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SECTION I 

INTRODUCTION 

Detroit Diesel Allison has designed, fabricated, and tested 
a linear, stationary, supersonic compressor cascade with 
blades of constant spanwise geometry and constant thickness 
linear sidewalls. The objective of this program has been to 
obtain cascade-type aerodynamic performance data and also 
laser velocimeter measurements of the flow within and around 
a cascade of a selected blade element from the latest com¬ 
pressor configuration resulting from the Aerospace Research 
Laboratories in-house program of research on axia' 
described in Reference 1. 

compressors 

11 

i''•■i"»' ■ ■ _ 

The DDA cascade consists of six blades with a design inlet 
relative Mach number value of 1.616. The inlet relative 
axial component Mach number was subsonic. As laser veloci¬ 
meter measurements and schlieren photography were important 
features of this research program, a two-dimensional linear 
test was chosen. Porous bleed strips which are not optically 
restrictive were used to remove the sidewall boundary layers. 

The cascade was fully înstrumented, Înc1uding static pressure 
taps (sidewall inlet, blade surface, and exit sidewall), 
inlet total pressure and temperature instrumentation, 
traversing cone probe in the exit flow field, test section 
angular position, probe position, and laser velocimeter. 
Experimental data from all of the instrumentation were ob¬ 
tained with an on-line computer controlled data acquisition 
system. Schlieren photography was also used to obtain 
important information on cascade flow conditions. 

Cascade performance data were obtained at 24 flow conditions 
which consisted of 9, 8, and 7 static pressure ratios at 
each of three relative Mach numbers corresponding to 95%, 
100%, and 105% design speed, respectively. The Mach numbers 
were 1.535, 1.616, and 1.683. After the completion of this 
work, the center portion of one of the plexiglas windows 
was leplaced with a glass insert, and the laser velocimeter 
measurements were made. At the design inlet Mach number 
b 1ade-to-b1ade traverses were made across the central flow 
passage at the cascade inlet plane, at two passage planes, 
and at the cascade exit plane. Each of these traverses 
consisted of ten measurements. In addition, as a part of 
the DDA Independent Research and Development program, 
traverses were made at the same location as the cone probe 
and also at mid-spacing in the chordwise direction. These 
measurements were completed at two cascade static pressure 
ratios representative of a low and a high static pressure ratio. 

1 
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This report describes the above work and includes informa” 
ti on about the cascade design, instrumentation, data reduc¬ 
tion procedures, and correlates the performance test results 
with the design characteristics. Appendic«s cover redefinition 
of the rotor geometry, data reduction equations, an explana¬ 
tion of the format for each data set, th® 24 cascade perfor¬ 
mance data sets, and tables of laser velocimeter results. 

.... . ■...I..... ... 1,.1.1. .........I......I.!. .......III 
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I 
SECTION I I 

CASCADE DESIGN 

Ehe cascade was designed to be operated in the supersonic 

of filtered ^°^11 'n Fj.9u re 1 • This tunnel uses 10 lb/sec 
^ rnni- d’ d/,'ed° and temperature controlled air and is in 
test sért?oS • OW’ non"return type system. The exit of the 
tein It I 15 evacuated by steam ejectors which can main- 
ri I i l?ressure °f 6 psia at a flow rate of 10 lb/sec 
The boundary layers from the nozzle blocks are removed 

stéam9eiehf UPI?er 1 OWe f bleed ducts » An auxiliary steam ejector is used to remove sidewall boundary layers 
The test section is mechanized so that a cascade of afifaiK 
can be rotated while the tunnel is operating! a>rfoiIs 

A number of general factors should be considered in the 
9l\0f a ca!?ca?s experiment for investigation of the 

First0 consMp!"5 !" ‘ CS f0r1.í;l?is îype of compressor blading. 
?ol?s'^ration must be given to establishing the 

proper inlet flow conditions with the desired inlet velocity 
flow direction, and simulation of an infinite cascadet ^ 
mnd°fd’ consideration must be given to the appropriate 
modifications of the rotor blade geometry so as to lead to 
some degree of equivalency when converted from the three- 

ThTrd3 ' the ex?t°ri t0 the two-dimensional cascade, 
mud, the exit conditions must be set up correctly for thev 
are no less important, or less difficult to simulate Dmoerl v 
s h on 1 rih f ' h 6 •" f 1 eW cond ' t ' ons • Finally, the experiment. 
fina dformdpr?hed t0 yie-1d thr desired information in its final form at the conclusion of the experiment i e wli-h 

plotted!rS °f 'ntereSt ca1cu,ated and, where d^siíabíe, 

With respect to the cascade inlet conditions considerarinn 
must be given to flow velocity, flow di r^t^an-i Ihf 

cascade UPThe f nut? ^ ' "r f!°W pattern to simulate an infinite cascade. The following features are incorporated in the 

condiHons?'9" °rder t0 Provide the desired inlet flow 

W unsírream õfd?n‘ A sh®rP wed9e ¡ s i ndependen11 y mounted 
upstr-am of the cascade. The Inlet f1 cw direct1 on is 

to ?he'airfoils ^'entati;n the wedge with respect to the airfoils. The cascade inlet Mach number is 

3 
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determined by the orientation of the wedge with respect 
to the nozzle flow» The cascade inlet velocity is 
controlled by either expanding or shocking the nozzle 
flow off of the wedge» This is accomplished by rotating 
the test section with respect to the nozzle. 

© Sidewall boundary layer control. The wind tunnel side- 
wall boundary layer control system has the capability of 
removing the boundary layers on all four tunnel sidewalls 
prior to the flow's entering the cascade test section. 
The supersonic nozzle boundary layers are removed by utiliz¬ 
ing a bjeed system (top and bottom). In order to obtain 
the desired two-dimensional cascade configuration and 
control sidewall boundary 1ayer-cascade interactions, a 
sidewall boundary layer control system is also employed. 
As laser velocimeter measurements and schlieren photo- 
graphs are a major part of the research program, porous 
bleed strips are used upstream of the windows, as thev are 
not optically restrictive. 

© Static pressure taps. An important aspect of the inlet- 
flow problem is the ability to verify that the conditions 
desired have, in fact, been achieved. For this purpose, 
there were six static pressure taps in one sidewall 
approximately 0.25 in. ahead of the leading edge of each 
blade. 

© Schlieren system. The schlieren system is used to verify 
the inlet, passage, and exit flow fields, the flow off 
the wedge, and the operation of the top and bottom bleed 
system. It also can be employed to indicate when the 
cascade spill conditions have been reached. 

The cascade tested was intended to represent the two-dimensional 
aerodynamic equivalent of the rotor blade section correspond¬ 
ing to streamline 19 of the ARL-designed compressor described 
in Reference 1. Since LV measurements within and around the 
cascade were a major feature of this research program and 
schlieren photographs were also desired, a two-dimensional 
test was chosen (in contrast to a quasi-three-dimensiona1 
test with converged sidewalls as described in Reference 2) 
because of practical and economic considerations related to 
the required optically transparent sidewalls. A modification 
to the geometry to simulate the three-dimensional conditions 
when tested in two-dimensions was considered feasible because 
of the moderate area contraction ratio of the adjacent 
streamtubes — about 11.3 percent. 

The original set of parameters 
streamline 19 of the rotor were 
dimensional equivalent cascade 

supplied by ARL describing 
converted by DDA to a two- 

configuration. This conversion 
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was accomplished by duplicating the rotor inlet and exit Mach 
numbersp M, and M2» determining the cascade inlet and 
exit flow ang1 es, ß, and ß„, from the Tan ß rule given in 
Eg. 1: I / OT a 

Tan ß] + Tan ß2 
= Tan ß = 

Rotor 

¡Tan + Tan ß2 

\ 
(1) 

Cascade 

ARL then slightly modified the flow parameters so as to 
result in a close correlation of static pressure distri¬ 
bution between the design rotor streamline and the final 
two-dimensional cascade« fable I presents a comparison of 
the overall parameters of rotor streamline 19, the original 
DDA two-dimensional cascade design^and the final equivalent 
cascade configuration which was tested. 

TABLE I 
COMPARISON OF STREAMLINE 19 OF THE ARL 

ROTOR AND THE 2-D CASCADE CONFIGURATION 

PARAMETER 

M, 

h 

m2 

ig 

Pj/p, 
w2/w, 

Wrr^/Wrnj 

W 
i ¿ 
To 

a 

STREAMLINE 19 
OF ROTOR 

1.6117 

55.582 

.8809 

53.934 

2.1594 

.6274 

.7086 

.5943 

.2338 

1. 5294 

56.399 

2-D CASCADE 
(INITIAL DDA 
DESIGN)_ 

1.6117 

55.85 

.8809 

56.93 

2.159 

.6269 

.6091 

.6349 

.2 246 

1.5294 

56.399 

2-D CASCADE 
(ARL FINAL 
DESIGN) 

1.6117 

55.85 

.8833 

56.752 

2.154 

.62827 

.6136 

.6349 

.2246 

1.5294 

56.306 
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Once the overall parameters describing the twO"dimensional 
blade characteristics had been established, the detailed 
redefinition of the blade geometry was accomplished by the 
ARL compressor design group. A description of the ARL re¬ 
defini tien of rotor streamline 19 is presented in Appendix A. 

The cascade must be designed so that the exit will have the 
correct velocity and flow direction and be characterized by 
periodic spatial flow conditions,, The application of back 
pressure must be uniform along the cascade and should not 
result in non-periodic flow conditions. Moreover, the cascade 
must be designed so that the application of back pressure 
does not influence the inlet flow conditions — at least until 
the spill condition is reached. 

A number of cascade exit configurations have been investigated 
with the DDAwind tunnel facility. These have included the 
use of single perforated tailboards, double perforated tail¬ 
boards, and the use of a dump diffuser. It has been found 
that the cascade design objectives with respect to the exit 
flow can be achieved through the use of double perforated 
tailboards. Best results are obtained if the sixth blade in 
the cascade serves as the leading section of the bottom 
tai 1 board . 

Figure 2 shows a schematic of the compressor cascade configura 
t i on. 

As previously discussed, the blade profile was based on the 
geometry of streamline 19 of the previously referenced ARL 
rotor design. This profile is shown schematically in Figure 
3. The blade contour points are shown in Table II. The 
physical characteristics of the cascade are shown in Table III 

Figures 4 and 5 show views of the blade profile and of the 
instrumented blade, respectively. Figure 6 shows a view of 
the cascade in the wind tunnel with the glass insert in the 
plexiglas window for the laser velocimerer measurements. 

7 

'In.. ,...1.,- ..' .,_. .... .. i 1.,1,.li",i il! i;i.llli.l.,l,il.lll,l hl|i„lt. 1.,)1, . , ...._W... ....l-lLJ_I_I_Í..... illll illd llUMil.- tillill 



F
IG

U
R

E
 

2
. 

C
O

M
P

R
E

S
S

O
R
 

C
A

S
C

A
D

E
 

S
C

H
E

M
A

T
IC

 



E
S

T
*“ 



TABLE I I 
BLADE CONTOUR POINTS 

. hílupjí jii n ac VP 

$ 
10 
11 
12 

ll 
1$ 
16 
1? 
10 
19 
20 
21 
22 

ll 
25 
26 

a 
2f 

1? 
82 
83 
36 

II 
a 
89 
«•0 
III 
62 

K 
65 
66 

u 
69 
SO 

15 
S 
65 
56 

11 
59 
60 
61 
62 

8 
65 
66 
07 
68 
69 
70 
71 
72 

ll 
75 
76 

a 
80 
81 
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0.335607 
0.365877 
0,396662 
0.627330 
0.650623 
0.689760 
0.521222 
0.552823 
0.586529 
0.6)6295 
O.66BO9I 
0.679901 
0.711662 
0.763633 
O.Î75I39 
0.806755 
O.03O297 
0.869736 
0.901001 
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0.963631 
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O.2393OO 
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0.298091 
0.317668 
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O.39593I 
0.415448 
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0.454467 
0.473955 
0.493427 
0.512069 
0.532297 
O.551709 
0.571107 
0.590474 
0.609827 
0.629164 
0.648472 
0.667780 
0.687058 
0.706306 
0.725539 
0.744757 
0.763945 
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0.802261 
O.82I390 
0.840488 
0.859571 
0.878625 
0.897649 
0.916657 
0.935636 
0.954585 
0.973504 
O.992393 
‘.011266 
.O3OIIO 
.048924 
.067723 
.086478 
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.123853 
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.161017 
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.252650 
.270717 
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.306520 
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.341876 
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.376722 
.393937 
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.444696 
.461297 
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0.0 
0.000780 
0.024799 
0.049341 
O.O7439I 
0.099966 
0.126040 
0.152610 
0.179649 
0.207168 
O.235I2O 
0.263491 
0.292266 
0.321414 
O.35O907 
0.380713 
0.410789 
0.441119 
0.471644 
0.502333 
0.533156 
0.564085 
O.595053 
0,626076 
0.657094 
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O.750013 
0.780867 
0.811661 
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O.903503 
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1.024748 
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1.086885 
1.114856 
1.144737 
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1.526061 
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1.753013 
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1.837049 
1.865016 
1.892960 
I.920935 
1.948903 
1 .976885 
2.004911 
2.032969 
2.061070 
2.089216 
2.117588 
2.145719 
2.174074 
2.202506 
2.231026 
2.259636 
2.200336 
2.290J47 
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TABLE I I I 
CASCADE PHYSICAL CHARACTERISTICS 

Chord 

Axial Chord 

Blade Spacing 

Blade Span 

Maximum ThÎckness/Chord Ratio 

Metal Angle-Leading Edge Pressure Surface 

Metal Ang1e~Leading Edge Suction Surface 

Mean Camber Angle-Leading Edge 

Mean Camber Angle-Trailing Edge 

Stagger Angle (Setting Angle) 

Camber Angle 

Sol idity 

Probe Measuring Station - Axial Distance 
Downstream of Trailing Edge Plane 

1 1 
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2.733 in. 

1.491 in, 

1.787 in. 

3.018 in. 

0.0255 

50.947° 

53.797° 

52.032° 

54.923° 

56.934° 

- 2.891° 

1 .5294 

0o68 in. 
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INSTRUMENTAT!ON 

K CASCADE PERFORMANCE 

The wind tunnel used in this program is equipped with a sophis¬ 
ticated instrumentation system for the investigation of airfoil 
aerodynamic characteristics,, The instrumentation system is 
centered around a laboratory-size digital computer to provide 
rapid on-line data acquisition and reduction. This computer 
has a 22,000 word core memory with a 16-bit word length. 
Memory cycle time is 0.98 psec. Peripheral equipment includes 
a. CRT terminal, 80 column line printer (350 to 1100 lines pet- 
mi nute), high-speed punch, a high-speed punched tape reader, 
an X-Y digital plotter, and a magnetic disc storage unit 
with 2.5 X 10° word capacity. (See Figure 7«) 

The use of the computer makes it possible to acquire raw 
data, convert them to engineering units, and make computations 
while the experiment is in progress. This enables personnel 
to evaluate the experimental data during the test and results 
in maximum collection of scientific and engineering informa¬ 
tion for any program investment. Decisions to repeat some 
phases of the test can be made instantly. Also, optimum 
running conditions can be determined as well as the need 
for additional data to make the test more meaningful and nearly 
complete. 

The computer is used for control of instrumentation, data 
acquisition, and data reduction. In '"he control mode, the 
computer operates a digital voltmeter, an electronic scanner, 
Scanivalve stepping motors, indexer for positioning the 
conical probe, and the computer peripheral equipment. During 
wind tunnel operation, the computer is capable of acquiring 
automatically any data required to determine the performance 
characteristics of the cascade being tested. Pressure measure¬ 
ments are obtained by utilizing a Scanivalve system incor¬ 
porating four 48 port rotary valves (Scanival ves ) providing 
a total pressure measurement capacity of 192 pressures. 
Differential pressure measurements are obtained from individual 
pressure transducers as required. In addition, up to 48 tem¬ 
perature measurements are possible. Other necessary wind 
tunnel data which are measured by the computer include test- 
section angular position (used to define the cascade inlet 
Mach number and flow direction) and conical probe position 
(angular, horizontal, and vertical). 

During data acquisition, the computer performs two additional 
functions which can be easily accomplished by an on-line 
data acquisition system. The first seven ports on each of 
the four Scanivaives are used for three reference calibration 
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pressures. Each time the computer initiates a set of nres- 

nrnvïH-îadlw^S the ca¡!bration pressures are measured, 
Dressur^9/'^ °n",ln® calibration of the Scanivalve 
o ressn rp lr*nS,dïCe/î- Second,y> the wind tunnel total 
I -d total temperature are monitored during data 

acquis'tion of each test point. if the pressure or tern- 

autom^f^ Vf!‘ieS outs,de a Preset tolerance, the computer 

for°7nstructionseSeihp reading(s) and waits ror instructions. The immediate data can be reiected and 
remeasured, the data for the complete test point íeiec^d 
and a new set of data initiated, or the out-of-Iimitf¿on- 
dition overridden and the acquisition of data continued. 

AsethpmHaÍ!r a1S° re^UC!S tbe cascade test data on-line. 
A the data are acquired, the computer analyzes the data to 

th^comnîpf-pt °niy the teSî °Peratin9 conditions but also 
the complete performance characteristics of the cascade. 

fhe desired test condition is established manually. The on- 

tlíe tés? condi í?tl0H ?yStem -h®n automaí: i cal 1 y completes 
^ a0ad 1 t1 cn data acquisition and reduction. This 

includes defining the cascade inlet flow field positioninn 

taoCd°pn^a,-Pr0 ? f dîscrete Points in the cascade passage 9 
to determine b 1ade-to-b1ade flow field properties at the 

CSSaa?a 6X1tú avera91ng and mixing to uniform flow 
propert^es ^nd b,^de:b°-b1ade data to determine exit flow 
sidewéï ^eraU performance, instrumented blade and 
h pH« Passage performance, and plotting of instrumented 

e ef^a?f and b ade-t°-b'ade distribution ¿f seîecïed 
?Wi d ProPerties. For each test condition a total 

m«sdrements are made to define the~cas¿ade nerfnrmanr-p rket uciine cne cascade 
??1 nl ' • measurements, calculations, and print-out 
minutér require 11 m|nutes, and the plotting requires 6 ng reqi 

JulS'as^oï"^0" USed With thiS Ca5“de 

nlet total pressure. 

nlet total temperature. 

® There was one static pressure tap on each side of 
the tunnel located upstream of the wedge wave system. 

On one of the sidewalls were six static pressure 

éd9: réarmé °’25 ín- ahead °f tbe fading 

and the pressure 
nst rumented with 10 

The^suction surface of blade 3 
suri ace of blade k were each i , U,,,tin.cu wilh 
stetic pressure taps. The location of each tap Î 
included m each data set on the page of instrSme 
blade parameters. y rume rumented 
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© On one of the sidewalls approximately 0.8"/ in. 
axially downstream there were 10 static pressure 
taps. One tap was at each midpassage and four 
others centered around blade number 3. 

© A cone probe was used to measure the exit Mach 
number, pressure, and direction at discrete loca¬ 
tions across the cascade exit. Data were obtained 
0.68 in. axially downstream from the cascade. 

© Probe position. 

© Test section rotor angle. 

® Schlieren. 

2. LASER VELOG I METER 

The DDA supersonic wind tunnel instrumentation system in- 
eludes a two-dimensional laser velocimeter system (LV) 
which employs crossed-beams and operates in an off axis 
back-scatter mode. A two color system is employed so that 
orthogonal velocity components can be determined. The LV 
system has been interfaced to the wind tunnel digital com¬ 
puter, provi d i ng automated LV data acquisition and data 
ana lysis. 

A schematic of the LV systerii is shown in Figure 8. The 
basic components of the system are a four watt argon laser, 
transmitting and receiving optics, photomultiplier tubes, 
and an electronic frequency counter signal processor. The 
argon laser beam con ains many sped: rog raph i c lines of which 
two are predominant -- a blue line (wavelength of 488.0 nm) 
and a green line (wavelength of 514.5 nm). A prism is used 
to spread the laser beam into a spectrum of beams. The 
desired blue and green beams are intercepted and directed 
to beam splitters by appropriately positioning mirrors in 
the beam paths. The blue beam strikes a beam splitter 
which divides it into two parallel beams of equal intensity 
and separated by a distance of 0.799 in. The two parallel 
blue beams are focused by the transmitting lens (focal length 
of 3O.O in.) at a point within the wind tunnel test section. 
The crossing of the beams at the transmitting lens focal 
point results in an interference pattern's being established 
within the crossover volume. This interference pattern 
consists of alternating bright and dark regions or inter¬ 
ference fringes. This pattern consists of approximately 
twenty-five (based on the beam splitter employed) fringe 
planes oriented perpendicular to the plane of the blue beams 
and parallel to the optical axis. 
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The green laser beam passes through a beam splitter which 
is positioned perpendicular to the plane of the blue beams. 
The two parallel green beams are then focused by the trans¬ 
mitting lens at the same point as the blue beams. This 
results in two overlapping interference patterns oriented 
perpendicular to each other. The fringe spacing for the 
green interference patterns is 63.35 micro-feet and 60.09 
micro-feet for the blue. 

Particles (naturally occurring or seed) passing through the 
crossover volume (focal region) will intercept the inter¬ 
ference fringes. For this experiment, the air flow was 
artifically seeded by injecting O.3 micron diameter (mean 
particle size) alumina into the wind tunnel stagnation 
chamber by means of a fluidized bed seeding mechanism. 

I 11umination of the seed particle will fluctuate from a 
maximum to minimum as the particle passes from fringe to 
fringe. The fluctuating light radiation scattered by the 
partic1e(s) will consist of both blue and green light. The 
DDA LV system collects the backward scattered radiation, 
employing a receiving lens (focal length of 8.0 in.) posi¬ 
tioned approximately 27.5 degrees from the transmitting lens. 
The receiving lens focuses the scattered radiation to a 
point. A beam splitter type filter is placed between the 
lens and its focal point to separate the blue and green 
scattered light. The filter transmits the green light and 
reflects the blue. Photomultiplier tubes are positioned 
at the focal points of the blue and green light. The 
elect ri cal_signal developed by each of the photomultiplier 
tubes is sinusoidal in nature and varies in frequency inverse¬ 
ly proportional to fringe spacing and directly proportional 
to that component of particle velocity which is perpendicular 
to the fringe pattern. 

Thus the output signals of the blue light photomultiplier 
tube and the green light photomultiplier tube provide suffi¬ 
cient information so that orthogonal velocity components 
(and therefore the resultant velocity vector magnitude and 
direction) can be determined. The photomultiplier tube 
signals are processed by a dual channel LV signal processor 
of the electronic frequency counter type. In general terms, 
each channel of the processor consists of an amplifier, 
counter, and comparator. The processor amplifies and 
filters the input signal from the photomultiplier tube. It 
incorporates two separate counters which determine particle 
passage time for 5 and 8 interference fringes by counting 
the cycles of a 100 MHz clock. The measured times are com¬ 
pared to determine if they are in the proper 5 to 8 ratio. 
If this ratio differs by more than a preset amount, the 
measurement is automatically rejected and the processor 
initiates another measurement. The comparison threshold is 
switch selectable. Valid data (passing the 5 to 8 ratio 
comparison test) are acquired by the wind tunnel on-line 
computer controlled data acquisition system at rates to 
300,000 readings per second. 
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Figure 9 is an overall view of the LV system positioned to 
acquire experimental data from the ARL cascade in the DDA 
supersonic wind tunnel» The LV system components are 
mounted on an optical bench which is mounted on a modified 
vertical mill. The modified mill is fitted with stepping 
motors so that the blue and green beam crossover volume 
(test volume) can be positioned in three dimensions within 
the wind tunnel test section. Positioning of the LV test 
volume at the required traversing planes (cascade inlet, 
interpassage, and exit planes) and at the discrete test 
points along the planes can be accomplisaed remotely from 
the wind tunnel control room. 

Figure 10 is a close-up view of the LV components on the 
optical table. 
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SECTION IV 

DATA REDUCTION PROCEDURES 

10 CASCADE PERFORMANCE 

The DDA Research Department supersonic wind tunnel on-line 
instrumentation system automatically acquires data from the 
wind tunnel, converts the data to engineering units, and 
makes computations while the experiment is in progress. 
Cascade experimental data and performance parameters can 
be evaluated during the test with the cascade operating 
characteristics available when the test is completed. 

The wind tunnel on-line performance data reduction procedures 
are described in detail in Appendix B. In general, the 
data reduction program calculates the following cascade per¬ 
formance parameters: 

® Cascade inlet flow field properties such as inlet- 
relative Mach number, axial and tangential Mach 
number, mass flow rate, incidence angle, flow 
direction, static and total pressure, total tem¬ 
perature, and Reynolds number. 

© Cascade exit flow field properties at discrete 
points across the passage such as conical probe 
location, Mach number, axial and tangential Mach 
number, static and total pressure, total pressure 
recovery, flow direction, deviation angle, and 
tu rn ï ng . 

• Mass-averaging of discrete data (Mach number, total 
pressure recovery, and flow direction) and calcula¬ 
tion of additional ex,t performance data such as 
total and static pressure, jxial and tangential 
Mach number, total to static temperature ratio, 
and exit to inlet mass flow ratio. 

# Cascade overall performance based on mass-averaged 
data such as static pressure ratio, total pressure 
recovery, velocity, density and static temperature 
ratio, total pressure loss coefficient, total 
pressure loss parameter, diffusion factor, equivalent 
diffusion factor, flow Reynolds number, static 
pressure rise parameter, deviation angle, turning, 
and area ratio. 
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® Cascade exit and overall performance based on a 
mixing loss analysis of the discrete data. 

© Instrumented blade data and parameters such as local 
surface static pressure parameters, pressure ratios, 
net force and moment on the blades, and center of 
p res su re. 

The on-line data reduction program also includes computer 
controlled plotting of cascade performance parameters. The 
instrumented blade local surface static pressure rise para¬ 
meter is plotted along with b 1ade-to-b1ade cascade exit per¬ 
formance data. 

A detailed listing of performance data reduction equations 
presented in Appendix B. 

i s 

f ¡I 

2. LASER VELOCIMETER 

A typical set of experimental LV data which was acquired 
under this contract is presented in Table IV. This data set 
describes the flow (seed particle) velocity and direction 
measured at a discrete point in the cascade flow field. 

The experimental test program was conducted with the blue 
beam splitter (and hence blue light velocity vector component) 
rotated 15.667 degrees clockwise from the axial direction. 
It follows that the green beam splitter (and green light 
velocity vector component) was oriented 15.667 degrees clock¬ 
wise from the tangential direction. This orientation was 
chosen to maximize the velocity measurement of each component. 

The wind tunnel instrumentation system initiates 1,000 measure¬ 
ments by the signal processor for each of the blue and green 
beam velocity components. The experimental data returned by 
the signal processor is the number of cycles of a 100 MHz 
clock (identified in Table IV as Signal Processor Counts) 
which elapsed for the particle to cross eight fringe patterns. 
The velocity of the particle is related to signal processor 
counts by a constant for converting clock counts to seconds 
and the fringe spacing associated with either the blue or 
green beams. The experimental data for the blue and green 
velocity components are then analyzed to determine the number 
of occurrences for each clock count. As can be seen from 
Table IV, a distribution of clock counts and therefore measured 
velocity was obtained. This distribution is a result of flow 
field accelerations and/or decelerations, flow turbulence, 
particle dynamics, etc. Once this table of velocity distri¬ 
butions has been generated, the most probable blue or green 
velocity vector component was determined by weighting the 
measured velocity having the maximum number of occurrences 
with the two velocities immediately lower and higher than the 
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TABLE ¡V 
TYPICAL. SET OF EXPERIMENTAL 

LASER VELOCI METER DATA 

SUPERSONIC COMPRESSOR CASCADE 
ARL 2-D CASCADE 

LASER VELOCI METER DATA 

: 

LASER BLUE LINE LASER GREEN LINE 

ORIENTAT!ON(REF.AXIAL)=15.67 DEG 
NUMBER OF MEASUREMENTS=702 

ORIENTATION(REF.TANG.)=15.67 DEG 
NUMBER OF MEASUREMENTS=917 

SIGNAL 
PROCESSOR 

COUNTS 

BLUE LINE 
VELOCITY 
(FT/SEC) 

NO. 
OF 

OCCUR. 

SIGNAL 
PROCESSOR 

COUNTS 

GREEN LINE 
VELOCITY 
(FT/SEC) 

NO. 
OF 

OCCUR. 

41 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 

1172.49 
1117.95 
1092.55 
1068.27 
1045.04 
1022.81 
1001 .50 
981.06 
961.44 
942.59 
924.46 
907.02 
890.22 
874.04 
858.43 
843, 
828, 
814, 
801 , 
788, 

.37 

.83 

.78 
,20 
.07 

1 
1 
5 

19 
44 
94 

134 
101 

78 
44 
32 
33 
18 
24 
15 
19 
10 
13 
10 

7 

44 
46 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

1151.87 
1101.79 
1055.88 
1034.34 
1013.65 
993.77 
974.66 
956.27 
938.56 
921.50 
905.04 
889.17 
873.84 
859.02 
844.71 
830.86 
817.46 
804.48 
791.91 
779.73 

2 
1 
3 

12 
92 

146 
133 
139 
78 
78 
61 
34 
33 
22 
22 
13 
10 
14 
11 
13 

BLUE LINE VEL0CITY=998.68 FT/SEC GREEN LINE VELOCITY=983.35 FT/SEC 

LV DATA AT CASCADE INLET PLANE 

PERCENT 
CHORD 

SPACING 
(REF.LOCATION) 

( IN.) 

AXIAL 
VELOCITY 
(FT/SEC) 

TANGENTIAL 
VELOCITY 
(FT/SEC) 

RESULTANT 
VELOCITY 
(FT/SEC) 

FLOW 
DIRECTION 

(DEG) 

58.85 1 .052 696.03 1216.51 1401.55 60.22 
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maximum and taking the arithmetic mean» This technique of 
determining the most probable experimental flow velocity is 
required in analyzing data where accelerations, decelerations, 
particle dynamics, and/or other phenomena impart a signi™ 
ficantly skewed and non-Gaussian distribution to the data. 
After determining the most probable blue and green velocity 
component, the resultant flow velocity and flow direction 
( ieferenced to axial direction) can be determined routinely. 
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SECTION V 

DISCUSSION AND SUMMARY OF EXPERIMENTAL RESULTS 

1. CASCADE PERFORMANCE RESULTS 

As noted previously, the blade profile investigated in this 
experiment was based on the streamsurface geometry of stream¬ 
line 19 of the referenced ARL rotor design» The design 
procedure for the subject compressor stage has been discussed 
in detail in Reference 1» The re-definition of the stream¬ 
line geometry to yield an equivalent two-dimensional cascade 
has been discussed herein» 

The design inlet relative Mach number for the cascade was 
1»616„ A part speed and an overspeed value were also in¬ 
vest igated » 

The inlet relative air angle was determined experimentally 
at all three relative Mach numbers» This was accomplished 
by examining the uniformity of the inlet flow as indicated 
by the upstream wave system in the schlieren image and by 
the static pressure measurements on the sidewall upstream of 
the leading edge of each blade» The cascade was run with 
several different inlet relative air angles at each inlet 
Mach number during the process of determining the correct 
experimental angle» At the design inlet Mach number, the 
experimental inlet relative air angle was“ approximate! y 1.4° 
greater than design. This indicates that the mass flow 
through the cascade is somewhat less than design. Also, the 
supersonic compressor cascade entrance region analysis 
described in Reference 3 predicted an inlet relative air 
angle that was in near agreement with the experimental value - 
with the prediction 0.353° greater than that determined 
experimentally» These inlet air angle results are summarized 
in Table V. 

The cascade flow characteristics were investigated at three 
inlet Mach numbers, 1.535, 1.616, and 1.683» A number of 
sets of data were obtained over a range of static pressure 
ratios at each Mach number with the cone probe located 0.68 
in. axially downstream. A summary of some of the common 
mass averaged cascade performance parameters at each inlet 
Mach number is shown in Table VI. The appropriate appendix 
foi each complete data set, which includes a schlieren photo¬ 
graph of the cascade wave system, is also indicated. Reference 
should be made to the appendices for detailed listings of 
data and performance parameters» 
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P)2/P) 1 

1.190 
K356 
1.399 
1.505 
1.686 
1.970 
2.003 
2.035 
2.076 

1 .220 
1 .468 
1 .672 
1.870 
2.036 
2.097 
2.220 
2.300 

1.119 
1.356 
1 .543 
1.751 
1.982 
2.230 
2.274 

TABLE VI 
SUMMARY OF MASS AVERAGED PERFORMANCE PARAMETERS 

OMEGA PT)2/PT)1 DF TPLP 

1,535 (APPENDIX IV) 

MN ) 2 

1 .386 
1 .288 
1.263 
1 .200 
1.103 
0.960 
0.932 
0.907 
0.879 

1 .454 
1 .315 
1.209 
1.112 
1 .031 
0.996 
0.922 
0.891 

1.575 
1 .438 
1.331 
1 .229 
1.118 
0.997 
0.984 

BETA )2 

MN) 1 ; 

58.024 
59.268 
58.983 
59.948 
58.789 
56.746 
56.623 
56.752 
56.344 

MN) 1 

58.656 
61.204 
60.875 
59.157 
56.408 
56.113 
56.892 
56.839 

MN) 1 

56.907 
60.399 
60.372 
62.019 
59 .832 
57.209 
57.018 

0.053 
0.057 
0.061 
0.074 
0.087 
0.106 
0.124 
0.139 
0.150 

0.049 
0.061 
0.074 
0.089 
0.106 
0.119 
0.151 
0.149 

0.060 
0.069 
0.092 
0.106 
0.128 
0.159 
0.155 

0.961 
0.958 
0.954 
0.945 
0.935 
0.921 
0.908 
0.897 
0.889 

0.963 
0.953 
0.943 
0.932 
0.919 
0.908 
0.884 
0.885 

0.953 
0.945 
0.927 
0.916 
0.899 
0.874 
0.878 

0.088 
0.147 
0.165 
0.205 
0.277 
0.390 
0.412 
0.432 
0.455 

0.085 
0.162 
0.231 
0.301 
0.365 
0.392 
0.446 
0.470 

0.058 
0.120 
0.183 
0.243 
0.321 
0.412 
0.422 

0.009 
0.010 
0.010 
0.012 
0.015 
0.019 
0.022 
0.025 
0.027 

0.008 
0.010 
0.012 
0.015 
0.019 
0.022 
0.027 
0.027 

0.011 
0.011 
0.015 
0.016 
0.021 
0.028 
0.028 

.616 (APPENDIX V) 

.683 (APPENDIX VI) 
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DEV 

3.101 
4.345 
4.060 
5.025 
3.866 
1.823 
1.700 
1.829 
1.421 

3.733 
6.281 
5.952 
4.234 
1 .485 
1.137 
1.969 
1.916 

1.984 
5.476 
5.449 
7.096 
4.909 
2.286 
2.095 



TABLE V 
EXPERIMENTAL AND DESIGN INLET RELATIVE AIR ANGLES 

MN) 

DDA 
EXPERIMENTAL 

ß I 

ARL 
DESIGN 

iS, 1 

DDA 
ANALYTICAL 
PREDICTION 

OF REFERENCE 3 

1 »53 

1 «616 

] „683 

58 „0 

57 » 25 

57.25 

55.85 57.603 

Figures 11, '12, and 13 show the total pressure loss coeffi™ 
cient, the exit air angle, and the exit Mach number as a 
function of static pressure ratio for inlet Mach number 
values of 1.535, 1.616, and 1 „683, respect ively„ The ARL 
cascade design values presented in Table I have also been 
included in Figure 12„ 

Figure 12 shows that the ARL cascade design exit air angle, 
and exit Mach number are in near agreement with the experi 
mental data. The ARL cascade design total pressure loss 
coefficient, however, is seen to be substantially greater 
than that determined experimentally. 

20 LASER VELOCIMETER RESULTS 

The experimental program conducted by DDA to investigate 
the performance of the ARL compressor airfoil cascade in- 
eluded laser velocimeter (LV) measurements of the cascade 
interpassage flow field. Experimental LV data were obtained 
at the cascade design inlet Mach number. Blade to blade 
traverses were made across the central flow passage (passage 
number 3) at the cascade inlet plane, at two chordwise plane 
locations, and at the cascade exit plane. At each traverse 
plane, LV data were obtained for at least ten discrete 
locations to determine flow velocity and direction. These 
measurements were completed at two cascade static pressure 
ratios representative of a low and high static pressure ratio. 
The cascade inlet operating conditions for the LV interpassage 
data are presented in Table VII. The locations of the four 
interpassage traverse planes are shown by Figure 14. LV 
data obtained at these traverse planes are tabulated and 
presented in Tables XVII to XX, Appendix G. All LV data 
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TABLE VII 
CASCADE INLET OPERATING CONDITIONS FOR 

LASER VE LOCI METER INTERPASSAGE DATA 

Static Pressure Static Pressure 
Ratio = 1„468 Ratio = 2.220 

Cascade Inlet Mach No. 

*Blade No. 3 Mach No. 

★Blade No. 3 Velocity (Ft/Sec) 

★Blade No. 4 Mach No. 

★Blade No. 4 Velocity (Ft/Sec) 

1 „616 

1.591 

1519.6 

1.639 

1552.2 

1.616 

1 „340 

1348.9 

1 „360 

1363.6 

★Blade 3 and 4 inlet Mach number and velocity calculations 
were based on sidewall static pressure tap measurements. 
The static taps are located 0.25 inches upstream of the 
blade leading edge in the chordwise direction. 
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were obtained at the passage mid-span location with 0„3 
micron mean diameter alumina as a seed material. 

LV data at the cascade inlet plane were obtained at eleven 
discrete points along traverse plane A-A1 (see Figure 14). 
Traverse plane A-A1 was located 0.0449 inch downstream of 
the leading edge plane in the chordwise direction (1.64% 
chord). The LV data at the inlet plane are summarized in 
Figure 15. 

The second interpassage LV traverse plane (B-B1) was located 
0.846 inch downstream of the leading edge plane in the 
chordwise direction (30.95% chord). Measurements were ob¬ 
tained at ten discrete points and are summarized in Figure 16. 

The third LV traverse plane (OC) was located 1.651 inches 
downstream of the leading edge plane (60.4% chord) as shown 
in Figure 14. LV measurements were obtained at eleven dis¬ 
crete points and are summarized by Figure 17. 

LV data at the cascade exit plane were obtained at eleven 
discrete points along traverse plane D-D1. Traverse plane 
D-D1 was located 2.688 inches downstream of the leading edge 
plane in the chordwise direction (98.4% chord). The LV data 
at the exit plane are summarized in Figure 18. 

The LV data at the cascade inlet plane and second traverse 
plane B-B1 were obtained across 80 to 85% of the passage 
spacing. At the third traverse plane C-C and the cascade 
exit plane, LV data were restricted to approximately 50% of 
the passage spacing due to blockage of the LV signals by the 
blade trunnions for the optical setup being employed. 

Additional LV experimental data were acquired from the ARL 
cascade as a part of the DDA Independent Research and Develop¬ 
ment Program (1975 IR & D Project No. 519) and are presented 
herein. Two additional traverses were completed as a part 
of the IR S- D program. One traverse consisting of 21 dis¬ 
crete points at two static pressure ratios was made along 
the centerline of cascade passage No. 3 as shown in Figure 14. 
The data for these traverses are tabulated in Tables XXI and 
XXII, Appendix H,and are summarized in Figure 19. 

The second LV traverse was completed along the cone probe 
traversing plane (Plane P-P1 in Figure 14). LV data and cone 
probe data consisting of 21 points at two static pressure 
ratios are tabulated in Tables XXIII and XXIV, Appendix H. 
Comparisons of the LV and cone probe data are shown graphical 1 
in Figu res 20 and 21. 

A cursory analysis of the LV data has been completed to permit 
comparisons with the cone probe performance data. The results 
are presented in Table VIII. 
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FIGURE 15. LASER VELOCIMETER DATA FOR 
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TABLE VIII 
COMPARISON OF LASER VELOCI METER* AND 

COME PROBE PASSAGE FLOW PARAMETERS 

c T A T I r c T A T i r 

PRESSURE RATIO PRESSURE RATIO 
= 1.564 = 2.226 

MASS FLOW»LB/SEC PER INCH SPAN 

INLET PLANE A-A' (REF. FIGURE 

© LASER VELOCI METER** 0 „ 288 0.352 

EXIT PLANE P-P1 

© LASER VELOCI METER 

© CONE PROBE 

0.359 

0.328 

0.371 

0.363 

EXIT FLOW DIRECTION (PLANE P-P1 ) 
DEGREES (MASS-AVERAGED) 

© LASER VELOCIMETER 

© CONE PROBE 

58.7 

59.6 

57.9 

57.0 

Assumptions for LV calculations; 

1. Total conditions constant through inlet plane 

2. Linear density distribution from blade chord to 
blade chord along inlet plane based on the first 
blade surface static pressure taps. 

3. 

4. 

Zero thickness blade in the inlet plane with 
inviseid flow 

Cone probe determined density used in LV cal 
culations at exit plane 

LV mass flows at the inlet plane are based on low and high 
static pressure ratios of 1.468 and 2.220, respectively. 
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SECTION VI 

CONCLUS! ONS 

a A cascade of blades with a profile based on the stream™ 
surface of streamline 19 of an ARL axial compressor stage 
was tested in a supersonic wind tunnel. The results of 
the test were in essential agreement with the design. 

© At the design inlet relative Mach number of 1.616, this 
cascade was able to maintain a static pressure ratio of 
over 2.2. The losses were relatively low with u> 
approximately 0.15 at a static pressure ratio of 2.2. 

o The cascade included six blades, linear sidewalls with 
sidewall bleed. The flow characteristics of the cascade 
were good and the data were very consistent. 

© Laser veloci meter b 1ade™to™b1ade traverses were made at 
the design Mach number across the central flow passage 
at the cascade inlet plane, at two passage planes, and 
at the cascade exit plane for two static pressure ratios. 
These LV data were trendwise in agreement with schlieren 
photographs of the cascade flow field. 

© Laser veloci meter traverses were made at the same location 
as the cone probe and also at mid-spacing in the chordwise 
direction at the design Mach number for two static pressure 
ratios as part of the DDA Independent Research and 
Development Program. Favorable comparison was obtained 
between the cone probe and the laser velocimeter data. 
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APPENDIX A 

ARL REDEFINITION OF STREAMLINE 19 

It was presumed that the highest degree of equivalency would 
be retained if the basic design procedure used to accomplish 
the original design was duplicated to the maximum extent 
possible. The original design was accomplished by fitting 
airfoils of arbitrary geometry to relative flow angles defined 
by an axisymmetric flow-field analysis employing computing 
stations within as well as external to blade rows. In this 
analysis, the work distributions from leading to trailing 
edge along each streamsurface within the rotor were specified 
as input data to the design procedure. Meridional distri¬ 
butions of deviation angle, blockage, and relative total 
pressure loss were assumed. Optimization of the work distri¬ 
bution within the rotor was based upon a preconceived notion 
of what constituted a desirable axisymmetric static pressure 
distribution between leading and trailing edge along each 
streamsurface. Following this design philosophy, the two- 
dimensional eau iva lent airfoil was established by performing 
an identical design procedure. The major steps involved in 
converting from the original three-dimensional rotor blade to 
an equivalent two-dimensional cascade airfoil were as follows. 

First, to check the validity of using a reduced number of 
streamlines, the axisymmetric design program was rerun by using 
input data for only streamlines 18, 19, 20 of the original 
rotor design. For this case streamline 18 corresponded to 
the hub and streamline 20 to the case. The annulus flow 
rate was recomputed for the corresponding streamtubes , and 
the annulus wall boundary layer blockages were also ad¬ 
justed for the reduced flow area. Values obtained with 
this approach were in agreement with the original design 
results for streamlines 18, 19, and 20. 

To achieve two-dimensional results, the three streamline ap¬ 
proach was taken by utilizing a blade of 1.0 inch span which 
was assumed to be located within a cylindrical annulus having 
an inner radius of 10,000 inches. Centrifugal gradients 
within the annulus were thereby rendered negligible. A 
meridional blade chord of 10.0 inches was selected for con¬ 
venience and ease of interpreting results normalized to 
unity. In addition to respecifying the basic blade dimen¬ 
sions, the following changes were made to the design program 
input based on the DDA conditions and the streamline 19 data 
of the final rotor design. 



]„ Based on an av/erage radius of 8,16 inches (streamline 19), 
an incidence angle of 3»77° was obtained from the incidence 
angle input data of the quasi-three-dimens ¡ onal analysis. 

2. The meridional work distribution was specified as a 
function of the absolute whirl velocity distribution 
at each computing station. For the DDA inlet condi¬ 
tions and W02/W0] =0.6349, a value of 503.811 ft/sec was 
calculated for the two-dimensional W02 value. The three- 
dimensional whirl velocity distribution for the inter¬ 
nal blade computing stations was then scaled with a 
W02 (2-dimensional]/W02 (3-dimensional) ratio of 0.8556 
to achieve the two-dimensional input values. This dis¬ 
tribution is shown in Figure 22. It was found that the 
above adjustment was sufficient to yield a satisfactory 
static pressure match between the two- and three-dimensional 
final values. A comparison of these values can be seen 
in Figure 23. 

3. The loss coefficient for the three-dimensional analysis 
was varied linearly from a leading edge value of zero to 
a trailing edge value of 0.2338. In a like manner, the 
loss coefficient for the two-dimensional case was varied 
from zero at the leading edge to a final value of 0.2246 
at the trailing edge (DDA value). 

4. The initial input values of blade blockage to the two- 
dimensional analysis were the final values obtained from 
the three-dimensional results. However, the final two- 
dimensional values were adjusted to be consistent with 
the revised airfoil geometry. 

5. The two-dimensional input value for the total number of 
blades was initially calculated for the three-dimen¬ 
sional blade spacing and the ratio of 3D/2D chord 
length. During the iterative design procedure, this 
value was updated for the three-dimensional solidity 
and the calculated two-dimensional true chord length. 

6. An adjusted mass flow rate and blade RPM were calculated 
for the two-dimensional analysis. The flow rate was 
based on the DDA inlet conditions and the geometry of 
the two-dimensional cylindrical annulus at the 10,000- 
inch inner radius. Blade RPM was based on the calculated 
two-dimensional blade speed, again for DDA inlet condi- 
tions . 

In addition to the above changes to the input data, the 
annulus wall boundary layer blockage values were set equal 
to zero for the two-dimensional analysis. The three-dimen¬ 
sional deviation distribution was adopted without change for 
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FIGURE 22. NORMALIZED DEVIATION AND NORMALIZED WHIRL 
VELOCITY VS. NORMALIZED AXIAL DISTANCE 
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FIGURE 23. CALCULATED STATIC PRESSURE 
DISTRIBUTION COMPARISON 
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the two-dimensional analysis, A normalized plot of this dis¬ 
tribution is shown in Figure 22. The ax¡symmetric flow field 
analysis was accomplished according to the "streamline curva¬ 
ture" calculation technique using the computer program 
described in Reference 4. The original arbitrary airfoils 
were defined according to Reference 5. However, during this 
two-dimensional redesign, the computer program of Reference 
5 proved incapable of finding an arbitrary camber line with 
less than two inflection points — a condition judged un¬ 
desirable. Consequently, this program was modified in the 
manner described in Reference 4. The modified method of ob¬ 
taining an arbitrary camber line, when checked against the 
original design, produced an airfoil virtually indistinguish¬ 
able from the original. However, when used to determine the 
revised airfoil, it managed to produce a camber line having 
the desired single inflection point. 
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APPENDIX B 

PERFORMANCE DATA REDUCTION EQUATIONS 

This appendix presents the data reduction procedures which 
are incorporated in the DDAwind tunnel on-line instrumenta¬ 
tion system to analyze experimental data from supersonic 
compressor cascades. Figure 24 presents a sketch of the 
cascade flow field. 

NOZZLE EXIT CONDITIONS 

The DDA _ _supersonic wind tunnel utilizes fixed <.^verging- 
diverging nozzles to provide a supersonic flow field to the 
wind tunnel test section. The design Mach number of the 
fixed supersonic nozzles (Miiq) has been experimentally veri 
fied in nozzle calibration studies. The wind tunnel total 
pressure (Py ) or nozzle exit total pressure is measured in 
a low velocity stagnation plenum with a total pressure probe 
Likewise, the wind tunnel total temperature (Tr ) 
exit total temperature is measured in a low veio 
tion plenum with a total temperature probe. 

or nozzle 
city stagna- 

CASCADE INLET CONDITIONS 

The cascade inlet flow field is established by a sharp lead¬ 
ing edge wedge which is positioned upstream of the first 
blade in the cascade. The cascade inlet flow direction is 
determined by the orientation of the wedge with respect to 
the airfoils. The cascade inlet Mach number is determined 
by the orientation of the wedge with respect to the nozzle 
exit flow field. The inlet Mach number is established by 
either expanding or compressing (shocking) the nozzle flow 
about the wedge. This is accomplished by rotating the test 
section with respect to the nozzle. The boundary layer thick¬ 
ness on the wedge has been established experimentally and is 
taken into account when positioning the wedge with respect 
to the airfoi1s. 

The degrees of expansion or compression of the nozzle flow 
field (A) is determined by 

A = 
9w - (90° - 9ts> 

The wedge angle (0,,) is defined as the angl 
direction and the ^wedge surface,ineludÎng 
thickness. The test section angle (675) is 
angle between tangential direction and the 
(horizontal). By definition, if delta (A) 
nozzle exit flow field will undergo an obli 
resulting cascade inlet flow field properti 
from the governing oblique shock relations, 
negative, the nozzle flow field will underg 
expansion from which the inlet properties 

e between axial 
boundary layer 
defined as the 

wind tunnel axis 
is positive, the 
que shock,and the 
es are obtained 

If delta is 
0 a Prandt1-Meyer 
are determîned. 

Preceding peg« blank 
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RpflrZi^ the governing equations, which are discussed in 

estabMsh rhpf0r e,xPans'on or compression, one can 
fftthbJ |]hoithe cascade inlet Mach number (Mnj) based on delta. 
f-o5he f °W under9°es an oblique shock, the loss in total 

piessure^across the shock is also calculated to determine the 

direc?ionn PreSSUT ^T,)- The cascade inlet flow 
direction (/3]) is set equal to the wedge angle. The inlet 

felt] S^aíürl/V '5 t0 be eqUa' t0 the turine' 

asdfol°ows-CaSCade lnlel: fl°W fie,d Parameters are calculated 

Inlet static pressure P- 

P, = 
1 

nlet axial Mach number Mnv 

Mny = Mn, cos/?. 

nlet tangential Mach number Mn 

Mnv = Mn , s i n/3. 
Y1 1 

nlet total to static temperature ratio _I 

T 
1 - 1 4. k-1 M 2 

T~ ~ 1 + ~2~ Mn, 

nlet total to static pressure rat 0 

T 
k 

"Fj l 1 + 
k- 1 2 1 

Mn a . 
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_L_uw 

Inlet mass flow rate per passage per inch span nrij 

m, = P,Mnx, J kg" 
V wrt 

T, 

T 

For k = I „4, g = 32.175 ft/sec2, R = 53 .34 jç-lç 

PlMnX- 
= .91896 

/Ti 

Inlet dynamic pressure 

Q] ~ ~2 

Inlet Reynolds number ND 
K ■ 

12P,Mn k9 

< 
4 

Suction surface incidence i 
SS 

' s s ^1 Ks s 

Mean line incidence i ML 

ML ^1 ~ kML 
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CASCADE IDEAL PERFORMANCE 

The cascade ideal performance calculations employ sidewall 
static pressure taps at the cascade exit to assess the uniformity 
of the flow field and relate exit to inlet flow properties to 
establish the test condition. 

Mean exit sidewall static pressure P9 
¿A 

where 
P. = Sidewall static pressure. 

n ■= Number of sidewall static taps 

RMS deviation of sidewall static taps RMS 

/ 

whe re 

P. = Sidewall static pressure 

n = Number of sidewall static taps 

Ideal exit Mach number Mn2 
I D 

PT k-l i 

Ideal static pressure ratio PD 
RID 

P 
2 

P 
A 

R ID 
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!NSTRUMENTED BLADE PARAMETERS 

Loca] static pressure rise parameter S 

whe re 

= local surface static pressure, PS IA 

Local surface pressure rat i o 

Surface static pressure tap location % C. 

Referring to Figure 25, one can determine the location of 
the blade surface static pressure taps on either the 
pressure or suction surface as follows; 

ai = í™'1 (xh 

j 

cos(a.-y) / X. 2 + Y - 2 
%C: = -'---^-— (100) 

I c 

BLADE FORCES AND MOMENTS 

Figure 26 shows the coordinate system used for the identifi¬ 
cation of the surface static pressure taps along with the 
nomenclature and assumed directions for the calculations. 
Calculation of_the.blade forces due to the surface static 
pressure distribution can be completed systematically over 
the blade surface between the first arid last static pressure 
taps. Treatment of that portion of the blade surface between 
the leading edge and first static pressure, as well as the 
surface between the last static tap and the trailing edge, 
depends on either estimation of the pressure distribution on 
those surfaces or certain simplifying assumptions with regard 
to the leading and trailing edge pressures. This report 
assumes that at the leading edge, the pressure on the pressure 
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surface is equal to the pressure on the suction surface., The 
same assumption is made at the trailing edge. Furthermore, if 
the pressure force between the leading edge and the first 
static port acts on an area equivalent to the average of the 
pressure^ and ^ suet ï on surface areas orientated at an average 
surface inclination, the leading edge pressure cancels in the 
force summation. The same is true for the trailing edge. 

The force on the blade between the leading edge and first- 
static pressure tap is determined by 

Lb LE.pS LESS 

p„ - p 

, ( ^PL^SS) A$ 
LE 

where 

LE 

(i(Xl - XLE>; * (Ï1 - VLE»f (^4-¾} PS 

([(X, - XLE)2 , (Y, ■ y,f)2T (flAgMj) 
ss 

The average surface ancle between the leading edge and the 
first static pressure tap is 

tan 1 fYl “ Y LE 

ß LE 

i y—r~Y‘ 
I Ä1 * LE - PS 

+ tan 
r Y i « Y 
' Y1 YLE 

" XLEJ SS 

The same relations can be employed at the blade trailing edge; 

fte " fteps - ftess 

P ™ p 
f nPS nss% . (-.—) As 

TE 

61 

... .' _-"i- ' ■1' ■ "I' U k t ritMtAlkl l.u, JÍ -ulilnll.il I utlii i I »ill i'i,li Hill, till! Ill nil .'llil-ilil„'.i.,ll ..... 



- " ' ' '. w 'i i ,u7rffff|¡mipj|i<'fiiip'!",n.T ^p''f’|iH^i[r!"”pnH^ij]!firnirnrr'l'r!ri;';rp»-T'’f'rT' »''rwqH'.T'-:-^1'iqi; .•--rirw ^rTpfPpíFip-íRnmnjyF^fa^ 

Ik., 

where 
0 ot2 Brr + B 1 

( XTlr - Xn^ + (YTE - Yn) , (■ k ")! TE PS 

TE 

Cr 0 o^aB-v-r + B“! 

V[(XTE ■ V + (YTE - ^) ] <—-T ' n)} 
+ 

ss 

arid 

tan 

ß 

YTr " Y I E n 

XTE " Xn 

“1 I YTE " Yn + tan , y -^ 
PS I XTE " n SS 

TE 

where 

n = total number of surface static taps 

The total axial force on the blade is now determined by 

n-1 P. + P. 

Fx= ,E, [(-' ; 'k Assik 
i = l SS 

" r p- + P-uul E [ (_1—.—L±1 
!- 2 =1 

) AgS n^ j ps 

FLE S'nfíLE " FTE S1n^TE 

whe re 

» =Ä/!L+kuii 
b L 2 -J 

A¿= r(X!+1 - X,)2 + ( Y ; 
i+1 Yi) 

2 , 

i ( Y: 4-1 " X ; ) 
/3 = tan'" ',i+' ' 

■- (X¡ +1 " X. ) a 

n = number of surface static pressure taps 
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Similarly, the total tangential force on the blade i s 

n- 1 
P. + P. , 

F = L i ( 1 1 +1 r y i {- 
i = l L 

2 ) A^cosß r P- + P- ,, 
- S [(-J—^±!. 

PS ;=, 1 ¿ 
)AgCos^j 

SS 

+ Fle cos^le + fte cosßTE 

The resultant force on the blade is calculated as 

R = J7j + F. 

The direction of the resultant force is 

ßF = tan"* (¾ 

Referring again to Figure 26, one determines the moment 
exerted on the blade assuming clockwise rotation positive 
and calculated from the leading edge from the relation 

n-1 

MLE = .S, r 
I = 1 

F rVi + YC . F fXi+l + Xi, 
X¡ * J Y, <-2-* 

PS 

n-l 

5 [Py ( 
I 

Yi+1 + Yi + x- -■ -lil^-—L) 

SS 

Xi r + Y1 y + Y 
+ Fle sinßLE (-^P- p ) + Fte sin/îTE (-Ü-T—Li) 

X I r + x i X + X 

+ "LE cos^LE (—T-L) + PTE cos^TE f-*1-5—— ) 

The nondimensionalized force coefficients are determined by 
dividing the force by the product of inlet dynamic pressure, 
blade span, and blade chord. For cascades where the blade 
span is not constant, the average of the blade inlet and exit- 
span i s used. 
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Axial force coefficient Fr 
LX 

) C 

Tangential force coefficient Fr 

) C 

Resultant force coefficient Fr 

F 
'R 

2 

The none! i mens i onal i zed moment coefficient is determined by 
dividing the moment by the product of inlet dynamic pressure, 
blade span, and blade chord squared. Again the average of 
the blade inlet and exit span is used when the blade span is 
not constant. 

Moment coefficient M, 
LE 

M 
M 

LE 
c ffpr-ir “ 
LE Ql(-L-I) 

Drag coefficient Cp 
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The drag coefficient is calculated upon assuming the drag 
force acts parallel to the blade chord; 

Cn = Fr cos (180 - y + ßc) 
U1 lr f 

Lift coefficient C, 
L1 

The lift coefficient is calculated upon assuming the lift 
force acts perpend icu1ar to the blade chord; 

C. = Fr sin (180 - y + ßr) 
L, CR F- 

Center of pressure CD 
kLE 

The center of pressure is determined as percent of chord from 
the blade leading edge: 

C = (100) 
PLE FrC 

CASCADE LOCAL EXIT PERFORMANCE 

The local cascade exit conditions are determined by position¬ 
ing a five port conical probe at discrete points across the 
cascade passage. The conical probe has been calibrated over 
a Mach number range of 0.35 to 1.80 at various incidence 
angles. The conical probe calibration procedure is discussed 
in Reference 7. From the calibration data, the wind tunnel 
on-line data acquisition system determines the flow Mach 
number (1^2), flow total pressure (PT2),, and flow direction 
relative to the conical probe centerline (ßp) at each discrete 
point at the cascade exit. The local exit flow direction 
referenced to the engine axial direction (Z^) 's determined by 
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/32 = 90 - 0p + flp 

where 

0p = Probe angle (angle between probe centerline 
and engine tangential direction), degrees 

From the local exit Mach number, total pressure, and flow 
direction, the following local performance parameters are 
calculated . 

Local exit axial Mach number Mnx/ 

Mn^, = Mn2 cosß^ 

Local exit tangential Mach number Mn 
Y, 

MnY = Mn2 s i n^ 

Local exit static pressure P, 

T 
T^T 

( ] + Mn22 ) 

Local exit total pressure recovery P 

Rj Py 

Local exit deviation angle 6' 

ß2 ~ kML, 
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where 

Ml^ = mean line blade metal angle at the 
l2 trailing edge, degrees 

Local exit turning angle Aß 

Ò8 = ß} - ß2 

Local exit total temperature T 
'2 

Local exit total to static temperature ratio 
1 2 

Local exit mass flow rate per inch span m9 

(P2Mnx 

2 

where 

Y = Conical probe tip tangential location, inches 

i = Discrete point at which conical probe measurements 
are taken 

Local exit flow velocity 

V 2 Mn 
2 

2 
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MASS»AVERAGED CASCADE EXIT CONDITIONS 

The mass-averaged cascade exit conditions are determined by 
mass-averag¡ng of the local exit data (Mach number, flow 
angle, and total pressure recovery) from the relationship 

< f > 

n-1 
E 

i — 1 
[fipiMnx, i T-’i +fi+iPi+1Mnx, i +i]V xT., ](Y i+l i +1 V ; ) 

n~ 1 

E 
¡=1 

[ P ¡ MnX » i V + P j +lMnX, i+l 
4*1 

J ( Y ¡+1 Y,» 

where 

i 

n 

f, 

P. 

Mn 
X, 

tt/t) 

< f > 

= Probe measurement station 

= Total number of points 

= Discrete data to be mass»averaged 

= Local static pressure, psi 

= Local axial Mach number 

= Local total to static temperature ratio 

= Conical probe tip location in tangential direction, in. 

= Mass averaged variable 

The following cascade exit parameters can be determined from 
the mass»averaged exit conditions. 

Mass»averaged axial Mach number Mnx 

Mnx = Mn2 cosj32 

Mass-averaged tangential Mach number Mn, 

MnY = Mn2 s i n/S2 
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Mass-average total pressure P_ 
1 2 

T 

Mass-averaged static pressure 

P 2 

[- + 

nr 
l^T 

Mass-averaged total temperature T. 

tT = Tt 
‘2 1 1 

Mass-averaged total to static temperature ratio 

m? 
Exit to inlet mass ratio 

m. 

where 

s = B1 ade spacing, in. 

B2 
(___) = Exit to inlet span ratio at the probe 

1 p measuring station 
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MIXED EXIT CONDITIONS 

The local cascade exit discrete data can be "rni xed-out" by using 
the conservation equations of one-dimensional gas dynamics 
to obtain the cascade exit properties in terms of a uniform 
exit flow field The technique and applicable relationships 
loi mi X ing-out the cascade discrete data are presented in 
Reference 8. The results of the mixing equations are the 
■mi xed-out Mach number (Mn.), flow' angle (/?9), total pressure 
( total temperature (^-)- ), From these four mixed 
exit Pi opt rfi es, additional cascade exit performance parameters 
such as those described for the mass-averaged exit conditions 
can be determined. 

CASCADE OVERALL PERFORMANCE 

The cascade overall performance parameters for either mass 
averaged or mixed exit conditions are presented below. 

S t at i c p res su re rat i o P 

P . 

Total pressure recovery 

Velocity ratio 
V 

.12 \ ! 

I T- 

V0 Mn,, T 2 
\/ 

• 1 
un Í" r 

For iT = T. 
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Axial velocity ratio 

X9 V„ cosß, 

V 
X, vi cosiiT 

V 
Y, 

Tangential velocity ratio —¿ 

VY, 

Y2 V2 sin/S^ 

Y j V j s i n/Sj 

Dens it y rati0 
P2 

1 ' 1 
(p2-) (--) 

1 T, 

For T - T._ 

Static temperature ratio ~ 
'l 

T ^7' 1 k -1 i. 2 
I 9 I 9 I + --ry- Mn ! 

_£ = ,_£ ( _£_ I ^ 

' lTl'l+^Mn22 
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Total pressure loss coefficient œ 

to = 
Py ” Py 

1 1 '2 
F—~p“' 

Ti 1 

Total pressure loss parameter to. 

to 
to cosß,^ s 

2 C 

Diffusion factor D, 

V 
Y, V9 sin^1 s 

Df = 1 ' vf+-^r-f' - vy ) 

Equivalent diffusion factor 

eq 
yj 
V. 

cos p, s 
1.12 + „61 ——£■- (tanß-\ 

V, 

ÿ— tan/3 2 ) 

Tangential velocity change 
^ V, 

AV V 
Y _ 

(1 

Y, 
w—) sin/3, 
VYi 1 
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Reynolds number N 
R 

NR = 
12 P2 Mn2 

kq 
ÏÏTT 2 C 

Static pressure rise parameter S 

S = 
P - p 
r 2 1 1 

Devi ation ang1e 6 

0 ß2 “ kML- 

whe re 

ML mean line blade metal angle at the 
trailing edge,, degrees 

Turni ng ang le 0ß 

/S ß • - ß i " ß 1 2 

Exit flow direction based on continuity ß. 

ß^ = cos 
P, V, B, 

( — ) (t-) (õ1) COSß 

' 2 V2 s2 P 
1 

Flow area ratio based on continuity 

VK A 0 p, )( 
2 . ,"1, , "l 
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APPENDIX C 

PERFORMANCE COMPUTER PR I NT-OUT IDENTIFICATION 

The supersonic wind tunnel on-line ¡nsCrumen tation system 
yields eleven pages of computer print-out describing the 
cascade performance for each test condition. This appendix 
briefly describes the contents of the computer print-out and the 
nomenclature used, and provides tables to simplify the loca¬ 
tion and identification of selected cascade data items. The 
computer print-out nomenclature is shown in Table IX. 

On the first page of the print-out following the title lines 
four entries which describe the test point operating conditions 
appear: cascade inlet Mach number, cascade ideal static- 
pressure ratio, the cascade blade behind which "the conical 
probe data was taken, and the conical probe axial location 
behino the b]ade row• 

The second entry on the first pane of print-out presents a 
listing of the pressures measured on the four Scanivalves 
Table X identifies the pressures by Scan¡valve and port 
number. The first seven ports of each Scanivalve are used 
for reference calibration pressures with alternate ports 
thereafter connected to a vacuum source to eliminate trans¬ 
ducer hysteresis and minimize pneumatic settling time. From 
these pressures , the cascade performance presented on the 
fourth through sixth pages of the print-out are determined. 

The last entry on the first page of print-out presents mis¬ 
cellaneous test section data,inc1udÎng the conical probe 
position in the exit flow field, test section angular position 
and trie wind tunnel total temperature. 

The first entry on the second page of the print-out presents 
the nozzle exit i low field p rop e r tie s. 

The second entry on the second page is the wedge and hl ad¬ 
ln let flow parameters determined from the sidewall static 
pressure taps located in the sidewall ahead of the wedqe and 
each blade. 

The last entry on the second page describes the f 
across the sharp leading edge wedge which is used 
o r comp r e s s the nozzle ex i Of 1 ow t o e s t ab 1 i s h t h e 
Mach number and flow direction. These ¡temc are 
Table XI. 

low properties 
to expand 
cascade inlet 

presented in 
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Il ^¡4' ”r '' ' r 
A 

BETA 

CD 

C)F 

CL 

CP 

DEV 

DF 

DP 

DPS 

DV ) Y 

FC 

LE 

M 

MC 

ML 

TABLE IX. COMPUTER PRiNT™OUT NOMENCLATURE 

2 
Cascade flow area (span X spacing),, in 

Angle, measured from axial direction, degrees 

Drag coefficient (drag force referenced parallel 
to blade chord normalized by inlet dynamic pressure, 
span, and chord) 

Skin friction coefficient times one thousand 

Lift coefficient (lift force referenced perpendi¬ 
cular to blade chord normalized by inlet dynamic 
pressure, span, and chord) 

Center of pressure, percent chord from blade leading 
edge 

Deviation angle, degrees 

Diffusion factor 

Total pressure loss (inlet minus exit total pressure), 
ps i 

Static pressure rise (local or exit minus inlet 
static pressure), psi 

Ratio of tangential velocity change to inlet tota* 
velocity 

Force coefficient (blade force normalized by inlet 
dynamic pressure, span, and chord) 

Incidence angle, degrees 

Lead i ng edge 

Mass flow rate 

® Nozzle exit -total mass flow, Ibs/sec 

® Cascade inlet and exit - mass flow per 
passage per inch span, Ibs/sec-in. 

Moment coefficient (moment exerted on blade about 
leading edge normalized by inlet dynamic pressure, 
span, and chord squared) 

Mean line reference 
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TABLE IX. COMPUTER PRINT-OUT NOMENCLATURE (Continued) 

MN Mach number 

NR 
RN } 
OMEGA 

P 

PERCT 

Reynolds number divided by 1 million 

Total pressure loss coefficient- 

static pressure, ps i 

Tangential reference position of conical probe tip, 
percent of passage 

PS 

PT 

Q 

Q1 

R 

SS 

T 

T/C 

TPLP 

TT 

TURN 

V 

Y 

Pressure surface 

Total pressure, psi 

Dynamic pressure, psi 

Inlet dynamic pressure, psi 

Density, lb/ft^ 

Suction surface 

Static temperature, degrees R 

Maximum blade thickness to chord ratio 

Total pressure loss parameter 

Total temperature, degrees R 

Flow turning angle (inlet minus exit), degrees 

Velocity, fps 

Tangential reference position of conical probe tip, 
inches 

Subscripts 

0 

1 

2 

A 

Nozzle exit condition 

Cascade inlet condition 

Cascade exit condition 

Average condition 
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TABLE IX. COMPUTER PRINT-OUT NOMENCLATURE (Continued) 

Subscripts: (Continued) 

BP 

EO 

LE 

ML 

NP 

Conical probe bottom static port in vertical plane 
ca! eu 1ated f rom cent inuit y equation 

Equiva 1 ent 

Referenced to resultant force direction 

Leading edge 

Mean 1ine 

Conical probe north static port in horizontal plane 

Referenced to conical probe centerline 

Pressure surface 

Conical probe south static port in horizontal plane 

Suetion su rface 

Conical probe top static port in vertical plane 

Referenced to axial direction 

Referenced to tangential direction 

Conical probe total pressure port 
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Port 
No. 

2 
3 
h 
5 
6 
7 
8 
9 

1C 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

TABLE X 
SCANIVALVE PORT ASSIGNMENTS 

Scanivalve No. 4 
(0 - 5Ü psT). 

Vacuum 
Vacuum 
Calibration Vacuum 
Calibration Pressure No. 
Calibration Pressure Mo. 
Calibration Pressure No. 
Calibration Pressure No. 
Vacuum 
Tunnel Total Pressure 
Vacuum 
Blade PS Static #1 
Vacuum 
Blade PS Static 7/2 
Vacuum 
Bl ade PS Static //3 
Vacuum 
Blade PS Static //4 
Vacuum 
Blade PS Static //5 
Vacuum 
Blade PS Stat i c //6 
Vacuum 
Blade PS Static //7 
Vacuum 
Blade PS Static //8 
Vacuum 
Blade PS Static //9 
Vacuum 
Blade PS Static //10 
Vacuum 
Tunnel Total Pressure 
Vacuum 
Tai 1 board Static #1 
Vacuum 
Tail board Static //2 
Vacuum 
Tai 1 board Stat i c //3 
Vacuum 
Access Cover Pressure 
Vacuum 
Primary Ejector Pressure 
Vacuum 
Top Bleed Pressure 
Vacuum 
Bottom Bleed Pressure 
Vacuum 
Tunnel Total Pressure 
Vacuum 

Calibration Pressure //1 
Calibration Pressure //2 

10 
20 

ps I 
psi 

Port 
No, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

Scan i va 1 ve No. 
TfT ps7T 

Vacuum 
Vacuum 
Calibration Vacuum 
Calibration Pressure No. 1 
Calibration Pressure No. 1 
Calibration Pressure Mo. 2 
Calibration Pressure No. 2 
Vacuum 
Tunnel Total Pressure 
Vacuum 
Blade SS Static //1 
Vacuum 
Blade SS Static //2 
Vacuum 
Blade S S Static //3 
Vacuum 
Blade SS Static //4 
Vacuum 
Blade SS Static //5 
Vacuum 
Blade SS Static /¿6 
Vacuum 
Blade SS Static /^7 
Vacuum 
Blade SS Static //8 
Vacuum 
Blade SS Static //9 
Vacuum 
Blade SS Static //10 
Vacuum 
Tunnel Total Pressure 
Vacuum 
Upper Splitter Cavity //1 
Vacuum 
Upper Splitter Cavity //2 
Vacuum 
Tai 1 board Cavity 
Vacuum 
Nozzle Ext. Plenum Press. //1 
Vacuum 
Nozzle Ext. Plenum Press. //? 
Vacuum 
Nozzle Ext. Plenum Press. //3 
Vacuum 
Upstream Bleed Orf. Press.(Nozz le ) 
Vacuum 
Tunnel Total Pressure 
Vacuum 

NOTE: D 
2) 
3) 

Sidewall Statics Numbered Front to Back 
All Probe Taps to be Plumbed Straight through Scanivalve Patch Panel 
Remove Roll Pins and Felt from all Ports Used 
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TABLE X (Continued) 
SCANIVALVE PORT ASSIGNMENTS 

Calibration Pressure #1 = 10 psi 
Calibration Pressure //2 = 20 psi 

Port 
No. 

1 
2 
3 
A 
5 
6 
7 
8 
3 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

NOTE: 

Scanivalve No. 3 
(0 - 30 psi) 

Port Scanivalve No, 2 
No. (0- 13 psi ) 

Vacuum 
Vacuum 
Calibration Vacuum 
Calibration Pressure No. 1 
Calibration Pressure No. 1 
Calibration Pressure No. 2 
Calibration Pressure No. 2 
Vacuum 
Tunnel Total Pressure 
Vacuum 
Probe Total Pressure 
Vacuum 
Probe Top Static 
Vacuum 
Probe Bottom Static 
Vacuum 
Probe North Static 
Vacuum 
Probe South Static 
Vacuum 
Tunnel Total Pressure 
Vacuum 
Exit Static No. 1 
Vacuum 
Exi t Static No. 2 
Vacuum 
Exit Static No. 3 
Vacuum 
Exit Static No. 4 
Vacuum 
Exit Static No. 5 
Vacuum 
Mid-Channel Static No. ] 
Vacuum 
Mid-Channel Static No. 2 
Vacuum 
Mid-Channel Static No. 3 
Vacuum 
Mid-Channel Static No. 4 
Vacuum 
Mid-Channel No. 5 
Vacuum 
South Bleed Cavity No. 5 
Vacuum 
Tunnel Total Pressure 
Vacuum 
Tunnel Total Pressure 
Vacuum 

Vacuum 
2 Vacuum 
3 Cali bration 
4 Ca1ibration 
5 Cali bration 
6 Cali bration 
7 Calibration 
8 Vacuum 
9 Tunnel Total 

10 Vacuum 
11 North B1eed 
12 Vacuum 
13 North Bleed 
14 Vacuum 
15 North Bleed 
16 Vacuum 
17 South Bleed 
18 Vacuum 
19 South Bleed 
20 Vacuum 
21 Tunne1 Total 
22 Vacuum 
23 Wedge Static 
24 Vacuum 
25 V/edge Static 
26 Vacuum 
27 Inlet Static 
28 Vacuum 
29 Inlet Static 
30 Vacuum 
31 Inlet Static 
32 Vacuum 
33 Inlet Static 
34 Vacuum 
35 Inlet Static 
36 Vacuum 
37 Inlet Static 
38 Vacuum 
39 North Bleed 
40 Vacuum 
4) South Bleed 
42 Vacuum 
43 North Bleed 
44 Vacuum 
45 South Bleed 
46 Vacuum 
47 Tunnel Total 
48 Vacuum 

Vacuum 
Pressure No. 1 
Pressure No. 1 
Ptessure No. 2 
Pressure No. 2 

Pressu re 

Cavity No. 3 

Cavity No. 4 

Cavity No. 5 

Cavity No. 3 

Cavity No. 4 

Pressu re 

No. 1 South 

No. 2 North 

No. 1 

No. 2 

No. 3 

No. 4 

No. 5 

No. 6 

Plenum Pressure 

Plenum Pressure 

Manifold Pressure 

Manifold Pressure 

Pressu re 

1) Sidewall Statics Numbered Front to Back 
2) All Probe Taps to be Plumbed Straight through Scanivalve Patch Panel 
3) Remove Roll Pins and Felt from all Ports Used 
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The íir'Jt entry on the third page of the print-out consists 
of two 1,nes describing the cascade physical design para¬ 
me t e r s . 

The last entry on the third page describes the cascade inlet 
flow field conditions. Identification of the cascade inlet 
parameters is presented in Table XII. 

The entry on the fourth page of the computer print-out is the 
cascade ideal performance based on sidewall static pressures. 
Included is a listing of the pressures presented on the 
second page of the print-out for the sidewall static pressure 
taps. From these pressures, a mean exit static pressure and 
RMS deviation are calculated along with the same parameters 
for the mid-passage static pressure taps. The cascade ideal 
exit Mach number and ideal static pressure ratio are determined 
from the mean exit static pressure. 

The fifth page of the computer print-out descrites the side- 
wall boundary layer bleed system performance, including side¬ 
wall slot pressures, sidewall boundary layer bleed flow 
rate, and the ratio of bleed mass flow rate to total cascade 
inlet mass flow. 

The sixth page of the computer print-out describes the 
instrumented blade parameters. The first entry presents 
the static pressure distribution on the cascade blade surface 
along with associated columns describing local performance 
characteristics and static tap locations in terms of percent 
chord. Following the local surface performance characteristics 
are several additional parameters summarizing the instrumented 
blade performance. Table XII I provides additional identifi¬ 
cation of the entries on the sixth page. 

The local cascade exit performance was determined by utiliz¬ 
ing a conical probe to measure Mach number, flow angle, and 
total pressure at twenty discrete points across one passage 
of the cascade. The probe was positioned at the center of 
cascade passage number 3 and measurements taken in five percent 
steps to the center of passage number 4 (data obtained behind 
blade number 4). The seventh, eighth, and ninth pages of the 
computer print-out present the local exit performance char¬ 
acteristics of the cascade. Table XIV provides the identifi¬ 
cation for the parameters presented on these pages. 

The cascade exit flow field properties are determined by mass¬ 
averaging and mixing to uniform flow the local exit parameters. 
Identification of the exit flow field parameters on the tenth 
cage of the computer print-out is presented in Table XV. 

The cascade overall performance characteristics relating the 
inlet and exit properties are presented on the eleventh page 
of the computer print-out and are identified in Table XVI. 
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APPENDIX P 

CASCADE PERFORMANCE DATA 

MN)1 = 1.535 

P)2/P) 1 

P)2/P) 1 

P)2/ P)1 

P)2/P ) 1 

P)2/P) 1 

P ) 2/ P ) 1 

P)2/P) 1 

P ) 2/ P ) 1 

P)2/P) 1 

1.190 

1.356 

1.399 

1.505 

1.686 

1.970 

2.003 

2.035 

2.076 

Preceding page blank 
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SUPERSONIC COMPRESSOR CASCADE 
ARL 2-0 CASCADE 

OVERALL PERFORMANCE 

MASS AVERAGED E y IT CONDITIONS 

P52/P51 PT)2/PT)1 
TPL P OF 

BETAIC AÎ 2/A) 1 

1.35fi .958 
.010 .H7 

EO.Tll .95? 

P5 2/P 1 1 PT)2/PTM 
TPLP 

BETA1C A )2/ AI 1 

1,368 .045 
.012 .166 

60.462 ,980 

V)2/V) 1 V)2/V5 1 » X 
OF5 EQ D V 3 V 

.882 .851 
1n 2 91 ,090 

.874 ,829 
1.304 .(»92 

'0 2/V)1, Y R32/R31 
RN)2 OPS/Ql 

.894 1.220 
1.168 .210 

.891 1,250 
1.154 .222 

T32/T31 OMEGA 
DEV TURN 

1.104 #057 
4.343 -1,208 

T)2/m OMEGA 
DEV TURN 

l.lil .074 
4,889 -1,812 

OVERALL PERFORMANCE 

MIXED EXIT CONDITIONS 

V)2/V)1 V)2/V)1 » X V)2/V)1,Y R)2/R)l 
DF3E0 D V) Y R N)2 DFS/Ql 
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3UPEP30MIC CQMPRFSSOR CASCADE 
APL 2.D CASCADE 

OVERALL PERFORMANCE 

MASS AVERAGED F y IY CONDITIONS 

PT)?/PTi1 V)2/V)1 V)?/V)1,X V)2/V)1 , V R)2/R)1 T)2/T)l 
OF OF)EQ DV)y WN)2 OPS/Q1 DEV 

A ) 2 / A ) I 

,R?,4 .SSQ ,S45 
.1«3 1.314 .103 
,044 

.878 1.254 1,115 
1,155 .242 4, ¢16(¾ 

OVERALL PERFORMANCE 

MIXED EXIT CONDITIONS 

PT)P/PT) 1 V)2/V) 1 V)2/V) 1 » X V)2/V) 1 , V R)2/R)l T)2/T)l 
OF OF )EO D V)V R N)2 OPS/Oi DEV 

A ) ? / A ) I 

.042 ,061 ,0?4 ,875 1,256 1.122 
,174 Î.327 .106 1.150 ,248 4.61? 
,96 7 
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,£»14 

M . CM B 

SU PER Sn^'IC CGPPWESSnP C ASC AGE. 
A Q !.. 2-0 CA S C A D P 

PFPFOPMANCE 
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SUPERSONIC COMPRESSOR CASCAOE 
ARL 2-D CASCADE 

OVERALL PERFORMANCE 

MASS AVERAGED EVIT CONDITIONS 

P)2/P51 PT)2/PTM 
tplp df 

BEiAJC A)2/a 51 

i.eae ,535 
• fl 15 .277 

El.583 .918 
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SUPERSONIC COMPRESSOR CASCADE 
ARl 2-0 CASCADE 

OVERALL PERFORMANCE 

MASS AVERAGED EXIT CONDITIONS 

P)2/PH PT) 2/PTî 1 VI2/VH V)2/vn#X V)2/V)l,V RJ 2/RÎ 1 T)2/T)l 
TPLP OF OF) EO DV)Y PN)? 0PS/(31 DEV 

BET A)C A )2/ A ) 1 

1.970 .921 .697 .721 
.019 .390 1,668 .265 

61.333 .673 

.687 1,383 1.242 
1.076 .388 1.823 

overall performance 

MIXED EXIT CONDITIONS 

P)2/P) 1 PT)2/PT) 1 V)2/V) 1 V)?/V)1,X V)2/V)1PY R)2/R)l T)2/T)l 
TPLP OF OF)FQ DV)Y RN)2 ORS/Ol DEV 

BETa)C A ) ? / A ) 1 

1.974 

,0?0 
61,136 

.916 .693 .710 ,666 1.383 1.243 

.395 1.699 .267 1.0(57 .390 2,184 

.889 

OMEGA 
TURN 

.108 
1.234 

OMEGA 
TURN 

.113 

.893 



SUPERSONIC COMPRESSOR CASCADE 
ARL 2-0 CASCADE 

AIRFLON a PRESSURE SURFACE 

O SUCTION SURFACE 
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SUPERSONIC COMPRESSOR CflSCPOE 
flRL 2-0 CASCADE 

PROBE TRAVERSE BEHIND BLADE NO. 3 
AXIAL PROBE. LOCATI ON . ï NCHES , =:0.680 
CASCADE INLET MACH NUMBER = i .535 
CASCADE STATIC PRESSURE RATIO = 1.970 
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SUPERSHKIC COMPPFSSnp r AsC AnÇ 
ARL ?-D T A S C A T F 

OVERALL PFBFOPMANOE 

mass averaged f y it rr^ciTinNS 

P)?/P11 P T 5 ? / P T H V 1 ? / V M V)P/Vtl,y V)?/VM,V R Î !? / R h T 1 2 / T ^ 1 OMEGA 
TpLP DF OF^FO O V1V P\52 DPS/DJ DFV TURN 

PET A 1 C A ) ? / A 5 1 

2.PIOS 
.09? 

ÍPI.7PA 

.POP .SPO ,7 P S 

.M? 1,735 ,?P1 
, P P 7 

,669 
1.^51 

1.598 
,608 

1 „254 
1 .700 

. 1 ?4 
1 .377 

OVERALL PEPEOPMANCE 

MIVFC EVIT CONDITIONS 

P)2/pM PTlP/PTll V ) 2 / V M V ) ? / V -1 1 I y V12/V)1,V P ) ? / R M n?/T)l OMEGA 
TpLP DF DF 1 F 0 OV)V FN)2 DPS/01 DEV TURN 

BETAK A3?/A)1 

2,005 

.023 
60.808 

,90A ,876 .697 
.416 1,744 .281 

.899 

.668 
1,044 

1 . 597 
.609 

1.256 

1 .987 
.130 

1 , OPO 

! 



SUPERSONIC COMPRESSOR CASCADE 
ARL 2-D CASCADE 

AIRFLOW a PRESSURE SURFACE. 
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SUPERSONIC COMPRESSOR CRSCROE 
ORL 2-0 CfiSCflOE 

PROBE TRAVERSE BEHIND BLROE NO. 3 
RXIRL PROBE LOCATION.INCHES. =0.680 
CASCADE INLET MACH NUMBER = 1.535 
CASCADE STATIC PRESSURE RATIO =2.003 
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P}2/pH 
TPL P 

BET A )C 

2.P35 
,Pi25 

P5 2/pH 
TPLP 

retaî c 

2.PS* 
.026 

60,116 

supersonic roppptssnp cascade 
ARL 2-0 CASCADt 

overall pfweormance 

mass AVERAGED exit CONDITIONS 

PT}?/PT} 1 V12/VM V12/VU.X V 1 2 /V 5 1 , V R52/RÎ1 T)2/T51 
np OF5 F0 DV1V RN)2 DPS/Q1 DEV 

A12/A1 I 

.B97 .664 .667 

.43? 1.780 .293 

.004 

.655 1.611 1,264 
1,027 .628 1.829 

OVERALL PERFORMANCE 

MIXED EXIT CONDITIONS 

PT}?/PT} 1 V12/VH Vlp/V-Il.x V12/V11.V R52/RH T52/T51 
DF OF 1E Q nv}v PN12 DPS/Q1 DEV 

A12/A1 1 

.893 .661 .679 

.435 1.789 ,294 

.915 

.654 1.609 1,265 
1.021 .628 2.090 

OMEGA 
TURN 

.139 
1.248 

OMEGA 
TURN 

.144 
,987 
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SUPERSONIC COMPRESSOR CASCADE 
ARL 2-0 CASCADE 

AIRFLOW 
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INLET MACH NUMBER = 1 .535 
_STATIC PRESSURE RATIO = 2.035 

40 60 
PERCENT CHORD 
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SUPERSONIC COMPRESSOR CASCADE 
ARL 2-0 CAS-CADE 

PROBE TRAVERSE BEHIND BLADE NO. 3 
AXIAL PROBE LOCATI ON » INCHES » =0.680 
CASCADE INLET MACH NUMBER = 1.535 
CASCADE STATIC PRESSURE RATIO =2.035 
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SUPERSONIC COMPRESSOR CASCADE 
API 2-0 CASCADE 

overall performance 

MASS AVERAGED FV TT CONDITIONS 

P) 2/pi i PT)?/pni 
TPLP de 

BETaIC A ) ? / A ) l 

2,1^7« . Bfl9 
.^27 .455 

59.792 .908 

P) 2/P) 1 PT)P/PTH 
TPLP of 

beta)C a)?/a) i 

2,276 .865 
,22« ,457 

59.63« .917 

V ) 2 / V ) i V ) 2 / V ) i, y 
OF )FQ 0 V ) V 

,«A6 .676 
1,834 ,312 

.«44 ,672 
1,842 .312 

V)2/V)l,y R)2/R)1 
R N)2 DPS/01 

.«35 1,629 
1.214 ,652 

.634 1,627 
1.029 ,652 

T)2/m OMEGA 
DEV TURN 

1.274 ,150 
1.^21 1.656 

n?/ni omega 
DEV TURN 

1.276 ,155 
1.627 1.450 

OVERALL PERFORMANCE 

MIXED EXIT CONDITIONS 

V)2/V)l V ) 2 / V 1 1 , X V ) 2 / V ) 1 , Y R) 2/R) 1 
OEIEO 0 V) Y R N)2 DPS /Q1 
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PERCENT CHORD 
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SUPERSONIC COMPRESSOR CflSCflOE 
.• URL 2-0 CASCADE 

& 
PROBE TRAVERSE BEHIND BLADE NO. : 
AXIAL PROBE tÖCP^T I ON , INCHES , r C 
CASCADE INLET MACH NUMBER = 1 
CASCADE STATIC PRESSURE RATIO = 2 

i .tírh 

1 .40 

1 .20 

i .oo 
< 

0.80 

0.60 

O O 

¢, <t> O O ® 
<> <»> 

o o 

1 .00] 

0.90^ 

0 .80 

0.70 

o.eo-J 

A 
^ A A A A ^ 

AaaAAAAAA 

A 

A A 

60 

50 -\ 

40 

30 H 

20 

oeo0ü©o0O©ooO0o©©o0o© 

20 
-1— 
40 60 "sir 

PERCENT PASSAGE 
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APPENDIX E 

CASCADE PERFORMANCE DATA 

MN)1 = 1.616 

P)2/P)1 = 1.220 

P)2/P)1 = 1.468 

P) 2/P) 1 = 1,672 

P) 2/P)1 = 1.870 

P)2/P)1 = 2.036 

P)2/P)1 = 2.097 

P)2/P)1 = 2.220 

P)2/P)1 = 2.300 
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5UPFRS0NTC COMPPESSOP CASCADE 
APL 2-0 CASCADE 

overall performance 

MASS AVERAGED E y ! T CONDITIONS 

P 5 2 /P 1 1 Pn?/PTU VÎ2/V5J V12/V1) l»y V52/VU.Y R)2/RM 1)2/111 
T Pi. P DF DF ) FO D V ) V R N ) 2 DPS/01 DEV 

BETAJC A)2 / A) 1 

1 .7S1 
.Pib 

6 2 . S 2 « 

.916 .801 .694 

.243 1.436 .134 

.990 

,841 1.455 1,203 
1.116 .376 7.096 

OVERALL PERFORMANCE 

MIXED EXIT CONDITIONS 

P)2/ P 1 1 PT)2/PT)1 V ) 2/V)1 V)2/V1 1 i X V)2/V11,V R)2/R)l T)2/T)l 
TPI P DF DF1E0 nV)V RN12 ÜPS/Q1 DEV 

BETaIC A)2/A)l 

1,772 .904 .791 .669 
.0 1 8 . 254 1,,454 . 1 38 

62.104 1.023 

.836 1.482 1.212 
1.101 .389 7,665 
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SUPERSONIC COMPRESSOR CASCADE 
fi R L 2-0 CfiSCAOE 

Reproduced from Äff 
best available copy. wiiK 

PROSE TRAVERSE: SEMINO SLfiOE NO 
PiXIfiL PROSE LOCPÍION» IMCMESr : 
CfiSCPOE INLET Í1PCM NUN8ER : 
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SUPERSONIC CO^'PiS'ESSnr'. CASCADE 
API CASCATE 

P)2/P) 1 
TPLP 

BETA)C 

P.P7 4 
e P2B 

P?.?P2 

P) P/P)1 
TP|_P 

BETA)C 

?.?«p 
tP?S 

P2 „ P6C5 

OVf PALL PERE OP MANCE 

^ASS AvERAOE'O Fvn CONDITIONS 

PT”,rH v)ny,H' nmn OF 
A)2/A) 1 

PV) V PN)2 OPS/Oi DEV 
CHE6A 

TURN 

.B?* o«70 

.42? 1„7ñ ? 
o*57 

.674 

.279 
.668 

1.042 
1.732 
.642 

1.313 
2.095 

.155 
o 232 

OVERALL PERFORMANCE 

MÏKEC FVTT CONDITIONS 

ens/pnt m/vM v)5/m,» V)2/V)i,y sja/RH nf/Tn ONEGA 
TURN 

.*74 .664 

.428 1.777 

.872 

.66Ç- 

.261 
.666 

1.035 
1.739 
,654 

1.317 
2.567 

.159 
■»„240 
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SUPERSONIC COMPRESSOR CASCADE 
ARL 2-0 CASCADE 

1 .00-1 

0.80- 

a 
\ 

0 .60- 
CL 

1 
a_ 

z 0.401 
UJ 

o 
Ll_ 

0.201 
o 
o 
UJ 
tn 
ÙÜ 0.001 

UJ 
CZL 
3 
(O 

-0.201 
UJ 
G£ 
d_ 

-0.401 

AIRFLOW - a PRESSURE SURFACE 

O SUCTION SURFACE 

A 

A 
A o 

A O A 
A 

O 

A 

A 
A 

o 

o 

© 

© © © © 

- T ■- 

20 

INLET MACH NUMBER = 1.683 
STATIC PRESSURE RATIO = 2.274 

—T" 
40 

T 

60 80 100 

PERCENT CHORD 
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SUPERSONIC COMPRESSOR CASCADE 
fIRL 2-0 CASCADE 

1.60i 

PROBE TRAVERSE BEHIND BLADE NO. 3 
AXIAL PROBE LOCATION. INCHES. =0.680 
CASCADE INLET MACH NUMBER = l .683 
CASCADE STATIC PRESSURE RATIO = 2.274 

fC 1 .40- 
SaJ 
flO 

1 .20" 

2 X 1 »00“ 
o 
Ql 
^ 0 .80“ 

O.ßQJ 
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APPENDIX G 

LASER VELOCIMETER DATA 
TRAVERSE PLANES A-A', 

CASCADE INTERPASSAGE 
B-B' , C-C AND D-D 
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APPENDIX H 

LASER VELOCIMETER DATA — CASCADE PASSAGE CENTERLINE 
AND CONE PROBE TRAVERSING PLANE 

Preceding page Manic 315 
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LIST OF SYMBOLS 

2 
Cascade flow area, in 

Cascade blade surface area, in^ 

Cascade blade span, in. 

Cascade blade chord, in. 

Drag coefficient (drag force referenced parallel 
to blade chord normalizad by inlet dynamic pressure 
span, and chord) ’ 

Life coefficient (lift force referenced perpendi¬ 
cular to blade chord normalized by inlet dynamic 
pressure, span, and chord) 

Center of pressure, percent chord from blade leadinq 
edge a 

Diffusion factor 

Discrete cascade exit data to be mass-averaged 

Mass averaged variable 

Force exerted on cascade blades, lbs 

Force coefficient (blade force normalized by 
inlet dynamic pressure, span, and chord) 

Gravitational constant, 32.175 ft/sec2 

Incidence angle, degrees 

Ratio of specific heats, k = 1.4 

Mass flow rate per passage per inch span, 
lbs/sec-in. 

Moment exerted on blade about leading edge, lb-in. 

Moment coefficient (moment exerted on blade about 
leading edge normalized by inlet dynamic pressure 
span, and chord squared) * 

Mach number 



LiST OF SYMBOLS (Continued) 

P 

Pr 

R T 

P 

Q 

R 

RMS 

s 

S 

T 

tad 

Tt 

V 

¿V 

X 

Y 

ß 

Aß 

y 

6o 

A 

Reynolds number based on blade chord 

Static pressure, psia 

Static pressure ratio 

Total pressure ratio 

Total pressure, psia 

Dynamic pressure, psi 

Gas constant, 53 .34 ^~^ 
1 b - °R 

RMS deviation from the mean value 

Blade spacing, in. 

Static pressure rise parameter 

Static temperature, °R 

Adiabatic wall temperature, °R 

Total temperature, °R 

Flow velocity, ft/sec 

Flow velocity change, ft/sec 

Distance in axial direction, in. 

Distance in tangential direction, in. 

Flow angle, angle between flow velocity and 
axial direction, degrees 

Turning angle, degrees 

Stagger.ang1e, angle between blade chord and 
axial direction, degrees 

Deviation angle, degrees 

Compression or expansion of nozzle flow field by 
cascade wedge, degrees 
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LIST OF SYMBOLS (Continued) 

TS Test section angle, angle between wind tunnel 
axis and tangential direction, degrees 

w Wedge angle, angle between wedge surface and 
axial direction, degrees 

Angle, degrees 

lb 
Dynamic viscosity, sec 

V 

P 

Kinematic viscosity. ft 
sec 

F1 ow dens I ty, 1 b/f t: 

Conical probe angle, angle between probe centerline 
and tangential direction, degrees 

oo 

oo 

Total pressure loss coefficient 

Total pressure loss parameter 

Subsen pts 

0 

1 

A 

C 

eq 

F 

FS 

i 

ID 

L 

Nozzle exit condition 

Cascade exit station 

Arithmetic mean 

Calculated from continuity equation 

Equ¡valent 

Force 

Freest ream condition 

Reference position 

Ideal 

Loca 1 
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