzle as-machined is predicted as shown in Fig. 14;
although there are a few small disturbances in the nozzle, the test
section is free from major disturbances.

Test Results
Pitot Pressure

Several improvements were made in the pitot rake before con-
ducting the � nal tests. The number of pitot probes was increased,
and the span was extendedso that measurementsare at 10-mmtrans-
verse spacing and the measurements now extend into the boundary
layer. The test data were taken at more axial stations, with 50-mm
increments in the axial direction covering 750 mm, in both the hor-
izontal and vertical planes, including tests with off-axis placements
(again both in the vertical and horizontalorientations).The data are
summarized in Fig. 15. Note that the spread of pitot pressurewithin
the core §300 mm around centerlinehas been reducedfrom §7.5 to
§1.5%. The reduced spread of pitot pressure ratio implies that the
Mach number variation is now been reduced from §1.4 to §0.3%.
The tests and data are fully discussed in Ref. 14.

Flow Angle
The � ow angularity was measured using a rake with conical

probes. The measurements cover 720 mm in width with 7 coni-
cal probes spaced 120 mm apart. These tests were made in 10 axial
locations,every 100 mm from nozzle exit (X D 0) to 900 mm down-
stream, with the rake in both the verticaland horizontalposition, to-
taling130 points.With the rake in a horizontalposition, the distribu-
tion of � ow angle was obtainedin 7 vertical locations (z D 0, §0.12,
§0.24, §0.3 m) at 3 longitudinallocations (x D 0, 0.25, and 0.5 m),
totaling 147 points (some duplicating the longitudinal positions).

The � ow inclination angles were from ¡0.02 to 0.1 deg on the
centerline and within §0.2 deg in the whole core � ow region. An
example of the result at the nozzle exit cross section is shown in

Fig. 15 Final test results summaryof test data after modi� cation, orig-
inal nozzle: – – –, 0 cm and – - –, 75 cm.

Fig. 16 Flow inclination angle distribution at nozzle exit cross section.

Fig. 17 Centerline Mach number variation, compared with AEDC
Tunnel C: n, AEDC, Z = ¡6:4 mm; ¤, AEDC, Z = 6.4 mm; C, NAL,
Z = ¡10 mm; s , NAL, Z = 0 mm; and 5, NAL, Z = 10 mm.

Fig. 16. The � ow is nominallyaxisymmetricwith slight inward � ow
at this location.Additional information about these tests is included
in Ref. 15.

Centerline Mach Number
Further evidence of the � ow quality achieved in this effort is

shown in Fig. 17 (taken from Ref. 16). Figure 17 shows the compar-
ison of the centerlineMach number in this wind tunnel as compared
to the same parameter in the Arnold EngineeringDevelopmentCen-
ter Tunnel C. The long length of nearly constant Mach number in
the NAL tunnel is apparent.

Conclusions
An international team has studied the � ow quality of the NAL

Chofu Mach 10 nozzle. The participants used both experimental
data and computationalmethods to identify concerns and to modify
the nozzle contour. The results with the new contour show that the
� ow quality has been signi� cantly improved. As a result, the NAL
Mach 10 wind tunnel can now serve the aerodynamic community
as a world-class testing facility.

This work demonstrates the use of � ne-grid CFD to compute
� ows for wall contours with small de� ciencies as well as to eval-
uate new possible contours. The work also establishes a basis for
continued use of the MOC C BL method of hypersonic nozzle de-
sign when used with a suitablesmoothingof the contourcoordinates
as described herein.
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