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ABSTRACT

A sliding-block wind tunnel nozzle was developed and tested in
the Supersonic Wind Tunnel Facility of the University of Michigan at Mach
nunbers from 1.3 to 4,0. In this range the Mach number deviation from the
average within a test rhombus.is less than i;0.9% and the flow angle devia-
tion, less than i;0.5°. ‘The throat-to-test rhombus distance at the highest
Mach number is 8.8 times the test-rhombus height. Overall pressure ratios
required are about the same as those of conventional wind tunnels. The use
.of a curvature gage to control contour tolerances is discussed.
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To Stagnation temperature
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"V Shear force
X
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y
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SECTION 1

INTRODUCTION

Variable Mach number nozzles have many potential advantages over
the fixed-block type of nozzle for producing supersonic flow in wind tunnels.
One promising type of variable nozzle, the asymmetric sliding-block type, has
been shown to give good performence at Mach numbers below 3.0 (References.
1-3). In order to extend the Mach number range of such a nozzle, the present
investigation was begun early in 1951 under Air Force sponsorship. The objec-
tive was to determine contours of a sliding-block nozzle for the range M =
1.4 to 4.0, with experimental verification of satisfactory flow uniformity
throughout the range. This final report presents the maJjor results of the
investigation, certain phases of which have already been covered in Refer-
ences L=T.

SECTION 2

DEVELCPMENT OF NOZZLE CONTOURS

2.1 ' THEORETICAL CONTOURS

The nozzle contour design, given in detail in Reference 4, followed
the iterative characteristic method outlined by Burbank and Byrne in Reference
3, with helpful suggestions by Dr. A. Ferri. Design Mach numbers of 1.6L4 and
3.87 were employed, and a throat test-section axis-inclination angle of 16°
was used. Characteristic nets for intermediate Mach numbers of 2.37, 3.23,
and 4.0l were also constructed. The following criteria were established to
guide the construction of the characteristic néts:

1) The sonic line was to be straight and perpendicular to the
nozzle contour.

2) No inflection points were to be used in the supersonic contours.

3) The first derivative of the contours was to be smooth and cons=
tinuous.
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L) No compression wavelets were to be employed.

Values -of the second derivative along the contours were obtained by fairing
and differentiating the slopes given by the characteristic nets. The second
derivatives were then faired and integrated twice to obtain the contour coor-
dinates. The subsonic portions were designed by one-dimensional theory,
observing the requirement that the throat curvature should be essentially zero
for 1 to 1-1/2 throat-heights upstream of the sonic line, in order to insure
a straight, perpendicular sonic line.

An analytic method of design was subsequently developed and is
given in Reference 5.

2.2 EXPERIMENTAL APPARATUS

2.2.1 Description of Nozzle.,—A L- by lb-inch model of the nozzle
(Reference 6) was built in order to evaluate the theoretical contours and to
make experimental corrections, if necessary. The nozzle was connected to the
existing dry-air storage tank by entrance ducting and screens, and to the
existing vacuum tank by an adjustable supersonic diffuser, fixed subsonic
diffuser, and valves. The nozzle blocks consisted of flexible plates supported
by Jjacks, with inflexible portions in the test section and subsonic region
(Appendix A). In addition to the Jjack motion, each nozzle block could be
rotated as a whole about a point near the throat. The sliding of the lower
block to control Mach number was always in a direction parallel to the theor-
etical test-section axis, even with the block rotated. Plate glass windows
measuring 8 by 41 inches extended from near the throat to about 4 inches
downstream of the nozzle exit. Inflatable seals in grooves along the nozzle=
block edges sealed the joints between the blocks and the windows or sideplates
(Appendix B). An overall view of the tunnel with one side removed is shown
in Fig. 2.1.

2.2.2 Pitot Rake.—Pitot pressures were measured with a five-prong,
open-end rake. The prongs on the rake are l-l/h inches long and are spaced
1/2 inch apart. They are constructed of 1T7-gage (<058 OD, .O42 ID) type-30L
stainless steel hypodermic tubing, with the open end beveled 10° to a sharp
inside edge. The body of the rake has a 2-l/h-inch span, 1/k-inch thickness,
and l-l/h inch chord, with a sharp 45° edge at both leading and trailing edges,
and it attaches to a 10-inch sting. A rack gear on this sting engages a
pinion in the probe support (Reference 6), allowing the rake to be moved ax-
ially from outside the tumnel. Vertical position and angle of attack can also
be changed during a run. Two set-screws in the body of the rake hold it to
the sting at any angle of roll desired. Mercury manometers were used in con-
junction with the pitot rake during both atmospheric and higher stagnation
pressure runs.
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A similar three-prong pitot rake was used for some of the low Mach
number work where the five-prong rake caused local blocking. A single pitot
probe was also available.

2.2.3 Flow Inclinometer.—Flow inclination was measured with a
wedge~-type flow inclinometer. The flow inclinometer has five pairs of
0.042-inch diameter orifices spaced at 0.380-inch intervals spanwise, 0.350
inches from the leading edge. The plan form is rectangular, with a 2-inch
span, l/2-inch thickness, and l—l/2-inch chord, and the wedge angle is L45° at
both the leading and trailing edges. The flow inclinometer attaches to the
probe support, thus enabling it to be moved axially, vertically, and to an
angle of attack. The pressure differences between the orifices of each pair
were measured by manometers using Meriam red oil of specific gravity 0.827.
The sensitivity of these pressure differences to flow inclination was cali-
brated for each Mach number.

A second flow inclinometer, having a wedge angle of 12°, was avail-
able for use at low Mach numbers.

2.2.4 Static Orifices.—There are 24 1/32-inch-diameter static
orifices along the'lower nozzle contour, and 12 along the upper. Twenty of
the lower-contour ‘orifices lie along the straight portion of the block at
l-inch intervals. These static orifices were connected to manometer tubes
filled with Meriam red oil. ”Only relative pressures were measured, because
of the inconvenience of measuring absolute pressures with such a light fluid.

Static needle rakes were available but were not used because of
the shock-free nature of the flow. It was reasoned that, in the absence of
shocks, the flow through the nozzle should be essentially isentropic and,
therefore, Mach numbers in the test section could be calculated from pitot
and reservoir pressure measurements alone.

2.2.5 Schlieren System.--An 8-inch schlieren system was designed
and built (Reference T7) for the purpose of qualitative analysis of the flow.
This system proved to be useful for observation of starting and stopping
shocks and'boundary»layer-probe shock interaction. However, the weak shock
waves usually seen in schlieren pictures of supersonic flow were either
absent or so weak as to be hidden by the mottled background produced by the
commercial-quality surface finish on the plate glass windows.

2.3 TESTS AND RESULTS WITH THEORETICAL CONTOURS
For the first tests in the evaluation of the nozzle, the jacks

were positioned so that the contours of each block by itself duplicated the
theoretical inviscid contours. The flow produced by the nozzle was evaluated
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with the pitot rake, flow inclinometer, and static orifices. The moving-
probe technique (Appendix C) was also used. These measurements showed that
the difference of extreme Mach numbers in a test rhombus 3.6 inches high
varied between 1.6% at M = 1.5 and 3.8% at M = 3.2. The maximum difference
in flow angle varied between 0.7° and 2.2° at the same Mach numbers. The
major nonuniformity at all Mach numbers above 2.5 was a band of compression
waves of about;l-l/2° total deflection angle, originating in (or reflecting
from) the vicinity of the last three jacks on the upper contour.

No shock waves were detected in either the schlieren observations
or the moving-probe tests. This absence of shock waves is attributed to the
lack of physical Jjunctures in the supersonic portion of the nozzle, and the
lack of contour waviness of short wavelength.

In choosing the value 3.6 inches for the test rhombus height, it
was assumed that Mach waves impinging on the boundary layer would curve as
they entered the boundary layer, become normsl to the wall, and reflect back
along another curve to the outer edge of the boundary layer. As far as the
reflected Mach wave 1s concerned, the process could be considered one of
specular reflection from a "reflection'" plane parallel to the wall within
the boundary layer. In this and the following flow evaluations it was arbi-
trarily assumed that the reflection thickness (distance of this reflection
surface from the wall) was 0.2 inches at all Mach numbers. This value
represents about one-half to one-quarter of the boundary layer thickness,
depending on the Mach number. The effective test rhombus height is then
the actual height minus twice the reflection thickness.

2.4 IMPROVEMENT OF FLOW UNIFORMITY

2.4.1 Rotation.=-The first change in nozzle configuration made
to improve the flow uniformity consisted of an outward rotation of the down-
stream ends of both nozzle blocks, to effect a linear boundary layer correc=-
tion. The changes in flow uniformity produced by this correction were small.

2.4.2 Sidewall Fences.—It was suspected that the flow nonuniform-
ities might be caused at least partly by excessive thickening of the floor
boundary layer due to downward flow in the sidewall boundary layers. The
existence of flow from the sidewall boundary layers to the floor boundary
layer was confirmed in tests utilizing the china clay method of visualization
of boundary layer streamlines. Aluminum fences were then glued to the glass
sidewalls, following the recommendations of Reference 8. Conbinations of 3,
5, and 7 fences on each widewall were tested at M = 3,0. In each case the
flow uniformity, as measured with the flow inclinometer, showed no improve-
ment. There appeared, however, to be a reduction in boundary-layer cross
flow as shown by china clay streamlines.

WADC TR 55-88 5



2.4.3 Upper Contour Correction.-—-Since the greatest flow nonuni-
formities occurred at the higher Mach numbers and consisted chiefly of a band
of compression waves from the region of the last three jacks on the upper
flexible plate, it appeared logical to attempt a correction by suitable reposi-
tioning of those Jjackss This repositioning was done by trial-and error, and
a combination of Jack settings was found which reduced the compression band
to one-quarter of its original strength. When this was tested at Mach numbers
below 2.0, however, the flow was found to be less uniform than that produced
by the original configuration in this Mach number range.

2.4} Boundary Layer Corrections.-—Several different boundary-
layer corrections were set into the contours by adjustment of the jacks. The
first correction to be tried consisted of an outward movement -of the contour
at each station by an amount equal to the displacement thickness on the contour
at that station. The displacement thicknesses were calculated by the Tucker
method (Reference 9) for flow at M = 3.2, assuming zero boundary-layer thick-
ness at the throat. The boundary layer thickness at the nozzle exit, calcu-
lated by thils method, was in reasonable agreement with that obtained from
pitot probe measurements of the actual boundary layer. The variation of
boundary-layer displacement thickness in the test section was taken to be a
straight line extension of that at the exit of the nozzle. Each jack was
turned a certain number of revolutions calculated to move the contour a
distance equal to the displacement thickness at that point.

The flow prdduced by the nozzle with this boundary-layer correction
was measured with the pitot rake connected to mercury manometers. A definite
improvement in flow uniformity was noted. The maximum Mach number variation
within a 4-inch-high test rhombus was reduced to 2.6 percent or less over the
whole Mach number range.

Next, the downstream ends of both nozzle blocks were rotated out-
ward to make .a linear correction for the sidewall boundary-layer displace-
ment thickness in addition to that of the contoured walls. Due to mechanical
limitations, however, only 0.9 of the sidewall displacement thickness at
M = 3.2 could be corrected for. Tests with this nozzle setting showed only
a slight improvement in uniformity over that of the two-wall correction. Due
to the increased test-section height, a Mach number of 4.l was reached with
the lower block translated to its upstream limit; with the two-wall correc-
tion, the correanondine unner Timit was a Mach mmber of R.0.

Following the flow measurements, an accuraté chéck on the actual
nozzle contours was made by means of vernier height-gage measurements from
a 48-inch Browne and Sharpe cast iron straightedge mounted on the side of
the tunnel. At this time an error in rotation pin location was found. The
vertical distance between the points of rotation of the two blocks was 0.028
inches greater than the theorétical value. The error amounts to a rotation

WADC TR 55-88 ' 6



of -one block with respect to:the other by about 0.05 degrees. For any given
Mach number, the distances between nozzle blocks at points between throat and
test section are increased beyond the theoretical values by amounts up to
0.014 inches., Errors in the jack settings were also measured. These were
probably due to lost motion and small deflections in the Jjack mechanisms.

In order to determine if removal of the above errors would further
improve the flow, the contour was set accurately to the Tucker two-wall bound-
ary-layer displacement thickness correction by means of the height gage and
straightedge. This time the throat boundary-layer displacement thickness was
assumed equal to 0.0l4 inches on each contour, thus taking up the extra
0.028«inch of throat height due to rotation pin misalignment. The resulting
flow, however, showed about the same order of flow uniformity as that pro-
duced by the initial two-wall boundary-layer correction.

‘Since the above tests were made with the boundary-layer correction
in the test section continued linearly from that in the nozzle, a calculation
was made of the theoretical test-section displacement-thickness growth at
M= 3.2, by the Tucker method. This calculation showed that the slope of the
boundary-layer correction should be less in the test section than at the exit
of the nozzle. The nozzle contours were therefore set to this more realistic
boundary-layer correction by means of the straightedge and height gage. The
flow uniformity, however, was made somewhat worse by this change. -

2.4.5 Trial-and-Error Corrections.-——In a search for further flow
refinement, a trial-and-error method of contour correction was next tried.
Starting with the two-wall boundary-layer correction, contour changes were
made during a run by adjusting various Jjacks, and the effect on flow uniform=
ity was observed on an oil manometer board which measured static pressures
along the flat portion of the lower nozzle blocks It is shown in Appendix D
that the uniformity of flow in the test section of a two-dimensional nozzle
can be determined directly from static pressure measurements along the floor
or ceiling of the test section.

It was found that the flow could be made quite uniform at any given
Mach number by adjusting the jacks during two or three runs. waever, the
flow at other Mach numbers would usually be worsened by this process. Al-
though several methods of iteration were fried, no contour settings were
found that would give a significant improvement throughout the Mach number
range over the flow with the two-wall boundary-layer correction.

2.4.6 Final Correction.—The final contour setting was arrived at
by going back to the two-wall Tucker displacement-thickness correction with
test-section boundary-layer growth extrapolated linearly from that at the
nozzle exit. This contour was accurately set by means of the height gage
and straightedge. ©Oome small changes were then made in the downstream part
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of the upper contour, which improved the flow slightly at the higher Mach
numbers, where the greatest nonuniformities had existed in the flow with
unmodified boundary-layer correction. The flow produced by these final
contours was then evaluated in great detail by means of pitot probe and
static-wall pressure tests. The results of these tests, presented in Section
3, show a maximum Mach number variation within a l4-inch-high test rhombus of
less than 1.6% at each Mach number tested in the range M = 1.3 to L.O.

2.5 FINAL CONTOURS

The contours of the nozzle as finally adjusted were measured
with the vernier height gage and cast iron straightedge. The measurements,
when plotted as y-coordinate displacements from the theoretical contours,
revealed a small amount of waviness having maximum amplitude midway between
Jacks. This waviness, which is believed to be an unavoidable consequence of
supporting a flexible plate by a finite number of jacks, was eliminated by
fairing a smooth curve through the measured points for each nozzle block.
These final faired contours are shown in Fig. 2.2 in the form of displacements
from the theoretical contours. The coordinates of the final faired contours
are listed in Table 2.2, and those of the theoretical inviscid contours in
Table 2.1. The deviations of the actual measurements from the faired contours
are shown in Fig. 2.3.

Direct measurements of the curvature of the nozzle contours were
made by means of the gage shown in Fig. 2.4. This gage, with the distances
between the middle contact and the other two contacts set at l/2-inch, reads
directly one-quarter of the average curvature in the l-inch interval (Appendix
E). Measured values of the curvature of the contours are preseﬁted in Figs.
2.5 and 2.6 together with the curvature of the theoretical contours and of
the faired contours.

Some of the curvature measurements plotted in Fig. 2.5 were made
close to the edge of the flexible plate. Near each Jack location these edge
measurements depart from measurements made nearer the center, because the

transverse curvature of the plate is restricted by the jack attachment, whose
width is almost that of the plate.

SECTION 3

FLOW EVALUATION WITH FINAL CONTOURS

3.1 TESTS

3.1.1 Atmospheric Stagnation Pressure.-—The flow produced by the

WADC TR 55-88 8



*sSJanoj3uo0d PaJaIeJ WOLT

SqUIWRJINSEIW TeN}o' JO SUOTRBRTAS(J °*¢°2 °*S1d

inojuod 1amo ()

$9You! ‘9}DUIPI00D-X 52:8 J9M0T
ol- G- 0 [°] ol Sl 02

AN

T T T g 1
t 1 ~Htm

i
o % PELopg @
. oo T O o gmo | %ol qocse
d L T4
MOd | —=

4nojuod Jaddn (D)

$8You! ¢ 94DUIPI00D -X INOJUOD Jaddn

0 ] Ol Gl 02 G2 0og
8y0id w__n_xwz ' ' ! ! ! Eo__a 8|qixa}y
jJo puj 30 bBuuibeg
7 Suo1D90] Yoo W
41 1 1 i 1 1 i ! |
MOd |
.’ ?
IR A P e NS NP | oS
° At @09 | o b ¥ e
o ®e X
L]
L ]

JO an|pA paJlog

S3Youl ' 9N|DA PAJINSDIW SNUIW B4DUIPIOCD - A

*SINOUOO TBOTRSJI09Y] PUB DPIJITBJI
U99M}(q SOUSISJJTP 97BUIPIOOD-L *g*g *BTd

Anojuod Jamo(q)

S9You! ‘340UIPA00D -X INOJUOD 4aMOT]

2i- 8- v- 0 v 8 2l 91 02
€0-
N 20
/ Gb'l <W 10} uoibos
/ SIU} U] 400N} 44JIWORY )
l/ o
UOI190J1p MO|4 fo—
s8yau} ‘Inojuod saddn (o)

240UIPI00d-X 4NOJUOD Jaddn

o 14 8 2l 9l o2 be 82 2

[o]
\\
UOHJORIIP MO et T |
\\ w‘ ‘I'.* o
= Gb'I<W 10} uoibas Sy
\ \ U} S9I| J00AY} D14}
= - 20
\
04ue
|smquous isey.

|D9}18408Y} O} 4NOJUCD P@4|0} WO4) BOUDIS|P BJDUIPIOOI—A

S8Ysu) ‘pADMUMOP 3AL41SOd 4nojuod

WADC TR 55-88



s i
.

.
.
.

.
.

-
.
??ﬁ%%}»ﬁf&%‘%

Fig. 2.4. Photo of curvature gage.

WADC TR 55-88 10



Values derived from coordinates

Theoretical contour
— — e faired final contour

[0 along nozzle centerline
QO ! inch from centerline
A 1/8 inch from edge

Measurements of actual final contour

~ .032
0
[ ]
£
[3]
c
£
»n
g
£ 024
o
£
N =4
(&)
£
T
c
S o6
3
(<]
L ol
=
o
(8]
N
[e]
(]
5 .008
2
o
>
S
3
(&)
(]
o
S 0
>
g

.'

f
J
2021

6

T T T TE

12

8 4 0

Lower contour X-coordinate,inches

Fig. 2.5. Average curvature of lower contour
in l-inch intervals.

o
R

Values derived from coordinates

Theoretical contours
Faired final contours

=)
>

Measurements of actual contours

O linch from centerline

Average curvature of contour in I-inch interval, (inches)

9 \ammn ¢ sung
(] \\\ Flow -
T —

o~
oo™
ol® 9 h

N Vi amiars s

20 10 Tee L 1 1Y
32 28 24 20 16 12 8 4 (o}

Fig. 2.6. Values of average curvature in l-inch intervals for

Upper contour X-coordinate, inches

thaoretical and final upper contours.

WADC TR 55-88

11



TABLE 2.1. COORDINATES OF THEORETICAL INVISCID CONTOURS
—
h = 4.000 o
XL ——- 0O)
L, JU
Lower Contour Coordinates
X1, YL X7, Y1, X7, IL X7, JL,
-12.00 0 8.75 .359 17.75 2.047 26.75 5.776
0 0 9.00 .384 18.00 2.119 27.00 5.938
0.25 0 9.25 .4o8 18.25 2.190 27.25 6.100
0.50 .001 9.50 436 18.50 2.262 27.50 6.262
0.75 .001 9.75 RN 18.75 2.334 27.75 6.42k
1.00 .002 10.00 o2 ©19.00 2.405 28.00 6.585
1.25 .003% 10.25 .522 19.25 2.477 28.25 6.7k
1.50 .005 10.50 .552 19.50 2.549 28.50 6.900
1.75 .008 10.75 .585 19.75 2.620 28.75 7.05%
2.00 ,011 11.00 .618 20.00 2.692 29.00 7.202
2.25 .015 11.25 .652 20.25. 2.764 29.25 7.347
2.50 .019 11.50 .688 20.50 2.835 29.50 7.487
2.75 .02 11.75 .725 20.75 2.908 29.75 7.62%
3.00 .0%0 12.00 Ry(n 21.00 2.982 30.00 7.754
3.25 .0%6 12.25 804 21.25 3,058 30.25 7.880
3.50 .043 12.50 845 21.50 3,137 30.50 8.001
3.75 .052 12,75 .886 21.75 3.220 30.75 8.117
4 .00 - .060 13.00 .931 22,00 3.307 31.00 8.227
4 .25 .069 13.25 .975 22.25 3,398 31.25 8.3%32
L .50 .079 13.50 1.021 22 .50 3,493 31.50 8.431
475 .090 13.75 1.068 22.75 3,592 31.75 8.524
5.00 .101 14.00 1.117 23,00 3,695 32,00 8.612
5.25 112 14.25 1.168 23.25 3.802 32,25 8.69L
5.50 125 14.50 1.219 23.50 3,913 32.50 8.770
5.75 .1%9 14.75 1.272 23.75 4 .029 32.75 8.841
6.00 .153% 15.00 1.328 24 .00 4 .150 33,00 8.906
6.25 167 15.25 1.385 24,25 L 276 33.25 8.965
6.50 .183 15.50 1.42% 2k .50 4,408 3%.,50 9.018
6.75 .199 15.75 1.503 2L, 75 L 545 33.75 9.064
7.00 .216 16.00 1.565 25.00 Ly 687 34,00 9.101
7.25 234 16.25 1.629 25.25 4 .8%% 34,25 9.125
7.50 252 16.50 1.695 25.50 4,983 3l .50 9.13%5
7.75 272 16.75 1.763 25.75 5.137 3475 9.13%6
8.00 .293 17.00 1.833 26.00 5,294 35.00 9.13%6
8.25 . J31lh 17.25 1.907 26.25 5.453%
8.50 .3%6 17.50 1.975 26.50 5.614
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TABLE 2.1 (cont'd)

Upper Contour Coordinates

*u Iy *u Iy Xy Iy *u Ty
-9.00 0 12.50 525 25.25 3,107 38.00 6.481
0 0 12.75 .552 25.50 3.179 38.25 6.490
0.25 0 13.00 578 25.75 3.251 38.50 6.490
0.50 0 13.25 .606 26.00 3,322 38.75 6.480
0.75 0 13.50 .63L 26.25 3,394 39.00 6.461
1.00 0 13.75 .665 26.50 3,466 39.25 6.431
1.25 0 14 .00 .695 26.75 3.538 39.50 6.391
1.50 0 14.25 .726 27.00 3,609 39.75 6.340
1.75 .001 14.50 .758 27.25 3,681 4o .00 6.278
2.00 001 14,75 791 27.50 3.753 Lo.25 6.20k
2.25 .002 15.00 ..825 27.75 3.824 40.50 6.118
2.50 .003 15.25 .859 28.00 3.896 40.75 6.018
2.75 .00 15.50 .895 28.25 3,967 41.00 5.903%:
3.00 .007 15.75 .9%2 28.50 4,039 h1.25 5.776
3.25 .009 16.00 971 28.75 4,111 41.50 5.640
3.50 .013% 16.25 1.010 29.00 4,183 41.75 5.497
3.75 .016 16.50 1.050 29.25 4 254 Lo .00 5.348
4 .00 .020 16.75 1.091 29.50 4,326 L2 .25 5,194
4 .25 .025 17.00 1.133 29.75 4,398 42 .50 5.035
k.50 .031 17.25 1.176 30,00 L 469 Lo .75 L 872
4.75 .038 17.50 1.221 30.25 4. 541 43,00 L, 705
5.00 .0k5 17.75 1.266 30.50 L.613 43.25 L .53L
5.25 .051 18.00 1.312 30.75 4,685 43,50 4,360
5.50 .060 18.25 1.360 31,00 4,756 43,75 4,183
5.75 .068 18.50 1.408 31.25 4,828 4k 00 4,003
6.00 .076 18.75 1.458 31.50 4. 900 Ll 25 3,821
6.25 .087 19.00 1.508 31,75 4,972 Ll 50 3,637
6.50 .097 19.25 1.559 32.00 5.043 Lk, 75 3,452
6.75 .107 19.50 1.612 32.25 5.115 45,00 3,267
7.00 .119 19.75 1.666 32,50 5.186 45,25 3,08%
7.25 132 20.00 1.720 32,75 5.258 45.50 2.900
7.50 pnn 20.25 1.776 33,00 5.330 45,75 2.720
7.75 157 20.50 1.833 3%,25 5.402 46.00 2.543
'8.00 71 20.75 1.801 3%.50 5.473 46.25 2.370
8.25 .185 21.00 1.950 +33.75 5.545 46.50 2.202
8.50 .199 21.25 2,011 3l ,00 5.616 46.75 2.0k40
8.75 .215 21.50 2.072 34,25 5.688 47.00 1.886
9.00 231 21.75 2.135 34,50 5.760 L7.25 1.7k2
9.25 247 22.00 2.199 34,75 5.8%2 47.50 1.610
9.50 .265 22.25 2,264 35,00 5.90% L7.75 1.493
9.75 .283 22 .50 2.%30 35,25 5.972 48.00 1.394
10.00 .302 22,75 2.398 35.50 6.0%9 48.25 1.315
10.25 L322 23.00 2.466 35.75 6.104 48,50 1.256
10.50 J3h2 23.25 2.5%6 36.00 6.166 48,75 1.215
10.75 362 23,50 2.606 36.25 6.224 49,00 1.189
11.00 .383 23.75 2.677 36.50 6.278 49 .25 1.175
11.25 .4o5 2L .00 2.748 36.75 6.327 49.50 1.169
11.50 Lot 2k .25 2,821 37.00 6,371 49.75 1.167
11.75 451 24 .50 2.892 37.25 6.409 50.00 1.166
12.00 L4T75 24 .75 2.964 37.50 6.440
12.25 499 25.00 3,036 37.75 6. 464
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TABLE 2.2.

COORDINATES OF FINAL CONTOURS

Flow
YL Yu
] Lower Contour Coordinates
XL L XL I XL, 7L, XL I
-12.00 1390 - 9.00 . 2957 17,75 1.9200 26.50 5.4k%o
0 0 9.25 .3195 18.00 1.9902 26.75 5.600
0.25 -.0029 9.50 R 18.25 2.060k 27.00 5.761
0.50 -.0056 9.75 L3704 18.50 2.13%06 27.25 5.922
0.75 -.0079 10.00 .3976 18.75 2.2008 27.50 6.083
1.00 ~.0097 10.25 4260 19.00 2.2710 27.75 6.243
1.25 -.0110 10.50 L4556 19.25 2.3413 28.00 6.403%
1.50 -.0118 10.75 4864 19.50 2.4117 28.25 6.561
1.75 -.0120 11.00 .5184 19.75 2.4823 28.50 6.716
2.00 -.0116 11.25 5516 20.00 2.5531 28.75 6.867
,2.25 -.0106 11.50 .5861 20.25 2.623 29.00 7.01k4
2.50 -.0090 11.75 6219 20.50 2.693% 29.25 7.158
2.75 -.0067 12.00 .6590 20.75 2.764 29.50 7.298
3.00 -.0038 12.25 697k 21.00 2.837 29.75 7.433
3,25 -.0002 12.50 LT371 21.25 2.912 30.00 7.564
3.50 +.00L41 12.75 7782 21.50 2.990 30.25 7.690
3.75 +.0091 13.00 .8206 21.75 3.071 30.50 7.810
k.00 +.0148 13.25 8644 22.00 3,156 30.75 T7.924
4.25 .0212 13.50 .9096 22.25 3,246 31.00 8.0%2
4 .50 028k 13.75 .9562 22.50 3,340 31.25 8.135
475 .0363 14.00 1.0042 22.75 3.438 31.50 8.232
5.00 .0450 14.25 1,0537 23%.00 3.540 31.75 8.324
5.25 .05h4k 14.50 1.1047 23.25 3,646 32.00 8.411
5.50 .06k46 14,75 1.1572 2%.50 3.756 32 .25 8.492
5.75 . L0755 15.00 1.2113 23.75 3.870 32,50 8.567
6.00 .0872 15.25 1.2670 24 .00 3,989 32.75 8.635
6.25 L0997 15.50 1.32hh 2l .25 L.11k 3% .00 8.697
6-50 ,1130 15.75 1.3836 24,50 4 .okk 33,25 8.75%
6.75 1272 16.00 1. 4hhT 24 .75 4,380 33,50 8.803
7.00 .1ho2 16.25 1.5078 25,00 4,521 33.75 8.845
7.25 .1581 16.50 1.5730 25.25 L 666 34,00 8.878
7.50 L1749 16.75 1.6403 25.50 4,815 3l .25 8.901
7.75 .1926 17.00 1.7095 25.75 4 .967 34 .50 8.913
8.00 2112 17.25 1.7796 26,00 5.123% 34,75 8.917
8.25 .2308 17.50 1.8498 26.25 5.281 35.00 8.917
8.50 2514
8.75 .2730
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Upper Contour Coordinates

XU Yu Xy Yu Xy YU Xy YU
9.00 -.0820 12.25 . 6080 2k, 75 3.1533 37.25 6.624
0 0 12.50 - .6348 25.00 3.2262 37.50 6.655
0.25 .0026 12.75 . 6624 25.25 3.2991 2775 6.679
0.50 .0055 13.00 .6909 25.50 3.3720 38.00 6.696
0.75 .0087 13.25 . 7203 25.75 3.4449 38.25 6.705
1.00 .0122 13.50 . 7506 26.00 3.5178 38.50 6.705
1.25 .0160 13.75 .7818 26.25 3.5907 38.75 6.695
1.50 .0201 14,00 .8139 26.50 3.6635 39.00 6.676
1.75 .0245 1Lh.25 .8469 26.75 3.7363 39.25 6.646
2.00 .0292 14.50 .8808 27.00 3.8091 39.50 6.606
2.25 L0343 14.75 .9156 27.25 5.8818 39.75 6.555
2.50 .0397 15.00 .9514 27.50 3.9545 40.00 6.49%
2.75 .04ksh 15.25 .9882 27.75 4, 0272 40.25 6.419
3.00 .0515 15.50 1.0260 28.00 4. 0998 40.50 6.3%33
3.25 .0579 15.75 1.0648 28.25 4. 1724 40.75 6.233
3,50 L0647 16.00 1.1046 28.50 4. 2450 41.00 6.118
3.75 .0719 16.25 1.1454 28.75 4. 3175 h1.25 5.991
k.00 L0795 16.50 1.1872 29.00 4. 3900 41.50 5.855
4.25 .0875 16.75 1.2300 29.25 L h625 4L1.75 5.712
k.50 .0959 17.00 1.2738 29.50 L, 5349 42,00 5.563
L. 75 L1047 17.25 1.3%186 29.75 4, 6073 42,25 5.409
5.00 L1139 17.50 1.3644 30.00 L, 6797 L2.50 5.250
5.25 L1235 17.75 1.4112 30.25 L. 7520 42,75 5.087
5.50 .1335 18.00 1.4591 30.50 4.8243 43,00 k. 920
5.75 L1439 18.25 1.5080 30.75 4.8965 43,25 4,749
6.00 .1548 18.50 1.5580 31.00 L. 9687 43,50 4. 575
6.25 .1662 18.75 1.6090 31.25 5.0409 43,75 L.398
6.50 L1781 19.00 1.6611 31.50 5.1130 44,00 4,218
6.75 .1905 19.25 1.7142 31.75 5.1851 Ly 25 4,036
7.00 .2034 19.50 1.7684 32,00 5.25T1 Lk, 50 3.852
7.25 .2168 19.75 1.8237 32.25 5.3291 L. 75 3.667
7.50 .2307 20.00 1.8801 32.50 5.4010 45.00 3.482
7.75 2451 20.25 1.9376 32,75 5.4729 45,25 3,298
8.00 .2601 20.50 1.9962 33.00 5. 5447 45.50 3.115
8.25 .2756 20.75 2.0559 33.25 5.6165 45,75 2.935
8.50 .2917 21.00 2.1167 3%.50 5.6882 46.00 2.758
8.75 .3083 21.25 2.1787 33.75 5.7599 46.25 2.585
9.00 L3255 21.50 2.2419 34,00 5.8315 46.50 2.417
9.25 L 3433 21.75 2.3063 34.25 5.9031 46.75 2.255
9.50 L3617 22.00 2.3719 34,50 5.9746 47.00 2.101
9.75 .3807 22.25 2.4387 34 .75 6.0460 47,25 1.957
10.00 .Look 22,50 2,5067 35.00 6.1170 47.50 1.825
10.25 207 22.75 2.5758 35.25 6.1867 L7.75 1.708
10.50 RN g 23,00 2.6460 35.50 6.2545 48,00 1.609
10.75 1633 23,25 2.7172 35.75 6.3194 48.25 1.530
11.00 4856 23.50 2.7892 36.00 6.381 48.50 1.471
11.25 .5086 23,75 2.8618 36.25 6.439 48.75 1.430
11.50 .5323 24,00 2.9346 36.50 6.493 49.00 1.4h04
11.75 . 5568 2h.25 3.0075 36.75 6.542 49,25 1.390
12.00 .5820 24.50 3.080k4 37.00 6.586 49.50 1.384
49.75 1.382

50.00 1.381
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final contours was evaluated at M = 1.27, 1.34, 1.45, and 1.5 by means of
floor static-pressure measurements, and at M = 1.6, 1.9, 2.5, 3.2 and 3.8

by pitot pressure measurements with the five-prong pitot rake. For most of
the pitot tests the rake was mounted in the vertical roll position, and
measurements were taken at a fixed height above the floor at axial stations
spaced 0.5 VM2 - 1 inches apart. Since the pitot orifices are l/2«inch apart
.vertically, this axial spacing placed the orifices at the intersections of a
network of equally spaced Mach lines. The pitot pressure measurements were
made with mercury manometry, while static pressures were measured with Meriam
red oil. The manometers were clamped near the end of each run and their
heights read immediately afterward. All the tests were made at dewpoints
below =25°F.

3.1.2 Higher Stagnation Pressure.—A limited number of runs was
made at stagnation pressures of from 2 to 6 atmospheres in order to assess
the effect of Reynolds' number variation on the nozzle performance. Fig.
3.1 shows the nozzle installation for the higher pressure tests. These tests
were made at Mach numbers 1.9 and 3.2. Pitot pressures were measured at the
same points in the flow as at atmospheric stagnation pressure, using similar
instrumentation. The static pressure in the settling chamber was measured
by two 100-inch Meriam mercury manometers in series, and converted to stagna-
tion pressure through an experimental correction factor. ©Stagnation tempera-
tures were recorded on a Brown recorder. Stagnation pressure was controlled
manually by a Fischer valve which throttled the flow from about 400 psi to
the desired stagnation pressure. The 400 psi air came, in turn, from a Foster
reducing valve which was connected to a 3000 psi air storage tank. A bourdon-
tube pressure transducer with an Atcotran pickup gave the operator a sensitive
indication of stagnation pressure variations. The stagnation pressure varia-
tion during the ten seconds that the manometers were unclamped was. usually
less than 1/2%. The dewpoint of the air was always less than -25°F.

3.2 DATA REDUCTION

3.2.1 Method.—=The pitot pressure data were reduced by a method
based on the analysis in Appendix D. The data, as mentioned above, were
taken at the points.of intersection of a network of egually spaced upward-and
dowvnward-running Mach lines. Disturbance waves between two adjacent Mach
lines produced a change in pitot pressure. The values of this change were
obtained as the difference in pitot pressure ratio between a point on one
line and a point or the other line lying on the same crossing Mach line.
These difference values for a given pair of Mach lines were averaged in such
a way that each measurement, where more than one measurement was made at a
point, was given equal weight. These average difference values were then used
in a plot showing the variation of pitot pressure ratio along a Mach line:
crossing the disturbances. This was done for the variation along both upward

WADC ‘TR 55-88 16
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and downward Mach lines, and then the two combined by reflection, assuming

a 0.2-inch boundary-layer reflection thickness, to give the pitot pressure
variation along a complete Mach line from floor reflection surface to ceiling
reflection surface. A curve was faired through these points, and from it were
read values of the faired difference in pitot pressure ratio between adjacent
Mach lines of the,nétwork, along a crossing Mach line,

From the faired values of the difference in pitot pressure ratio
between Mach lines of the network, a set of faired values of pitot pressure
ratio, one value for each point of the network, was constructed. This set
of faired values was chosen so that the overall average of the differences,
between faired and measured values at a point, equaled zero. These faired
values are considered to be the best estimates of the true values at the
points of measurement that can be deduced from all the data considered as a
whole, consistent with the assumptions .of Appendix D.

The pitot pressure ratios were converted to Mach numbers with the
-assumption of isentropic flow through the nozzle. The method of Appendix D
was then used to find the variation of flow uniformity as a function of
rhombus axial location. A fixed position of the test rhombus was chosen as
a compromise between best flow uniformity over the Mach number range and min-
imum nozzle length. At each Mach number the Mach number distributions along
the sides of the rhombus at this location were integrated, and the average
Mach number within the rhombus was obtained. The maximum plus and minus
deviations from the average within the rhombus were then found. The same
steps were followed to obtain the flow-angle deviation from the average.

3.2.2 Accuracy.—An indication of the accuracy of the data reduc-
tion procedure is given in Fig. 3.2. This figure presents the standard
deviation of the measured values from the faired (average) values as a
function of Mach number. Also plotted for comparison is the expected stand-
ard deviation due to experimental error only, as determined by statistical
analysis of repeat data. These values of standard deviation are in terms .of
pitot pressure ratio. For convenience in converting to Mach number or flow
angle the magnitudes of the deviation in pitot pressure ratio associated
with O.l% change in Mach number and 0.05° change in flow inclination are also
shown.

Another comparison between the measured values of pitot pressure
ratio and the faired values is presented in Figs. 3.3 and 3.4t. These figures
show the faired pressure-ratio variation along Mach lines through the points
of measurement, together with the measured values. The scales have been
stretched.linearly for ease of plotting. It should be noted that in accord-
ance with theory, the difference in faired values of the pressure ratio
between any two Mach lines of a given family along a crossing Mach line is a
constant.

WADC TR 55-88 18
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3.2.3 Two Dimensionality.-——The results given above were obtained
in the vertical center plane of the tunnel and reduced by a process which
assumes two-dimensional flow. The validity of this assumption was checked
by measurements made with the five-prong pitot rake in a horizontal attitude.
At most locations of the rake the agreement of the five measurements was very
good. The greatest deviation between measurements along any transverse line
was about 0.2% in Mach number. This occasional slight non-two-dimensionality
may account for the increase of the standard deviation over that given by the
experimental errors in Fig. 3.2.

3.2.4 Details.-Details of some steps in the data evaluation proc=-
ess ‘are shown in Figs. 3.5 to 3.10. Fig. 3.5 shows the static-pressure dis-
tribution along the floor of the test section at M = 1.27, 1.34, 1.45, and
1.51. As the static-pressure messurements were relative, the average Mach
number values shown here were obtained by extrapolation of pitot pressure
measurements at M = 1.6 and above. Each curve covers one complete cycle of
the pressure variation along the floor.

Figs. 3.6 to 3.10 show the variation of pitot pressure ratio along
the exit Mach line (the upward-running Mach line intersecting the upper con-
tour -at the nozzle end). In these figures the difference in value between
ad jacent points of like symbol represents the average of the pitot-pressure
ratio changes measured between Mach lines which cross the exit Mach line at
the height’ shown. The points at the ends of a series of like symbols were
not given as much weight in fairing as those nearer the middle, since they
represent the averages of only a few measurements. Data from floor static-
pressure measurements are also included in Figs 3.7 and 3.8, converted to
pitot-pressure ratio variation along the Mach lines.

The Mach number variation along the nozzle exit Mach line is shown
in Fig. 3.11 for each of the nine Mach nhumber settings. From this figure the
maximum Mach number varistion within a test rhombus was obtained as a function
of rhombus axial location, for each nominal Mach number, as shown in Fig.
3.12. This figure shows that movement of the test rhombus downstream of the
nozzle exit would result in only a slight improvement of the flow uniformity
at those Mach number settings where the flow is already most uniform. The
flow at the least uniform Mach number settings would not be improved. There-
fore, it was decided to present the flow calibrastion data in terms of a test
rhombus at the nozzle exit in order to keep the throat-to-test-rhombus length
as small as possible.

3«3 RESULTS

3+¢3.1 Flow Uniformity.-—The main calibration results with the final
contours are summarized in Fig. 3.1l3 and are presented in greater detail in
Figs. 3.14 to 3.22. Fig. 3.13 shows the maximum plus and minus deviations of

WADC TR 55-88 21



*UOTHEBUIRYS OTJIdYASOWIY
*C6°T = W 38 SUTT UYDEW 3TXS JuoT®
UOTANATJIFSTP OT3BI danssaad-3031d °L°¢ *STd

, $8YoU) ‘3004 4NS U041} 34 OO} 3A0qD jybi1aH

€

2 |

ooy Suoyy

D40p 3anssaud oyo4g

(40013 wouy paodyal)
$auy Yoo paomumop buoly [
Saull yoow psomdn buoly O

040p 3qoud joud

R R~y

jﬁa/a\

*uoTyeuse}s oSTIsydsowyy
*CO°T ='W 38 SUTT YOBW 3TXS JuoTe
UOTINQTJIISTP OT3BI SJNSSIIA-1031d °9*¢ °*IT4

S3YoUi*a0D}INS UOI403)484 JOO|4 9A0OQD Jyblay

SL

9L

L

14 € 2 | [¢]
88"
OIAY'O/O’ o
18] DlJC’.G’Q’O’@IT
06’
(4001 WoJy pejos|es)
seu|j) yooW piomumop Buoly (O
$8U)| YooW psomdn Buoly O
Djop 2Go4d }O4id 16"

%% +eqny aunssaid joug

d ‘oyos ainssaud joid

Od/(l)

*uotgeuSe}s oTISUdSOmy

CTG T PuB ‘GH'T “‘He°T ‘Ll2°T

= | 1B UOILO9S 3893 JO JOOTJ JuoTe
uoTINQIIFSTP aanssaad 013838 *G°¢ *ST1d

sayouy ‘yixa 9jzzou ;0 woaysdn 3adupysiqg
- 2- o 2

[ L2°1

611!9/1

B

22

Sb'l %4/d w
w/ u/ abubyd
/ %!
P~ i
e
Yoo / P~
[~ 8b6048AY’ J//[ Pt
o

WADC TR 55-88



512
Pitot probe data
o Along upward Mach lines
o Along downward Mach lines
. (reflected from floor)
S .508 2 Static pressure data
o° a Along floor
g
g
& o o
A H o ;
B s B —0
& g a A
500 A, —
496
(o] | 2 3 4

Height above floor reflection surface, inches
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Fig. 3.10, M = 3,34

Pitot-pressure ratio distribution along exit
Mach line. Atmospheric stagnation.
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Fig. 3.17. M = 1.51

Mach number and flow-angle variation
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Mach nunber or flow angle from the average, within a lY-inch-high test rhombus
centered at the nozzle exit (end of curved part of upper contour). TFor this
rhombus the horizontally projected throat-to-test-rhombus distance varies
between 6.4 and 8.8 times the rhombus height of 4 inches for Mach numbers from
~about 1.5 to L4.0.

As shown in Fig. 3.13, the Mach number deviation from the average
within the test rhombus is less than i.0‘9% for each Mach number tested in the
range M = 1.3 to 4.0. The flow angle deviation is less than + 0.5°. The
highest Mach number obtained, due to mechanical limitations in the lower block
traversing mechanism, was 3.84, but the trend of the data suggests that a con-
siderable increase in Mgch number might be realized before the above deviation
limits would be exceeded.

Figs. 3.1k to 3.22 present details of the flow along the edges of
the test rhombus at nine Mach numbers from 1.27 to 3.84. It should be noted
that the Mach number (or flow angle) at any point within the test rhombus can
be easily determined by moving any of the edge curves (in the appropriate
diagram) parallel to itself to the position in question, keeping the ends of
the curve on the adjacent edge curves. This process is illustrated in Fig.
3.18 where the Mach number deviation at point D is determined.

The change of average Mach number in the test rhombus with lower
block axial position is presented in Fig. 3.23 together with the theoretical
variation based on the measured throat-to-test-section area ratios. The
slight change in slope of the theoretical curve at M = 1l.44t is caused by a
shift in the geometric throat position at this Mach number.

Only data from the pitot rake tests at Mach numbers from 1.6 to 3.8
appear in Fig. 3.23. The tests at Mach numbers 1.27 to 1.51 gave only the
relative variation of Mach number within the test rhombus. For these lower
Mach numbers, the absolute Mach number level was determined from Fig. 3.23.

3+3.2 Reynolds'. Number Effect.-=The data from the tests at stag-
nation pressures of from 2 to 6 atmospheres are presented in Fig 3.24. Com-
parison of the plotted points with the solid curve, representing the atmos-
pheric pressure results, shows that the difference in Mach number distribution
in the test section, due to a sixfold increase in Reynolds' number, is within
the measuring accuracys.

The effect of Reynolds' number change on the average Mach number
within the test rhombus is shown in Fig. 3.25. Also shown on this figure is
an extrapolation to zero boundary-layer thickness by means of one-dimensional
theory. (According to the Tucker method, the boundary-layer thickness is
proportional to the parameter (1/Re)/7).
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SECTION L4

DISCUSSION

4,1 RECOMMENDED CONTOURS

k.1.1 Nozzle Coordinates.-——The final faired coordinates listed in
Table 2.2 are recommended for use in wind tunnels designed for the Reynolds'
number range of the present tests. These recommended contours differ from the
tested contours by amounts up to 0.004 inches, but the difference is such that
unnecessary waviness between Jjacks in the actual nozzle is eliminated in the
final faired coordinates. It is therefore believed that the coordinates of
Table 2.2 should give flow uniformity as good as, or better than, that of the
actual nozzle (Fig. 3.13).

4.1.2 Contour Tolerances.=—The analysis of Appendix E shows that
flow-angle errors greater than + A degrees due to contour defects will be
avoided if the coordinates of the nozzle are accurate to within + 0.02Ac
inches, and if certain tolerances on short wavelength waviness are met.
These waviness tolerances can be stated in terms of the reading of a curva-
ture gage of the type shown in Fig. 2.4. Such a gage reads a value G in
inches given in terms of the coordinates as

- A%y
[l .\ <%z{5]3/2

Ax
where Ax equals the distance in inches between the center contact and each
of the two outer contacts (the gage length, lg), Ay is the change in ¥, in
inches, associated with Ax, and A2y is the difference between the Ay's of the
‘two adjacent Ax intervals spanned by the gage (second difference). For a .-
given gage length and nozzle size, the correct values of G may be computed
from the equation and the coordinates of Table 2.2, As an example, values of
G that are consistent with the coordinates of Table 2.2 for the lower contour
of a nozzle having a value of height between coordinate axes, h, of L4.37
inches are plotted in Fig. 4.1, for a 1/L4-inch curvature gage (lg = 1/4 inch),
and for a l-inch gage.

G

If the readings of a l-inch curvature gage do not depart from the
correct values computed from the above equation by more than + 0.014 Ax
inches, then the test-section flow should be free of flow-angle errors greater
than + Ao degrees due to contour defects having wavelengths greater than 1.55
inches. If, in addition, the readings of a l/h-inch curvature gage agree with
the correct values to within + 0.004 Ax inches, then flow-angle errors due to
all defects having wavelengths greater than 0.4 inches will be less than + A
degrees.
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k.1.3 Scale Effects.—The faired contours given in Table 2.2 should
produce satisfactory flow for nozzle sizes and stagnation conditions repres-
ented by .0228 < h po/TOl“z6 <.160, where py is the stagnation pressure in
psia, To is the stagnation temperature in degrees Rankine, and h is the verti-
cal distance in inches between coordinate origins of the two blocks (h = L4.37
inches for the present nozzle). At any given Mach number the Reynolds' num-
ber is approximately proportional to the parameter h po/Tol‘26 (assuming the
viscosity p = pg(T/To) "®). For the asbove range of this parameter, the cor-
responding Reynolds' numbers based on h are Re = 1.68 to 11.8 x 108 at M = 1.27
and Re = .55 to 3.86 x 10% at M = 3.8L.

For combinations of stagnation conditions and nozzle size outside
the above range, it may be desirable to alter the contours of Table 2.2 to
compensate for the change in boundary-layer thickness. One approximate way
of doing this would be to reduce the lower block y-values and increase those
of the upper block by the difference between boundary-layer corrections com-
puted at the 0ld and new Reynolds' numbers, for some arbitrary Mach number.

4.2 TFURTHER POSSIBLE IMPROVEMENTS

From the trend of flow uniformity at the upper end of the Mach
number range, as shown in Fig. 3.13, it appears that the present contours
would give satisfactory flow at Mach numbers somewhat greater than 4.0. With
some further refinement of the contours it would seem possible for a nozzle
of this type to reach the threshold of the hypersonic regime.

Improvements in the performance of diffusers used with sliding-
block nozzles may also be possible. Some tests with an adjustable diffuser
(Appendix F) in combination with the present nozzle resulted in overall pres-
sure ratios of about the same magnitudes as those obtained with fixed geometry
diffusers on symmetrical nozzles.

k.3 FLOW MECHANISM

An attempt is made to arrive at a simple picture of the flow mech-
anism in a curved nozzle from an analysis of the experimental data and the
contour corrections which gave the most uniform flow over the Mach number
range investigated.

Most of the usual causes for nonuniformities in a supersonic nozzle
have been minimized in the construction of this model. There are no Jjunctures
in the tunnel walls in the supersonic region, and the contoured surfaces are
extremely smooth and free from local manufacturing defects; the deflections
under airloads were held to a negligible amount; and the inflatable seals
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assured the absence of leakage. Humidity effects were also absent due to the
low dew points used.

The nonuniformities in the flow with theoretical contours may there-
fore be an indication of the interactions between viscous and non-viscous
flow regimes, of secondary boundary-layer flows due to curvature, and of other
effects which cannot be predicted by available theory. An explanation of
these effects is obviously involved and difficult and would have required
detailed probing of the boundary layers on all four walls of the nozzle. This
was not possible under the present program and one can only list all pertinent
experimental results and attempt to deduce a likely flow mechanism which will
best fit the results.

From an evaluation of all available test data, the following general
statements can be mades

a) A compression region originates or reflects from the upper
contour Just upstream of the ndzzle exit Mach line.

b) An expansion region originates-or reflects from the lower contour
Jjust downstream of the compression region described above.

c¢) The location of this pair of compressions and expansions with
respect o the exit Mach line is independent of the Mach number and Reynolds'
number within the range of the tests.

d) The axial length of the compression region increases with ,
increasing Mach number. The overall strength remains approximately constant
at the higher Mach numbers and decreases with lower Mach numbers.

e) A downward flow exists in the sidewall boundary layer, which
appears to be most pronounced near the center of the simple wave flow region
of the nozzle.

f) A lateral flow towards the vertical plane of symmetry exists
on the lower nozzle, which increases as the nozzle exit is approached.

g) The application of boundary-layer displacement-thickness
corrections to the theoretical nozzle contours reduced the strength of the
compression disturbances somewhat.

h) Reduction of the strength of the compression disturbances to an
acceptable value was accomplished in the final contours by introducing a local

slope change in the upper contour Jjust upstream of the nozzle exit Mach line.

The following crude flow mechanism is believed to be cbnsistent with
the resultss
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The curvature of the flow in the nozzle gives rise to a centri-
petal pressure gradient. This pressure gradient extends into the
sidewall boundary layers and causes a boundary-layer cross-flow
toward the lower contour which, in turn, leads to a cross flow in
the floor boundary layer toward its plane of symmetry. The result
is a gradual secondary thickening of the floor boundary layer
beyond its normal two-dimensional growth. The cross-flow pattern,
observed with the china clay technique, indicates that the rate of
secondary thickening of the floor boundary layer should reach a
maximm just upstream of the exit Mach line. As soon as the flow
in the nozzle is straight, however, the cross flow effects begin
to diminish and the secondary thickening of the floor boundary
layer gradually approaches zero.

The general location of this secondary thickening of the
floor boundary layer will be the same for all Mach numbers. As
the Mach number increases, however, the increased boundary-layer
thicknesses on the sides will lead to a larger cross flow, which
in turn will spread the secondary thickening on the floor over a
larger region.

The mechanism described above appears to be the most likely cause
for the experimental results noted. The local compression region observed is
then caused by the increasing slope portion of the secondary boundary-layer
thickening. An expansion region follows this compression; it starts at the
maximum slope point of the secondary thickening and extends over the decreas-
ing slope region until the secondary thickening disappears. The expansion is
spread over a greater distance so that the local strength of its waves which
travel into the test section is less pronounced and well within the acceptable
level of disturbances in the flow.

The compression occurs Jjust upstream of the exit Mach line, is trans-
mitted parallel to it to the top surface, and then reflected into the test
gection. Changing the slope of the upper contour in the region of reflection
of this compression resulted in an appreciable reduction of this disturbance.

SECTION 5
CONCLUSIONS
1. A sliding-block variable Mach number wind-tunnel nozzle for the
Mach number range 1.3 to 4.0 has been developed, by means of iterative charac-

teristic theory with experimental corrections. Calibration of the flow in this
nozzle has revealed the following:
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a) The Mach number deviation from the average within a test rhombus
is less than i_0.9% throughout the Mach number range 1.3 to 4.0.

b) In this range the flow angle deviation from the average within a
test rhombus is less than + 0.5°.

¢) The horizontally projected throat-to-test rhombus center distance
is 8.8 times the test rhombus height at the highest Mach number.

d) A six-fold increase in Reynolds' numberhas negligible effect on
the flow uniformity. '

e) The overall pressure ratios required to run the nozzle with an
adjustable diffuser are about the same as those required by symmetrical
nozzles with fixed diffusers.

2. An economical, general purpose, variable Mach number supersonic
nozzle can be designed from the material of this report provided the length

of the nozzle can be accommodated.

3. The nozzle appears suitable for the simulation of time-variable
Mach number conditions.

4. Additional work on this nozzle could lead to an extension of the
Mach number range into the hypersonic and transonic regimes.
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APPENDIX A

DESIGN DETAILS OF FLEXIBLE PLATE AND JACKS

A.l INTRODUCTION

The aerodynamic requirements for the nozzle are given in Reference
k., Reference 6 gives a brief description of the experimental equipment which
was fabricated for the evaluation of this type of supersonic nozzle. In.addi-
tion to these references, a more specific discussion of the design and perform-
ance of the flexible plate portion of the corner nozzle is given here,

A.2 THE DESIGN PROBLEM

The following maJjor considerations were iﬁvolved in the design of
the flexible plate:

(a) The flexible portion of the nozzle was to be made from a
smoothly machined flat plate by bending it to the desired contours and
holding it there with jacks, which had to be capable of introducing
specified small contour perturbations. The perturbation requirement was
specified to allow for contour corrections due to viscous effects,
deviations from two-dimensional flow, and shortcomings of theoretical
predictions.

(b) The position and number of jacks had to be chosen do that the
flexible plates could be controlled to the specified contours and contour
perturbations within + 0.002 inches.

(c) The maximum stresses in the plates due to initial bending, air-
loads, tenperature effects, and thrustloads were not to exceed about one-
half of the yield point of the material.

A.3 THE DESIGN PROCEDURE
The design and fabrication of the corner nozzle, including the flex-
ible plates, was subcontracted to the Wind Tunnel Instrument Company of Boston,

Massachusetts. The specifications for this work are given in Appendix A of
Reference 6. The analysis of the problem by the subcontractor is contained in
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a report by H. L. Alden, entitled "Flexible Plate Design for the University
of Michigan 4" x 4" Supersonic Wind Tunnel Test Section,' dated November 1952.
This report is on file at the offices of the Wind Tunnel Instrument Company.

The following is a brief outline of the design procedure, which has led
to a highly satisfactory and reliable flexible-plate nozzle.

(a) The Jjack spacing and plate thickness were approximately
determined so that the deflections under airloads were within specified
limits.

(b) The jack spacing was also approximately determined by consider-
ing the bending requirements of the plate; the specified curvature of
the contour was approximated by straight lines between Jjacks to provide
a M/EI-diagram as first approximation.

(c) The approximations of steps (a) and (b) lead to a nominal plate
thickness of 1/4 inch.

(d) The yield stress safety factor of two indicated that the thick-
ness of the lower plate had to be decreased in the highly curved (upstream)
region. :

(e) ‘The Jjack spacing was now finalized by assuming a constant thick-
ness plate, selecting tentative Jjack stations, and fitting between them
curves whose bending moment (and hence second derivative) are linear
between stations. This is equivalent to an ordinate curve which is a
cubic in x and matches the contours specified. Each span will have a
different cubic while, across the Jjacks, each cubic must be continuous
up through the second derivative; the third derivative is discontinuous,
corresponding to jumps in the shearing force.

A trial-and-error procedure was carried out with a cubic of the
form y = A+Bx + (C/2)x® + (D/6)x® for each span, The constants A, B,
and C are determined by the end conditions of one end of each span, while
D is determined by conditions at the other end of the span (whose length
is not yet known) such that ordinate, slope, and curvature are consistent
and proper. For the first span in each plate, different values of D and
x must be tried until all conditions are met. Subsequent spans require
only trials on.D. If no satisfactory match could be obtained, the con-
stants of the neighboring spans had to be considered and even read justed.

In this manner the jack stations were determined for both flexible
plates.

(f) A similar trial-and-error procedure was used to determine the
Jack adjustments needed to satisfy the requirements of the perturbation
bending of the plates.
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(g) The constants of the cubics of the final design curves are
related to bending moment (Mp), shear (V), and stress (S) in the plate,
through the following obvious relations:

%o = (1 ?Ive) ¢ )

v = —Z (A-)
(1 -v3)

S = Et dey (A-3)

2(1 - v®) ax®

where v = DPoisson's Ratio
t = plate thickness
I = moment of inertia of plate
E = Young's modulus

(h) Finally, the plate thickness in the three upstream spans of the
lower plate had to be reduced to bring the stress level to an acceptable
value. This was done by retaining the original design curve as repre=-
sented by the constants A, B, C, and D in the three spans and by readjust-
ing the moments, reactions, and thickness (or moment of inertia I) in
such, a way -that all compensate each.other as far as deflections are con-
cerned, while, at the same‘time, reducing the stress in these sections to
the desired level. This procedure led to a nearly linear variation in
thickness, which was very fortunate from a manufacturing standpoint but
was due to circumstances, not to special design practice. The thickness
variation of the lower plate is shown in Fig. A. 1. The upper plate has
a constant thickness of 1/4 inch.

(i) Deflections due to airloads and shears were checked and found
to be within the specified limits.

The plate stresses due to temperature differentials and thrust loads
were checked and found to be negligible.

The maJjor results of the flexible plate design are given in Figs.
A.1 and A.2. Shown are the geometry of the plates with their Jjack spac-
ing, the curvature distribution as designed and as specified, the bend-
ing~-to-contour stresses calculated and measured with strain gages during
the initial assembly .of the plates, and the deviations from specified
ordinates as measured by a height gage after initial assembly.

The flexible plates were made from Vulcan Hecla Steel, SAE 6150,

heat-~treated to a yield point of about 140,000 psi. All aerodynamic
surfaces were ground.
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A.v  JACK ATTACHMENT DESIGN

The design of the flexible plate was carried out under the assumption
that the Jjack attachments introduce only forces whi¢h are normal to the plate.
This is, of course, highly idealized, and one must assume that some moment
reaction is set up at a Jack attachment due to the combined loadings of bend-
ing, air loads, temperature differential, perturbation bending, and manufactur-
ing eccentricities. Thus, the question arises as to how much of a stray moment
can be tolerated at the jack points. To gain an approximate answer to this
question, a simplified section of the flexible plate with three Jack points was
analyzed, as sketched in Fig. A.3. A concentrated Jjack moment at the center
support was calculated, assuming negligible support moments at the end support,
and a maximum deflection of 0.00L inch in the spans. This moment was found to
be 300 in.-lb. On the basis of this calculation, a maximum allowable stray
moment of 100 in.-=1b was conservatively specified.

The design of the Jack attachment was conditioned by the decision to
employ a small tang, machined integrally with the plate stock, to avoid local
changes in material properties and nonuniformities in the plate, and to relieve
moments through flexure of the tang. To reduce as much as possible the need
for bending of the tang, a Jjack support system was selected which has a pin
joint at its lower end. A schematic of the final configuration is shown in
Fig. A.4 and the detail of the tang in Fig. A.5.

The calculated performance of this design is well within the desired
limits under extreme conditions of loading; for a typical jack with a Jack
length (lj) of 4 inches, a tang length (1) of 1/8 inch, tang thickness (t)
of 1/32 inch, and tang width of 4 inches, the support moments and stresses in
the tang are as follows:

Loading Support Moment Tang Stress
in.-1lb psi

(1) “Temperature
differential
(.0l-in. plate-wise
motion) 546 8,600

(2) Jack load of
1500 1b .3 12,000

(3) Perturbation
bending 2.1 34,000

‘Total of loads
@) + (2) + (3) 28.0 54,600
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The actual performance of the jack-and-plate assembly under severe
operating conditions has indicated no noticeable deflection at the supports,
nor has there been any structural failure.

APPENDIX B

NOZZLE SEALS

Atmospheric air was prevented from leaking into the aerodynamic
channel by inflatable seals made of Emson black rubber tubing with l/8-inch
inside diameter and 1/32-inch wall thickness placed in strategically located
grooves, Proper functioning of these seals was tested by evacuating the
tunnel to about one inch of mercury absolute pressure, and increasing the seal
pressure until the noise caused by leakage stopped. The seal pressure neces-
sary for effective sealing was found to be 30 psi for the nozzle seals, and
60 psi for the diffuser, due to the existence of somewhat larger grooves in
the diffuser.

Considerable difficulty was experienced with seal longevity. The
seals failed twice by being pinched and punctured in the narrow gap between
the lower block and the side walls, during translation of the lower block.
It was finally found that the seal life could be greatly increased by lubri-
cation with a silicone type of vacuum grease.

APPENDIX C

MOVING PROBE TECHNIQUE

Early in the flow evaluation tests with the original contours, the
moving probe technique was tried as .a means of obtaining a maximum of data
per run. This technique consisted of recording pressures on a pitot probe
rake which was traversed axially or vertically during a run. The pressures
were sensed by pressure capsules containing Schaevitz transformers, and
recorded on a Sanborn recorder. (See Reference 10 for a description of a
similar technique.)

Tests with the moving probe showed no steep pressure gradients such
as would be caused by shock waves. This result is also confirmed by the lack
of visible disturbances in schlieren pictures. The absence of shock waves is
attributed to the fact that there are no junctures in the supersonic part of
the nozzle, and that the contours have a minimum of short-length waviness.
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After these traveling probe tests had been begun, it was realized
that pressure data taken along the horizontal centerline of a tunnel do not
reveal the characteristics of the flow unless the flow is symmetrical about
the horizontal center plane.- In an asymmetrical two-dimensional tunnel the
most significant data is that taken along the Mach lines or along the floor or
ceiling (see Appendix D). The traveling probe method was therefore supplanted
for the rest of the tests by either point-by-point probing along Mach lines or
floor static-pressure measurements, since the probe mechanism was not easily
traversed along Mach lines,.

APPENDIX D

ANATYSIS OF TWO DIMENSIONAL TEST SECTION FLOW
BY LINEAR THEORY

In calibrating a supersonic wind tunnel, it is desirable to obtain
information about the flow at every point of the test section without having
to make an excessive number of measurements. One way of reducing the number
of measurements required would be to use the method of characteristics to
determine the flow properties at any point in the flow from measurements made
along a single line. However, the flow in a wind-tunnel test section is so
nearly uniform that the method of characteristics may be linearized with little
loss of accuracy. The linearized theory is used below to derive a rapid method
of determining the test-section flow properties from a limited number of
measurements.

The basic simplification introduced by the linear theory is that the
compression and expansion waves producing the small disturbances from uniform -
ity are everywhere straight and inclined to the axis of the channel at the
same angle, which is the Mach angle corresponding to the average Mach number
of the flow. This assumption will be quite close to the truth in a wind-
tunnel test section, where the Mach number variation is usually of the order
of i.l%‘ (A l% change in Mach number would give less than 1° change in the
direction of a Mach line at M = 1.4, and much less at higher Mach numbers.)

It will also be assumed that the flow is two-dimensional and inviscid, and
that the channel has straight walls, not necessarily parallel.

Suppose the direction of the flow at every point on a Mach line ab
is known (see Sketch 1). Any deviation of flow direction from that which
exists at a can be considered to result from weak expansion or compression
waves crossing ab.. Then, with the assumption that all these weak waves run
at the average Mach angle, and supposing the channel to have straight walls,
the flow direction at any other point in the channel can be easily determined.
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Sketch 1

Referring to Sketch 1, it can be seen that the flow angle © (the angle between
a fixed reference line and the flow direction) at any point d between Mach
line ab and its reflection ba' is

0g = ©Of + (6c - )

since the same Mach waves cross ec as cross fd. Now Oa = Gf since at the wall
the flow must be in the direction of the wall. Thus

83 = 6 +0c - G (D-1)

Similarly, for a point d' between the first reflection ba' and the second
reflection a'b’

]

egqr 8z + (6p - 6c) + (6err - 0a')

Oa + (6 - 6c) + (6e - 03)

O + 9 - 6 (D-2)

The flow angles repeat after the second reflection. Thus the flow direction
at any point in the flow may be easily found from the flow angle distribution
along a Mach line.

If only small changes in Mach number are considered, the Mach
number variation along a Mach line can be taken proportional to the flow angle
variation, in accordance with linear theory. Thus, with reasoning similar to
that used above, it is seen that the Mach number at any point 4 is
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Mg = M + (Mf - Me)
= M o+ (M, - M)
= My + (M, = M) + (Me - M) (D-5)

A similar formula holds for a point d' at the intersection of any number of
reflections of the Mach lines through c and e.

The Mach number -distribution along the floor or ceiling of the
channel is found from the above formula to be

Mp = Mo+ 2(Me - ) (D-#)

This formula .can be rearranged to give the variation of M along a Mach line
once the wall distribution is known. Thus the test-section flow can be com-
pletely determined from static pressure distribution along a length of floor
or ceiling equal to the distance ab' if the stagnation pressure is known.

It should be noted that the variation of Mach number along a Mach
line is the same along every reflection of that Mach line. The Mach number at
any point e' of ba' (Sketch 1) will differ from that at b by the same amount
as the corresponding point e of ab differs from a. Thus the wavelength of
the Mach number variation along a Mach line is the distance between channel
walls along a Mach line. If the walls diverge or converge slightly, the Mach
number at any point of ba' will differ by a constant from that of the cor-
responding point of ab.

The maximum variation in Mach number within a test rhombus, which is
of interest in wind-tunnel calibration, can be determined directly from the
Mach number variation along a Mach line. If the rhombus is bounded on one side
by the known Mach line (ab in Sketch 2)1)then the most upstream point, p, of

Sketch 2
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the rhombus divides ab into two halves. Equation (D-3) can then be expanded
to give the Mach number at any point d in the rhombus in terms of the Mach
number variation in these -two halves, ap and pb. Thus,

Mg = Mp o+ (Mo - Mp) + (Me - Ma) (-5)
The highest Mach number in the rhombus will be

Mpax = Mp + (Mmax?b - Mp) +‘(Mmaxap - Ma) (D-6)

where Mmaxa and M maxph 8re the maximum Mach numbers in the first and second
halves of ag, respectively. Similarly,

Mpin = Mp + (Mping - Mp) + (Mming, - Me) (D-7)

The extreme variation of Mach number within the rhombus can be written by
combining (D-6) and (D-T), as

M = Mpay = Mpin
= (Mpax - Mmin)ap + (Mpax - Mmin)pb (p-8)
Thus the extreme Mach number varistion AM in the rhonbus is the sum of the
extreme variations in the two halves of the Mach number distribution along a
Mach line. This value of AM must be greater than one, but less than two,
times the Mach number variation along a Mach line.
If the Mach number distribution is not known along a line coinciding

with one side of the desired test rhonmbus, it can be easily found, as shown in
Sketch 3, where ab is the known Mach line and fh is a line along the desired

h

b
k ||
—_— [
e
a f

Sketch 3
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rhombus. The variation in Mach number along fe' will be the same as that
along eb since the same expansion or compression waves cross these lines. The
variation along e'h will be the same as that along be' or ae, for the same
reason.,

A diagram showing how the magnitude of AM varies as the rhombus loca-
tion is shifted along the tunnel axis can be easily constructed. For this pur-
pose the extreme Mach number variation AMph1m in the general rhombus phlm of
Sketch 3 can be written, using equation (D-8), as

AMphim = Mmaxe, = Mnine, * Muaxpy - Mmingh

]

Mnaxek = Mminek + Mmaxkpe' = Mmingpe!

(Note that the variation of Mach number along ph is the same as that along
kbe', since the same Mach waves cross corresponding points of both lines. The
Mach numbers along be' equal those at corresponding points of ae, with the,
addition of the constant (Mb - Ma)‘) This can be expanded to

Mphim = (Mp - Ma) + (Me - Mming,) + (Mk - Mning )
+ (Mﬁaxek - M) + G@mn%me, - Mg - My + M)

= (Mb - Ma) + (Me - Mminek) + (Mk = Mminkbe,)
+ (Mmaxek = Mk) + (MInan'be' = Me') (D"9)

In Sketch 3 and equation (Dy9) the points a and b are fixed at the ends of the
known Mach line, The other points move with respect to a and b as the rhombus
location is-varied. Thus, the first term on the right side of equation (D-9)

is a constant, and the other four are functions of rhombus pasition.

A convenient method for evaluating the variable terms in equation
(D-9) is illustrated in Sketch 4. The heavy line in part (a) of this figure
represents a typical distribution of Mach number along a Mach line from floor
to ceiling (ab in Sketch 3) and its reflection to b'. The shaded areas below
the heavy curve in Sketch (a) are generated by sliding the curve to the left
a digtance equal to half of ab; those above, by sliding to the right. It is
seen that the Mach number difference between the heavy curve at point e and
the bottom of the shaded area at that point 1s equal to (Me Mmin ). Simi-
larly, the last three terms of equation (D-9) are represented in Sketch 4(a)
by the height of the shaded area below the curve at k, above the curve at k,
and above the curve at e', respectively. Note that the height of shaded area
above the curve at e' 1s the same as that at e, so that the sum of the four
variable terms of equation (D-9) is represented by the sum of the Mach number
differences between top and bottom of the shaded areas at e and ks Thus, for
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any rhombus position the four variable terms of equation (D-9) equal the sum
of the vertical thicknesses of shaded area at two abscissas of Sketch 4(a)
spaced a distance apart equal to half of ab.

Sketeh 4(b) shows how the total Mach number variation AM is obtained
from Sketch 4(a) by adding the shaded areas to the overall Mach number gradient.
For any given rhombus location (abscissa of Sketch 4) the top curve of Sketch
4(b) shows the value of the sum of the 2nd and 5th terms of equation (D-=9).

The next two curves represent the sum of the 3rd and 4th terms, and the lst
term, respectively. The bottom curve represents the total Mach number varia-
tion AM as the sum of the ordinates of the other three curves.

The application of this type of analysis to real flows introduces
two additional sources of error: (1) the flow may not be exactly two-dimen-
sional, and (2) the disturbance waves reflect not from the walls but from the
boundary layers. This second effect may be at least partly compensated for
by considering the waves to reflect from an appropriate part of the boundary
layer.

Summary: The flow in a wind tunnel test section can be determined
by static-pressure measurements along the floor or ceiling, or by Mach number
or flow-angle measurements along a Mach line. (If the flow is symmetrical,
Mach nunmber measurements along the centerline are sufficient.) The greatest
difference in Mach number within a test rhombus can be easily determined as a
function of rhombus location. This difference must be greater than one-half,
but less than one, times the Mach number variation along two rhombus lengths
of the floor or ceiling. The analysis does not consider errors due to non-
two-dimensional flow or boundary layer modification of disturbance wave
strength.

APPENDIX E

CONTOUR TOLERANCES

The effect of a contour defect on the test-section flow can be
conservatively approximated by assuming that the expansion and compression
waves arising from the defect do not interact with the boundary layers or with
themselves. Then the angular deviations of the manufactured contour from the
specified curve will be propagated directly into the flow as changes in local-
flow angle which will follow the Mach lines into the test section. If the
test-section flow—angle deviations due to manufacturing errors are to be kept
below a certain value, A, then the deviations in slope of the contour from a
smooth curve faired through the specified values must also be less than AC.
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Where deviations of Mach number or static pressure in the test section are of
greater interest than are those of flow angle, the flow-angle deviation cor-
responding to a given deviation in Mach number, AM, or static pressure, AP,
can be found from linear theory as

N JMB-1 Ap
- a2 P
NME-1 AM

o = 7 ML (8-2)
142'-—-;1 w2 M

A = (E-1)

Once it has been decided what nonuniformities in flow angle due to
manufacturing errors may be allowed, the problem arises of how to specify the
contour tolerances in order to keep slope errors below this amount, Ax. This
problem will be treated here by assuming the manufacturing errors are sinus-
oldal, of wavelength L and amplitude + Aypgy. The deviation Ay from the de-
sired contour can then be written

Ay = Ay, sin 2§§ (E-3)

where x is the distance along the contour ffom a point where Ay = o. The
maximum error in slope will be

dAy) 2T(Ayma,x Euﬁ)m
— = cog —— ax
dx L L

[

2nAy.
= + max (E-k4)

- L

so that 2nAy.
A = + zax (E-5)

- L

Therefore, the deviation of any point on the contour from a smooth curve
through the specified points must not exceed

Lia (E-6)

Aypax = * ~

Contour defects of semi-height exceeding the above maximum allow-
able value can be discovered and removed by the usual measuring and manufac-
turing techniques if they are of sufficiently long wavelength. For controlling
shorter wavelength defects, a curvature gage of the type shown in Fig. 2.4
may be used. The reading of such a gage with center contact at a point of
maximum curvature of a sine wave is

G = 2A¥pax (1 - cos 2x & (E-T7)
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where lg is the distance between the center contact and each of the outer
contacts. In terms of Ax this is.

G = E’-m(l—cos 2n -1-5) (E-8)
Tt L

Thus, slope errors will be less than Ax if deviations of the curvature gage
reading AG from the desired value due to the basic nozzle curvature do not
exceed
L lg
MGy = ‘;-Aa (i - cos 2x jﬁ> (E-9)
This equation is plotted in Fig. E.l for gage lengths lg = 1/4 inch and lg =
1 inch.

1.6

o fg=1linch
g /-\
© c
o
oI
® o
55 '
5 2 \
>
- - 4+ .8
Soles — | N
3 —
S ¢
E o

(72}
o
-E g + 4
o E

>
o o . /g=0.25inch
: S S
x 2

0] L
0] 2 q 6 8 10

Wavelength,L ,inches

Fig. E.1. Ratio of maximum curvature gage reading on a sine wave to maxi-
mum slope of the sine wave, as a function of length of the wave.

It is desirable to eliminate the wavelength as a parameter in con-
tour tolerance spécifications. This can be done by observing from Fig. E.l
that for a 1l/b-inch curvature gage (:Lg = 0.25 inch)
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(2 2 0.23Aq for .4 <L < 1.55, (E-10)

Gmax)o.zs
and for a l-inch curvature gage
>
(AGpgy), = 0.80Ac for 1.55 < L < 7.3, (E-11)
and also, using equation (E-6),

Apax 2 1.16A0 for 7.3 < L. (B-12)

Slope errors can therefore be held to values less than A, for wavelengths
greater than 0.4 inches by the following set of tolerances:

lAyI S 1.16A0 (ordinate tolerance) (E-13)
l AGy l < 0.80Mx (1-inch curvature gage tolerance) (E-14)
IAGO.ZSI S 0.230a  (1/M-inch curvature gage (E-15)

tolerance),

where the tolerances are in inches and Ax is in radians. For Ax in degrees
these are -

|Ay S 0.0200 (E-16)
IAGl < 0.0Lka (E-17)
‘AGb,zs S 0.004A (E-18)

In order to use the above curvature tolerances it is necessary to
determine the correct reading of the curvature gage at every point along the
nozzle from the specified coordinates. By simple geometry it can be shown
that the gage reading is related to the average radius of curvature R over the
portion of the nozzle spanned by the gage, by the equation

2
L 1 1
G = B |=2 4§ — (E-19)
R [2 2(cos.]:5)2:|
R

The quantity in brackets can be set equal to unity with very small percentage
error in G, so that :
1
G = -%- = 1 K (E-20)

where K is the curvature. ( = §>.
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The average curvature K over a portion of the nozzle contour cor-
responding to an interval 2 Ax along the x-coordinate axis is very nearly

. Azy
(Ax)z[i + (%%)é]a/z

where Ay is the increment in y associated with Ax, and A2y is the difference
between the Ay's of the two adjacent Ax intervals. Then the reading of a
curvature gage having 1lg = Ax can be expressed in terms of the coordinates,
by combining equations (E-20) and (E-21), as

K = (E-21)

G

- A%y : 22)
[1 + (% 2]372 o

From this equation the correct readings of a curvature gage of ggge length
lg can be calculated from the first and second differences in the y-coordi-
nates at interval 1g.

APPENDIX F

DIFFUSER PERFORMANCE

The nozzle model was originally equipped with an adJjustable super-
sonic diffuser. The flow through this diffuser was bounded on the bottom by
a flat plate extension of the lower nozzle block, on the sides by parallel
flat walls, and on the top by two flat plates hinged together. The upstream
plate was 25 inches long; the downstream plate, 37 inches. The hinge point
between these plates could be lowered, reducing the angle between the plates
to less than 180°, and forming a throat. This throat was 37 inches downstream
of the nozzle exit.

The entrance cross section of the adjustable diffuser was 4 inches
wide and from 4- to 5-1/2 inches high, depending on the nozzle configuration.
The exit of the adjustable diffuser was 4 by 5 inches. A 5-foot-long transi-
tion section continued the subsonic diffusion to the 8-inch-diameter butterfly
valve,

The performance or tne adjustable diffuser described above, in con-
Junction with the empty tunnel with jacks set for the theorctical contours,
was determined by measuring the vacuum tank pressure at the moment of flow
break-up. The resulting overall pressure ratios required to maintain super-
sonic flow are shown in Fig. F.l for two conditions: (1) diffuser throat wide
open, and (2) diffuser throat closed to optimum position after starting.
Minimum diffuser throat-to-test-section area ratios for starting and for main-
taining flow are shown in Fig. F.2.
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Fig. F.l. Minimum overall-pressure ratios fcr two
diffuser conditions. Nozzle with
inviscid contours.
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Minimum diffuser area ratio
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Fig. F.2. Approximate minimum diffuser area ratios for starting and for

running. U- by b-inch asymmetric adjustable nozzle with original contours.
Tunnel empty.

The overall pressure ratios of Fig. F.l with diffuser throat closed
to optimum position after starting are somewhat higher than those of a pitot
tube. It 1s probable that this performance could be improved by modifications
of the adjustable diffuser geometry.
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