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ABSTRACT

The design and construction of a small, transonic,
cascade wind tunnel are reported. The tunnel is of the

intermittent blow-down type, and the initial test cascade

models the flow at the rotor blade tips of a single stage
1 transonic compressor at a relative Mach number of 1.4.
l ‘ General programs were developed for the design of round-to-

rectangular transition sections and for the computation of

supersonic nozzle contours. Complete machine drawings for

the important components of the facility are included.
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NOMENCLATURE

English Letter Symbols

H

= K B

© a v Z 3.

< u =
o

W

Area, in2

Aspect ratio
Nozzle width, in
Lift coefficient

Center-line notation
Blade chord, in

Specific heat at constant pressure, for air
= .24 Btu/1b°R

Fraction of blade passage between end blade and
nozzle wall

Nozzle height, in

Incidence angle, degrees

Ratio of specific heats, for air = 1.4
Lift, 1bf

Mach number

Mass flow rate

Number of blade passages

Pressure, lbf/in2

Dynamic pressure, lbf/in2

Radius of settling chamber, in

Radius, in

Blade spacing, in

Velocity, ft/sec

Velocity relative to rotor blade, ft/sec

Dimensionless velocity, V/ Zcth

Distance along nozzle, in
Height from nozzle centerline to contoured wall,

Scale factor

in




Greek Letter Symbols

B - Relative flow angle, degrees

Yy - Stagger angle, degrees

¢ ~ Camber angle, degrees

o - Density, 1b/ft3

A - Finite difference

§* - Boundary layer displacement thickness, in

v - Kinematic viscosity, ftz/sec : ?
g - Solidity, ratio of c/s

§ - Deviation angle, degrees

p - Mach angle

Subscrigts

0 - Settling chamber ?
1 - Section at cascade inlet or supersonic nozzle outlet

2 - Section at cascade exit

w - Nozzle wall conditions

L - Lift coefficient

t - Total or stagnation properties

» - Reference condition for cascade

Superscripts

— - Condition at outer edge of boundary layer

* - Denotes conditions at nozzle throat or sonic flow

10




I. INTRODUCTION

The purpose of the work reported here was to design and
construct at low cost a small transonic cascade wind tunnel
to be used in the Transonic Compressor Research Program at
the Naval Postgraduate School (NPS), Monterey, California.

If the stream surface, through either a rotor or a
stator, of a compressor is unwrapped and laid out in a
plane, a two-dimensional cascade is generated. The cascade,
with an infinite number of blades, is considered to model
the flow along the particular stream surface through the
compressor. The characteristic feature of a cascade is
that the flow repeats itself identically over each blade
pitch, a condition referred to as periodicity. Cascades
are generally used to gain better understanding of the
complex flow in axial turbo machines and to gather data
on the losses, pressure increase and turning produced by
given blade sections.

In order to model the flow through a rotor, it is the
flow relative to the blading which must be established in
the stationary cascade. The picture is then as shown in
Figure 1. The blade shape, spacing (s), chord (c) and
stagger angle (y) are those of the compressor blading on
the stream surface of interest. The approaching flow
velocity is that of the flow relative to the moving rotor

(wl), and the outlet velocity, which can be detzrmined

Il
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experimentally in the cascade, corresponds to the relative
flow velocity leaving the rotor (WZ).

In an effort to develop smaller and more compact axial
compressors, rotational speeds have been increased to input
more energy per stage. Through-flow velocities have also
been increased to increase the mass flow per unit frontal
area through the compressor. As a result, the inlet vel-
ocity relative to the rotor blades can become supersonic
and, depending on the particular blade configuration, the
blade passage and relative exit velocities can be either
supersonic or subsonic. Flows through blading, which
contain regions of both supersonic and subsonic flow, are
termed transonic, and various types of transonic cascades
have been described. (Ref. 1) The "shock-in-rotor'" type
of transonic flow pattern is the one of interest in the
present work.

A Transonic Compressor Research Program at the Naval
Postgraduate School was begun in 1969. The overall goal
of the program was to understand the flow phenomena in
advanced compressors in order to propose and to verify
methods of designing axial compressors for improved per-
formance. The main experimental tool in this program is a
single stage transonic compressor designed by Dr. M. H.
Vavra. An outline of the compressor is shown in Figure 2.
The rotor blades in the machine have profiles which consist
of a flat surface on the pressure side and a simple circular

arc on the suction side, joined by small radii at the




leading and trailing edges. The rotor was designed to
operate with a relative Mach number of 1.5. The flow pat-
tern is expected to be of the "shock-in-rotor" type. Tests
of the compressor have established performance map data
(Ref. 2), rotor blade-element performance (Refs. 3 and 4)
and case wall pressure maps at the rotor tip (Refs. 5 and 6).
Measurements of the flow leaving individual rotor blade
passages also have been made (Refs. 6 and 7). Currently,
compressor test speeds have been increased to 21300 RPM which
is 70% of the design speed. At this speed, the velocity
relative to the rotor blades is just sonic. Figure 3 shows
a case wall pressure map obtained at 70% design speed using
newly developed high speed data acquisition techniques (Ref.
5). The map describes the pressure pattern which rotates
with the rotor tip. It was of interest to compare these
measurements, and similar measurements at higher speeds,
with either measurements from or analysis of an equivalent
two-dimensional cascade model. Since an analysis was not
then available for the transonic cascade, a two-dimensional
cascade, which modelled the stream surface at a chosen
relative Mach number of 1.4, was designed and constructed.
The present document details the design of the cascade.
In Section II, the important considerations in the design
are outlined. In SectionIII, a description is given of the
general layout, with mention of specific items which required
the most design effort. Detailed design calculations are

given in Section IV. Two generally useful design procedures
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were developed in the course of the design, and these are
given in the appendices. First, Appendix A describes the
design of a smooth, round-to-rectuangular transition section
which was required upstream of the two-dimensional nozzle.
Then, the design of the nozzle is described in Appendix B.
Inviscid contours Qsed in the supersonic section were those
obtained from the Naval Surface Weapons Center (NSWC),

White Oak, Maryland. However, a program was written for

the HP-9830A calculator to design supersonic nozzle contours;
the program and a comparison with the NSWC design are in-
cluded in Appendix B. Appendix C contains a general pro-
cedure for calculating the pressure drop in a sudden expan-
sion process. Machine drawings for the components of the

cascade are included in Appendix D.
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II. DESIGN CONSIDERATIONS

Important factors to be considered in the design fall
into two categories. First are the limitations due to the
available facilities, siting and equipment. Second are
considerations specific to the design of the cascade itself.
Figure 4 illustrates the arrangement of the resulting
cascade design and will be referred to in the following

discussion.

A. FACILITY LIMITATIONS

In order to use the air supply system available in
building 230 at NPS, the cascade was designed to operate as
an intermittent blow-down wind tunnel. Test section flow
area was then limited by the available mass of stored air
and the minimum desired run time. For a given flow area,
the number of blades in the cascade was then determined by
the magnitudes of the stagger angle, aspect ratio and
solidity. Stagger angle was given by the compressor gecme-
try. The aspect ratio could be chosen. Higher aspect
ratios would minimize the effect of the side wall boundary
layer on the two-dimensionality of the flow. However,
because the blade profile in the compressor was very thin,
structural considerations were decisive, and an aspect

ratio of one was selected. Solidity was also given by the




compressor geometry. But, as solidity is the ratio of blade
chord to blade spacing, each could be scaled by the same
factor.

A runtime of two minutes was selected as the minimum
required to acquire data. Tests were conducted with the
existing air system using simple rectangular nozzles, of
varying sizes, operating as a free jet. The nozzle area
giving a two minute run time was selected for the throat
area for the supersonic nozzle. The nozzle exit area was
calculated for a Mach number of 1.4, and the stagger angle,
aspect ratio and solidity selected earlier, determined the
geometry shown in Figure 4. The cascade consisted of 6
blades, with a fractional passage width bypassed at each
end blade. The end blades are half blades which present
the correct stream boundary for the flow through five

blade passages.

B. CASCADE DESIGN CONSIDERATIONS

Uniform supersonic flow upstream, generated by a pro-
perly contoured Laval nozzle, satisfies the requirement for
periodic inlet flow to the cascade. However, as shown in
Figure 4, the shock waves generated by the blade leading
edges will be reflected from a solid upper nozzle wall and
modify the flow into the upper blade passages. Therefore,
a slotted section, which is vented to an exhaust line, will
be provided to minimize the strength of the reflected

disturbances.

16




Periodic exit flow is no less important and is reported
to be more difficult to achieve (Ref. 8). As shown in
Figure 4, the present design removes a portion of the flow
from the top and bottom walls via separate exhausts, and
the main flow is exhausted into a dump diffuser. The main
flow is throttled downstream by a valve which provides the
necessary back pressure for the cascade.

The boundary layers on the top and bottom walls are
prevented from entering the blading since they are removed
through the by-pass exhaust ducts. The side wall boundary
layers do enter the cascade, and secondary flow will occur
in the blade passages as a result of the pressure differ-
ence between the suction and pressure surfaces of the blades.
lWhile this departs from strictly two-dimensional flow, it

provides better simulation of what occurs in the compressor.

17
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I1I. GENERAL ARRANGEMENT

Figures 5, 6, and 7 show the cascade installation. A
4 inch gate valve provides tight shut-off, and a Fischer
(Type 310-32) automatic control valve is used to operate
the tunnel. Design operating pressure in the settling cham-
ber (which is used as control pressure) is 50 1bf/in2. A
tubular flow straightener is used to remove the swirl in-
duced by pipe bends between the control valve and the set-
tling chamber. In the settling chamber a flat, perforated
plate diffuser is followed by a screen to reduce turbulence
and promote flow uniformity.

A short round-to-rectangular transition section, between
the settling chamber and supersonic nozzle, changes the
flow area from 10 inches diameter to a rectangular section
approximately 2 inches by 4.5 inches. The two-dimensional
supersonic nozzle was designed to produce a uniform Mach
number of 1.4.

The arrangement of the test section of the cascade is
shaown in Figure 4. The blades are attached to the test
section windows which can be rotated over a small range of
incidence (*3 deg). O-ring seals are provided to prevent
leakages between sections containing different pressure
levels.

Plexiglass windows are provided to allow Schlieren

observation and photography of the flow field. Plexiglass

18
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was chosen due to its availability and ease of machining.
Stresses in plexiglass are apparent in the Schlieren
photographs but need not obscure the main features of inter-
est in the flow field. Schlieren quality glass can be
substituted if needed at a later date.

The by-pass exhaust and main exhaust lines duct the
flow to the exterior of the building. A butterfly valve
is located in the main exhaust line to control the back
pressure for the cascade. The plate of the butterfly valve
is smaller than the pipe diameter in order to avoid a

complete shut-off of the flow.

19




IV. DESIGN DETAILS

A. NOZZLE THROAT AND TEST SECTION SIZE

The test section flow area is given by Ay = Hl By

where, from the geometry,

Hl = (N + 2f) s z cos (y)

and
Bl=cZAR
Consequently,
(N + 2£) = A%/[c AR s z% cos (v) / (A;/A%)] (1)

At the design Mach number of 1.4, Al/A* = 1.1149. The values
of ¢, s and y were given by the geometry of the compressor
rotor blading (Table I), and AR = 1 was desired in order to
limit blade bending stresses. The throat area of the test
nozzle which gave a 2 minute run time was 7.98 inz. Also,
the minimum acceptable scale factor was considered to be
about 0.7, in order that the blade sections not be too thin
to fabricate properly. Equation (1) then gave (N + 2f) = 7
which would give 5 blade passages (6 blades) for the main
flow and 2 full passages exhausting separately. Since a
full passage at each end of the cascade was not needed, a
one-quarter passage was used, thereby reducing the test
section and throat dimensions and increasing the available

"
run time. The nozzle throat area was then 6.27 in~. At

20
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design stagnation pressure (50 lbf/inz) and temperature
(SZOOR), the flow rate is 7.3 1lb/sec.

Reynolds number similarity was considered. At a rotor
relative Mach number of 1.4 the Reynoclds number based on
chord length for the rotor blades in the compressor is

.85 X 106. In the cascade at a scale factor of 0.7 the

Reynolds number, based on chord length, is 2.58 x 106.
Differences in turbulence levels and vibrations between the
compressor and the cascade make this difference in Reynolds
numbers unimportant for the flow away from the side walls.

Of greater importance is the difference in the wall boundary

layers at the ends of the blades.

B. SUPPLY PIPING AND SETTLING CHAMBER

It is recommended (Ref. 9) that the velocity in the
settling chamber be between 10 and 100 feet per second. A
chamber diameter of 10.15 in.was computed to give an
average velocify of 50 ft/sec at design conditions, which
allowed the use of 10 inch diameter commercial steel pipe.

The existing supply piping from the storage tank to the
control valve was 4 inch diameter. Six inch diameter pipe
was used from the control valve to the settling chamber to
maintain a low pressure drop. A tube-bundle (using 1 inch
diameter tubing) was installed as a flow straightener at

the end of the supply pipe.

A flat, perforated plate was used at the end of a di-

verging section to act as a diffuser and decelerate the flow

21
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entering the settling chamber. Reference 9 recommends that
the design value for the pressure drop across the perforated
plate be approximately equal to the dynamic pressure of the
flow in the inlet pipe. Three different plates were avail-
able with characteristics as shown in Table II. The data
correlations and method given in Ref. 10 were used to cal-
culate the pressure drop across each plate for design con-
ditions in the settling chamber. Values of the plate coef-
ficient for pitch-to-hole-diameter ratios of less than 2
were extrapolated from the given data. The results are
shown in Table II. Since the dynamic pressure at the inlet
was 0.59 lbf/inz, all three plates were acceptable on the
basis of pressure drop. However, Plate A was chosen since
the jets from the smaller holes would require a shorter
distance downstream in which to decay. A wire screen was

positioned downstream of the diffuser plate to generate

small scale turbulence and promote mixing and subsequent

turbulence decay in the length available ahead of the nozzle.

C. TRANSITION SECTION

A transition section was required between the .10 inch
diameter settling chamber and the rectangular nozzle en-
trance of approximately 2 in. by 4.5 in. No documented
design procedure for such a section was on hand; and since
the requirement was simply to achieve a geometrically smooth,
accelerating transition between the two sections, a method

was devised to compute a suitable shape. The method is
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given in Appendix A. Because of limitations in the avail-
able machine facilities a small modification, also described
in Appendix A, was required to the computed contour. The
transition was first machined as a male form which was
placed within a 10 inch pipe section. Epoxy resin was cast
into the pipe around the form, which was then removed to

leave the required inner contour.

D. SUPERSONIC NOZZLE

The nozzle is a conventional two-dimensional design with

parallel side walls and contoured end walls. The coordinates

used for the supersonic section were provided by the Naval

Surface Weapons Center (NSWC), White Oak, Maryland (Ref. 11).

A second design was developed in-house using a program
written for the Hewlett-Packard 9830A Calculator. Both
designs are detailed in Appendix B. The NSWC contours were
used since they were obtained from a well-proved design
program. The NSWC coordinates which are listed in Appendix
B were based on a test section height of 7 blade passages.
The test section height was subsequently changed to 5.5
passages heights, and the nozzle coordinates were scaled by
a factor of 5.5/7. The longest of three nozzle designs
provided by NSWC was chosen. The nozzle coordinates were
corrected to account for the boundary layer displacement
thickness on both the end walls and the side walls. The
boundary layer displacement thickness was calculated using

the expression

29




(2)

where the bracketed term is the Reynolds number based on
design test section conditions and length from the throat
(Ref. 12). With the assumption that the displacement
thickness at each axial location is the same on both con-
toured and side walls, the correction to the contoured wall
was made as illustrated in Figure 8. The displacement (Ay)

which was added to the contoured walls was given by

2ys* + (B - 28%) o*
B

(3)

The scaled contours corrected for the boundary layer dis-
placement thickness are listed in Table III.

The contour upstream of the throat was obtained as part
of the transition section design procedure given in Appen-
dix A. The throat of the nozzle (after scaling) had a’
radius of curvature of 77.1 inches which was used as an

input to the transition section design.

E. BLADE STRESSES AND ATTACHMENT

The blade attachment to the plexiglass side wall sections
is shown in Figure 9. Round pins are brazed over tabs at the
blade ends, using a low temperature aluminum braze. The pins
fit into holes bored into the plexiglass and are retained by
set screws such that the end of the blade is flush with the

inner wall. This method was chosen as it offered relative
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ease in manufacture and assembly and reasonable values of
blade stress. It alsc caused little obstruction in viewing
the flow through the cascade.

A pressure distribution across the blade chord typical
of subsonic flow was assumed initially for blade stress
calculations. The pressure distribution was approximated
by a linear variation from the leading to the trailing edge
with zero pressure difference at the trailing edge. With
this approximation for the loading, a larger pin was re-
quired at the front than at the back of the blade. However,

the rear pin was made equal in size to the front pin to

provide adequate strength for any physically reasonable

load distribution.

A summary of the calculations follows:
The 1ift per unit span was calculated using
L/B = € q, ¢ (4)

where L 1s the total 1ift force on one blade, CL is the

1ift coefficient given by

R .
CL == (tan 61 tan 82) tos &, (s)
and q_, is the relative dynamic pressure given by

GW = 30 W° (6)

The quantities W_ and 38_ are as shown in Figure 10 where

tan 8, = % (tan Sl + tan 82) (7)




Assuming a perfect gas, in terms of the known upstream
conditions, Eq. (6) can be written as
_k- >
5 k-1 cos 81

R M, “] (——=) (8
it gl 2 1 coszsw

rf 7
[§9)
-
)
—

Far =

I £ 8, is known, the 1ift force can be calculated using
Eq.. (4), firsé obtaining 8_ from Eq. (7), CL from Eq. (5)
and q, from Eq. (8] .

82 was determined for a range of 81 using the data cor-
relations given in Chap. 6 of Ref. 13. Bl for the minimum ;
loss incidence was 63 degrees for the given blade shape,
and operation at *3 degrees from this condition was required.
First, using Ref. 13, the deviation angle, &§, was calculated.

It can be seen in Fig. 1 that the incidence angle, i, is

related by
i = 8;,-v- % (9)
and since, also from the geometry,
AR = 81 = 62 =g e =16 (10)
the outlet flow angle is given by
B, = v - & +5 (11)
2 4

The results of calculating B, using Eq. (11) and CL
using Eqs. (7) and (5) are listed in Table IV.
The highest €, (at 8, = 66 deg) was used to calculate

the maximum load on the blading. From Eq. (4) the total




blade 1ift was then L = 22.91 1bf. If the 1ift is dis-
tributed linearly in the direction of the chord and is

supported by forces L, and L, at the front and rear pins

3t

respectively, then the situation is that shown in Figure 11,

where P is the pressure loading at the leading edge. The

total 1lift force is given by L 1/2 B c B or P = 2 LfcB.

For the present design with AR = 1,
¥ o= = (12)
. .

The pins are separated by a fraction, x, of the chord and
are located symmetrically with respect to the mid-chord
point. Equilibrium of the forces on all four pins requires
that

L. =

b
2 2

= L1 (13)

and summing moments about point B gives

Ly L+ x) + Ly (1-x) = %; (14)

The loads at the pins are therefore given by

El > 14 " 1
L 4 12x
and (15)
o Sy e
B 4 2%

The section of blade between the front pins was treated as
a beam fixed at each end and carrying a uniformly distri-
buted load. Using Eq. (15) and assuming that each pair of

pins supports half the blade span, for the front pins the

&

.



load per unit span, W), is given by

2L
L - L 1 1
" f s e

w, T
Several values of x were chosen, and the bending stresses
were calculated in pins of different diameter (and there-
fore tab width). The variation in the area moment and
centroid of the tab section with x and the variation in the
pin radius were included in the calculation. A value of
X = .5 and a pin radius of .15 inch were selected. For
these dimensions, the tensile stress on the lower portion
of the tab was calculated to be 20,000 lbf/inz. The mater-

ial selected for the blading was 7075-T6 Aluminum, which

2
has a yield stress of approximately 65,000 1bf/in".

F. BY-PASS DUCTING

Part of the flow is removed from the cascade end walls
by a scoop arrangement as shown in Figure 12. The pressure
drop was calculated for this section using a simplified
model of the process. The assumptions and simplifications
are as follows:

1. Uniform flow at a Mach number of 1.4, stagnation
pressure of 50 1bf/in2, and stagnation temperature of 520°R
decelerates due to a normal shock at 1.

2. The decelerated flow turns without losses, sustain-

ing losses in the sudden expansion process. The sudden

expansion analysis is given in Appendix C.
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3. The flow is steady with perfect gas behavior.
4. Gravitational forces are neglected.

For a normal shock from upstream conditions (denoted

by x) at Mx = 1.4, the downstream conditions (denoted by y),

which will be the conditions at station 1 in the analysis

from Appendix C, are:

M = .74
Py/Px =i 25017
Poy/Px = 3.05

P, = 50 1bf/in’
and at MX = 1.4
px/Ptx = .314
then
M. = .74
Ty
2 2 .2
Poy = Pt(Px/Pg(Poy/Px) = 47.88 1bf/in
and
o P e
Py = Pt(Px/Pg(Py/Px) e 33.28 1bf/in".
Using P, = 33.28 1bf/in’, V, = 785 ft/sec (for
My = ,74), and A1 = 47 in2 and A2 = 3.39 in2 (from

the cascade geometry) in Eqs. C-9 and C-7 of Appendix C,
the static pressure at station 2 was P, = 33.8 lbf/inz.
The expansion losses calculated here are likely to be

greater than the losses which were neglected in the flow
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turning. The by-pass duct is vented downstream at atmos-
pheric pressure, so that for these conditions there is
sufficient pressure remaining to operate the by-pass exhaust
‘properly. (It is noted that during the starting process,
the flow conditions at the scoop entrance will be consider-

ably different and the pressure level difficult to predict.)
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V. CONCLUDING COMMENTS

This document reports the initial design and fabrication
of a new, small test facility. In order to satisfy the goal
of simulating an existgng rotor tip design at low cost,

a simple rather than elaborate and more flexible apparatus
was built.

Initial tests are required to verify:

(1) nozzle flow uniformity,

(2) proper operation of by-pass ducts,

(3) adequate strength of blade attachments, and

(4) proper flow conditions in the cascade.

The slotted section will be added to the end of the upper
nozzle block after completion of items (1) and (2). Slots
will be machined into the nozzle block and vented through to

the upper by-pass duct. This arrangement should also assist

in starting the flow when the blading is installed.
Instrumentation for the initial tests will consist of
an impact pressure rake and static pressure taps in the
nozzle and test section walls. A window section containing
pressure taps simulating the pattern of pressure taps in the
compressor will be added when Schlieren observations of the

flow in the cascade have been made and are satisfactory.




TABLE I. Compressor Rotor Tip and Cascade Blade Data

Rotor Tip Cascade

Scale Factor (z) 1 077
Stagger Angle (Y) 59 deg, 44 min, 59 deg, 44 min,

J 35 sec 35 seec
Camber Angle (9¢) 4.7 deg 4.7 deg
Blade Spacing (s), in 1.920 1.344
Blade Chord (c), in 2.688 1.882
Leading edge and trailing

edge radii, in .005 .003
Suction side radius, in 16.33 11.431
Maximum thickness, in . 065 .045




TABLE II. Perforated Plate Data

Plate A Plate B Plate C

Thickness, in. . 1875 - L875 1875
Hole Diameter, in. 25 .625 .15
Pitch/Hole Diameter 15 1.4 15353
Thickness/Hole Diameter .75 3 .25
AP, 1b£/in’ .49 57 .44

Holes are on an equilateral triangle pitch. Pitch is

{ the distance between hole centers. AP was calculated

for the settling chamber flow conditions.
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TABLE III.
X(INCHES) Y (INCHES)
0.000 2.086
0.500 2321
1.000 22557
1.500 2.728
2.000 2.891
2.500 35..023
3.000 35125
31 500 3.192
4.000 31255
4.500 3.250
5.000 3.254
5.506 3.247
5935 35.238
6.440 310 223
7.017 3.202
7.436 3.186
7.881 3.167
8.597 S 157
9.106 31116
9.642 3. 085

COORDINATES 1 through 28 ARE FOR THE BOTTOM NOZZLE BLOCK.
COORDINATES 1 through 40 ARE FOR THE TOP NOZZLE BLOCK.

TABLE IV.

CL Tabulated for Various Values of BZ

I

X(INCHES)

1.0.. 207
10.801
11..321
11,948
12.584
113002150
13.883
14.429
14.913
LS AT
151 8181
16.365
16.849
L7 5153
17. 8117
18.301
18.786
19.270
19.754
20.238

.057
.106
« 150
.208
«262
aoiS

S

Supersonic Nozzle Coordinates

Y (INCHES)

(SIS I AN ST S TN S I S N SS I SS I oS I O2 IS IO RO A B2 IR I SN IS N2 ]

0TS
.057
.044
0532
023
.016
<012
.008
005
.002
. 999
.996
2995
S99,
.988
<985
- 982
ST
ST
.974
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Figure 6. Cascade Wind Tunnel (from upstream)




Main Exhaust

Figure 7. Cascade Wind Tunnel (from downstream)
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Figure 8. Nozzle Wall Correction for Boundary Layer
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Figure 10. Definition of B, and W_
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APPENDIX A

TRANSITION SECTION DESIGN

1. Approach

A transition from a round section to a smaller rectan-
gular section was designed to join the settling chamber to
the nozzle blocks. At the upstream end of the section the
wall is cylindrical. At the downstream joint, where the
cross section is rectangular, the side walls are parallel,
and the upper and lower contours are converging towards the
nozzle throat. Polynomial expressions were assumed for the
wall contours in the horizontal and vertical planes, and
the required boundary conditions were satisfied to deter-
mine the unknown coefficients in the polynomials. Then, a
radius was added as shown in Figure A-3 so that the typical
cross section at any station was a rectangle with rounded
corners. The condition applied to calculate the corner
radius was that the derivative should be zero at the up-
stream end, and that the rate of change of area at the exit

should match that of the nozzle blocks.

2. Method

For the vertical plane profile shown in Figure A-1, the

contour is given by




and satisfies the conditions that

w(0) = 0
w(l) = R, - H/2
W) = o
) = 0
dzw
——7(20) = 0 (inflection point is at the joint)
dz
2
L N ERER
dz

From these conditions:

[36(R,-H/2)-6L2/r*][(L-20)- (L2-22) /L1+[12(R -H/2) (L-2,) -L>/x*]

1
36L5[(L-zo)-(L2-202)/L] -L5[18(L-zo)-20(L3-z03yL2]
4

c, = [6(R,-H/2)-L?/r*]/2L% - 341
B, = [«2(R ~BI2}0"] « 26,0 ~ 34,15

B o} 1 1
a. = -1/2(3b,L + 4c,L? + 5d,L3)

1 1 1 1

For the horizontal plane profile shown in Figure A-1, the
contour is given by:

= 2 3
s = ayz” ¢+ bzz *c,z

4

and satisfies the conditions that,

0

v(0)

R, - Bf2

v(z,)




oy = o
d-v

(z.) = 0
az* 9

From these conditions:

2
6/zo (RO - B/2)

a, =
bz = ‘4/3(32/20)
gg. ™ az/(Zzo)

The corner radius is given by
(2/R )2 = a s bo(zfz) * cq (2f2 )% + dg (2/2 5o
o 3 3 o 3 o] 3 o)

and satisfies the conditions that:

réz) ik
r(z,)
A
fLwy = o
and
ga - Lrmr, - w1 atz = oz
where
A = 4R, - V) (Ry - W) - 22 (4 ~ )
|
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From these conditions,

as = ]
b3 = 0

3 3
3 = -3/(zo/R°)
d5 = 2/(z4/R)°

3. Design Program

The equations in the preceding paragraphs were used in a
BASIC language program "BLMTH'" written for the HP-9830A cal-
culator. The program accepts as inputs the overall length
of the transition section to the nozzle throat, the distance
required to the joint, the nozzle throat radius, height and
width, and the inlet pipe radius. The program calculates
the contours in the vertical and horizontal planes, the
value of the corner radius as a function of distance, tabu-
lates these values and plots the contours as shown in Figures

A-2 and A-3. The data input to obtain these figures were as

follows:

pipe radius = 5 inches
nozzle width = 1.882 inches
throat height = 3.3531875 inches
radius at the

throat = 77.1 inches
total length of

section = 12 inches
distance to joint = 6 inches

A listing of the program is given in Table A-I and a tabulated

output is given in Table A-II.

49
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4. Modification to the Design

The design developed in the preceding section could not
be machined with available equipment and the male form for
the section was made in the following way. An axisymmetric
form was machined first following the contour computed for
the vertical plane. The form was then machined vertically
along the sides to produce the contour computed for the
horizontal plane. The resulting corners were radiused by

hand.
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APPENDIX B

SUPERSONIC NOZZLE DESIGN

1. NSWC Program

Four designs were calculated. Inputs common to each
design were, Mach number = 1.4, Exit half-height = 2.364 1in,
and Gas = air (k = 1.4). Contours were calculated for a
(calculated) minimum length of 4.212 inches and lengths of
6, 9, and 12 inches. The radii at the throats were -3.3
X 104, 20.9, 37.7, and 60.6 inches respectively. The 12

inch nozzle was used in the cascade design. The computer

printout is given in TABLE B-I.

2. Method of Characteristics Program

The differential equations for supersonic flow in two
dimensions can be solved by the method of characferistics,
and the contours of supersonic nozzles can be obtained by
several techniques which use this approach. The technique
outlined in Ref. 9 was followed here.

a. Method

The notation used is shown in Figure B-1. Each

region is labeled (a,b), where 'a' denotes the number of
degrees of turning produced by waves from the upper surface
and 'b' denotes the number of degrees of turning produced
by waves from the lower surface. The local flow angle is

then (a-b) and the total turning (a+b). The angle with




T Rr——— S . -~ ——

respect to the horizontal of a right running characteristic
is the difference between the Mach angle and the local flow
angle. The angle with respect to the horizontal of a left
running characteristic is the sum of the Mach angle and the
local flow angle. For each region the Mach number must be

found. The procedure is as follows:

(1) The total turning (U) produced by the flow is

determined from the design Mach number (Ml) using

a = :*i tan™! \/%2—%%—()112-1) tan~! 1\112-1 (B-1)
(2) The degree of turning that each step in the
straight line construction of the contour will
produce is calculated from
D = U/2N (B-2)
where N is the number of characteristics used.
The length of each of these initial steps is
fixed as X1. Newton's method is then used to
solve Eq. B-1 for the Mach number in each region.

(3) The Mach angle (y) in each region is found using

-1 1
g = tan 2 (B-3)
yMo-1
(4) The angle of the characteristic itself is taken
as the average of the characteristic angles for

the Mach numbers in the adjacent regions.

6?2

it e o o B S B




b. Program Description
Inputs to the program are the number of character-
istics (N), the step size or length of the straight wall
sections in the initial expansion (X1), the desired Mach
number (Ml) and the test section height (H). Equations B-1 j
and B-2 are used to determine the wall turning angle for
each step. A*/A is calculated using the isentropic rela-

tion,

f<tiy. 2 o JESE

A S 2(k-T)
= 111 =
A _Z_EI

The throat half-height (H1) is given by

H1 H(A;/A)

Referring to Figure B-1, first the coordinates of points
P(1) through P(N) are calculated using the degree of turning W
(D) and the length (X1) for each wall section. The x co-
ordinate of P is P(1,I) and the y coordinate is P(2,I). For
the Ith point, 7
P(1,I1)= P[1,(I-1)] + x1 cos [(I-1)D]

and %
P(2,I)= P[2,(I-1)] + x1 sin [(I-1)D]

Succeeding points are calculated as the intersection
of a left running characteristic with a right running char-
acteristic whose angles are known and from points whose

coordinates are known.
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) and

Referring to Figure B-2, when the coordinates Pl(xl,yl
and Pz(xz,yl) and the angles (el and ©,) of the character-
istics are known, the coordinates of P3 can be calculated

using the equations

Ya=Y
tan 6, = XS-Xl_ (B-4)
Sl
and
Yez=oY
tan 8, = =2 (B-5)
512

Combining Eqs. B-4 and B-5

~

X, tan 62 T Yyt ¥y - X tan 81

%3
tan 92 - tan %

and

Y3 (x3 - xl) tan 61 = ¥y

The path of the calculations is shown in Figure B-1.
Points along the left running characteristics are computed
first, beginning at the point of symmetry on the nozzle

centerline. At Q(1), the wall turns back through an angle

(D) to cancel the characteristic. These points are calculated

in a similar manner using the wall slope in place of the
right running characteristic. Each left running character-
istic is treated until point Q(N) is reached.

BASIC program '"NOZZLE'" was written for the HP-9830A
calculator to carry out the above procedure for an arbitrary
choice of step size and Mach number. The program listing is

given in TABLE B-II.
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c. Nozzle Design
Shown in TABLE B-III and Figure B-3 is the output
from program '"NOZZLE" for the same inputs used for the NSWC
contours listed in TABLE B-I. A comparison of the nozzle
designs is given in the following table:

NSWC NSWC Min.

(X3 N 7 e

12" Nozzle Length Nozzle NBZZLE
Nozzle length, in 12 4,212 S.27
Percent error in area ratio .001 .001 021

As can be seen, "NOZZLE" provides a very rapid expansion.
This is because a design constraint is that the initial
expansion be complete before the first left running charac-
teristic arrives at the wall. Accuracy in the final area
ratio can be improved by increasing the number or character-

Lstics.
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Calculation
Path
y
'
P=1
i ——
(ND,ND)
(0,0
X (2D, 2D)
N = number of characteristics
U = total turning angle
D = U/2N
P(1,N) = x coordinates of P = 1 to N
P(2,N) = 1y coordinates of P = 1 to N
Q(1,N) = x coordinates of Q = 1 to N
E
i Q(2,N) = vy coordinates of Q = 1 to N
R(3,N) = angle of left running characteristic
for each step
P(3,N) = angle of right running characceristics
: for each step
Figure B-1. Notation for Program "NOZZLE"
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Right Running
Characteristic

Left Running
Characteristic

Figure B-2. Point to Point Calculation
Illustration for Program ''NOZZLE".
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APPENDIX C

PRESSURE DROP IN A SUDDEN EXPANSION PROCESS

Figure C-1 shows an expansion process in a duct, from
uniform conditions at station 1 to uniform conditions down-
stream at a larger area at station 2. The assumptions are:

(1) The flow is steady and adiabatic with perfect
behavior, and

(2) Gravitational forces are negligible.

From continuity

From momentum conservation

' 2 gl
“pgdq¥y" * ppaVsn = PyAy - Bohy (C-2)

From energy conservation

H = H

t1 (where here, H denotes enthalpy)

T

which for a perfect gas gives

T =T

tl t2 S

If

Vo = 2cpTt

is the "limiting'" velocity, a non-dimensional velocity, X,

can be defined as

e
x -‘V"o—‘




From the perfect gas equation

R oo B i Pe1
P11y 0,1, PT¢1

Since the flow is adiabatic

Req = g% Fy
and Eq. C-1 then becomes
Py X, A
By B R
also
VZ
Tt =T+T—C =T+X
p
so that
2, _
Tt(l-x1 ) = Tl
and
2y o
Tt(l-X2 ) = T2

From Eq. C-4,

2

noamh 5
P2 (1-x22) &

Eq. C-5, and Eq.

C-2 by p1A1V1 and using Eq.

of state

p
t2
. e (C-4)
Ty,
(C-5)
2
Ty
(C-6)
C-6
(C-7)

C<5 and Eq. C-V

2
[i—ﬁ-l] - —pizcg—z)ztl-(i)—(%l ;(l ;1- ] (C-8)
1 o,V 1 (1-X,%) "2 72

and since

& 2
Py CORTP g 2T (X)L 1-X, :

2 2 & 2
prl PIV1 2k Vl 2k Xl
Y3




Eq. C-8 becomes

X A X

k+1 2 2.2 2 2 2k 2 2 - 1 |
Er R 160 - a-59+57 X oy o Lm0 (e S
P2 is obtained by solving Eq. C-9 for Xz and substituting

for A, in Egi, €-7.

2

o




\s\\\\\\

Figure C-1. Expansion Process in a Duct
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APPENDIX D
MACHINE DRAWINGS OF COMPONENTS

Drawing No. it le
5102 Lower Nozzle Block
5102-A Upper Nozzle Block
5103 Nozzle Side Plates
5103-A Nozzle Side Plate Flange Mounting
5104 Diffuser End Plates
5105 Window and Window Support Ring
5106 End Passage Exhaust Flanges
3107 Main Exhaust Flange
5108 Blades and Mounting Pins
5109 Window Blade Mounting Holes
5110 Passage Exhaust Scoops
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3/8 dia countersink
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