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SUMMARY 

Four 900 two-Qimensional turning passages QesigneQ by the methoQ 
of characteristics were tested at an inlet Mach number of 1.71. The 
measureQ losses varieQ from 5 to 1 5 percent of the inlet stagnation 
pressure. The sm~llest loss was obtaineQ for a passage in which 
separation on the conv ex surface was minimizeQ through the introQuction 
of a favorable pressure graQient. 

INTRODUCTION 

Reference 1 presents several schemes of supersonic compressora, 
one of which woulQgive high values of compression ratio if supersonic 
turning anQ Qiffusing problems relateQ to the rotor anQ stator Qesign 
coulQ be solveQ. For such a compressor, tbe stream enters the rotor 
at a r elative supersonic velocity anQ unQergoes a large change of 
Qirection in the rotor. Leaving the rotor, the air then enters the 
stator at a high supersonic velocity anQ is QiffuseQ in the stator to 
subsonic velOCity. A more QetaileQ analysis of this type of compressor 
is presenteQ in reference 2 . The analysis in reference 2 shows that 
with a variable -geometry stator, a stage compression ratio of the 
orQer of 6 to 10 may be obtaineQ with an a.diabatic efficiency ranging 
from 75 to 80 percent, proviQeQ that a turning angle of the orQer of 900 

can be accomplished in the rotor without large losses for an entrance 
Mach number of about 1.70. In view of the interesting possibilities 
inQicated by the analysis of reference 2, a preliminary investigation 
was coniucteQ at the Langley Aeronautical Laboratory in orQer to 
Qetermine criterions for the Qesign of an efficient supersonic rotor 
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passage employing a 90 0 turn. It may be noted that the problem of an 
effic i ent turn of this magnitude arises also in the design of turbines 
with r elative supersonic entr ance velociti es. 

In t he present inve stigation, four turning-passage designs having 
different aerodynamic design criterions were analyzed and tested by 
means of the stationary cascade technique . For the design conditions 
of the rot or considered, all of the waves generated by the blades are 
contained inside the passage (referenc e 2), and no interference exists 
between different p~ssages ; therefore, in the cascade tests, only a 
single passage was r eproduced in order to simulate the conditions of 
the rotor . For each passage, the velocity distribution and the losses 
in stagnation pressure were measured at the exit . Because of the large 
curvature, the boundary-layer effects were expected to be large; how
ever, the nature and magnitude of these effects were not known before 
hand and were taken into consideration as the tests proceeded. 

Reference 2 shows that a compression in the rotor rather than an 
expansion is de sirable . For some practical velocity diagrams, in rotor 
passages wi th constant span, the exit velocity is larger than the 
entrance velocity; therefor e , as stated in r eference 2, use of a 
converging annulus is desirable to achi eve compression in the rotor. 
For this reason, in this preliminary investigation, tests were also 
made in which the span was decreasing along the passage. 

The rulalysis of refer ence 2 indicates that the possibility of 
obtaining, at the s tarting conditions, variation of entrance velocity 
and rotational speed of the supersonic compressor considered depends 
upon the f l ow in the vicinity of the sharp leading edge of the rotor 
blade when a detached shock is pr esent in front of the blade. Addi
tional tests wer e thus made with the blade set at high angles of attack 
that may correspund to operating conditions other than the design 
condition . 

Because of the m~y variables involved and because no previous 
similar experimental r esults wer e available, this investigation has 
been directed toward understanding the general pheno~na related to 
the pr obl em r ather than toward developing specific blade designs. The 
information obtained, however, can be applied directly to blade designs 
of practi cal interest and can be used in different velocity diagrams 
and for differ ent values of turning angle. 
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SYMBOLS 

c blade chord (fig. 1) 

h distance between blades norm~ to stream (fig. 1) 

m m9.SS flow 

p static pressure 

s blade spacing (fig. 1) 

t maximum thickness of blade 

A area normal to the s tream 

M Mach number 

P stagnation pressure 

V velocity 

~ angle of attack, degrees 

o deviation of flow from stream direction, degrees 

T temperature (OF, absolute ) 

cis solidity 

tic thickness ratio 

Subscripts : 

o absolute inlet stagnation condition 

1 entrance condition 

2 exit co~dltlon 

av average condition 

A atm8spheric co~dition 
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AERODYNAMIC DESIGN OF THE EXPERIMENTAL TURNING PASSAGES 

In the design of a channel to r epre sent a blade passage that can 
be used in a supersonic compre ssor of the type discussed in the 
IN'rRODUCTION, preliminary considerations indicated that the following 
requirements should generally be fulfilled for the design operating 
conditions of the compre ssor: The air that enters the passage at 
supersonic speed must change direction very rapidly in order to avoid 
high solidity in the rotor blades; the shape of the convex and concave 
surfaces of the passage must give a blade shape of practical thickness; 
the disturbances in the flow produced by the passage must be confined 
inside the passage; the exit velocity must be of the same order of 
ma@litude as the entrance velocity, or possibly smaller; and the blade 
spacing at the entranc e and exit must be equal in order to give sharp
edge blade s . 

The se r equirements impose some limitations on the passage design 
and also fix some of the parameters that must be investigated in a 
further analysis. For example , the blade chord relative to the blade 
spacing (fig. 1) for a given t urning angle is a function of the 
differen~e in stream vel oc i ty between the two curved surfaces of the 
passage, and the blade solidity decreas e s a s the difference in stream 
velocity between the convex and concave surfaces of the passage 
increases. The thickness rat io of the blade corresponding to the 
passage is a function of t he curvat~re of the passage, of the velocity 
distribution along the passage , and of t he stagger angle. 

Because the axial velo~ity is usually subsonic (subsonic floN in 
front of the rotor) in all the passage s consider ed the convex sUrface 
was designed parallel to the r elative s tream direction in the zone of 
the leading edge. Only when the entrance velocity component in a 
normal direction to t he plane of rotation is larger th~ the speed of 
s.ound can waves be produced at the l eading edge of the convex surface. 
If , therefore, a wedge of finite physical dimensions is to be obtained 
at the leading edge of t he blade, the concave surface at the l eading 
edge must be inclined to t he undisturbed stream direction. If no 
disturbances a r e to be transmitted upst r eam f r om the passage (the 
disturban~ e s in the flow produced by the passage must be confined 
inside the passage ), the shock must start at the leading edge of the 
concave surface , and, therefore, must be inside the passage. 

In the de sign of t he t urning passage, the characteristics system 
was used to determine the f low field in the passage. When compression 
waves were introduced, the f l ow stlll was assumed t o be potential flow . 
This assumption was considered justified because the Mach number 
variation in the pas sage was small in mas t casea ·, 
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The detailed considerations in the design of the four turning 
passages and wedge model investigated are discussed in the following 
sections. The coordinates of the blades r epresented by the various 
turning-passage models are given in table I and the primary geometrical 
parameters of the blades are summ~rized in table II. 

Model 1.- Modell was considered a preliminary design which could 
be tested to give an indication of the basic aerodynamic phenomena that 
would aid in the development of succeeding designs. The turn was very 
gradual and resQIted in a rather thin blade which may be of little 
interest for practical considerations . 

Figure 2(a) presents the theoretical Mach number distrib~tion at 
the convex and concave surfaces as a function Qf the percent of chord 
for model 1. In figure 3(a) the same Mach number distribution is 
given as a function of the surface angle along the passage. 

The characteristics net for model 1 is shown in figure 4. For the 
design of this model, the following arbitrary conditions were chosen: 
At ~ design entrance Mach number of 1.71 the leading edge of the concave 
surface was designed to produce a 40 shock; the leading edge of the 
convex surface was designed to De parallel to the stream direction; 
com~ression waves were produced at the concave surface and expansion 
waves at t~e convex surface; the initial shock wave and the subsequent 
compression waves were reflected at the convex surface as expansion 
waves; and the intensity of the ex~ansion and compression waves was 
fixed in order to obtain a constant difference in velocity between the 
two surfaces correspon.iing to an expansion from M = 1.50 to 1'4 = 1.99. 

Along the con~ave surface the velocity at the 12-percent-chord 
station reached a minimum of M = 1.50 a~d re~ined constant to the 
83-percent-chord station. (See figs. 2(a) and 3(a) .) At this station, 
expansion waves from the convex surface were neutralized. In this way, 
the velocity at the lOO-percent-chord station was increased to M = 1.71. 
At the convex surface the velocity was increased at·first and attained 
a value of M = 1.99 at the 23-percent-chord station and rem~ined 
constant to the 83-percent-chord station. From the 83 -percent to the 
100-percent-chord station only the compression waves from the concave 
surface were neutralized, and the velocity decr eased to M = 1.71. It 
may be noted that the cross section of the channel r emained constant 
from the 23-percent to the 83-percent-chord station. For the design 
conditions, the Math number at the exit was uniform and equal to the 
e~trance Mach number. The area ratio A2/Al for thi s design condition 
was 1.00. 

In order to investigate the effects ()f small positive and negative 
pressure gradients along the passage, tests were made with different 
area ratios ranging from 0 .96 to 1.29. The area ratios (and stagger 
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angles) wer e varied by moving the concave surface in a direction 
par allel to the undisturbed stream; thus a gradual in~rease and 
decr ease was introduced in cross-secti onal area along the passage . 
Because the convex surface near the leading edge was parallel to 
the stream direction, the passage can be used for blade de signs of 
r otors with differ ent velocit y diagrams. In figure 5 some possible 
blade de signs are shown, and the principal geomet ric parameters are 
ShOWR in table II. 

Model 2.- The characteristics net for model 2 is pres ented in 
fi gure 6. In orde r to increas~ the thickness r atio and decr ease the 
solidity as compared with t hose for modell, the following differ ent 
design condit ions wer e chosen: A 100 shock instead of a 40 shock was 
introduced at the l eading edge of the concave surface and thus more 
expansion waves ·wer e introduced at the convex surface in front of the 
shock in order to facilitate the r efl ection of the shock ; also, the 
differ ence between the velo~i ties at the two surfaces ·was I!lfl.de larger 
than for model 1. 

At t he concave surface the Mach number behind the shock was 1.36 
and increased to 1.50 at the 15-percent-chord station. (See figs . 2(b) 
and 3(b).) Fro~ the 15-perc ent-chord station to the 85-percent-chord 
stat ion the Mach number r emained cons tant . From the 85-perc ent to the 
l OO-percent-chord station the expansion wave s from the convex surface 
wer e neut ralized, and the Mach number at the concave surface increas ed 
to 1.77 . At the convex surface, expansion wave s were produc ed up to 
t he 17 -percent -chord station wher e the Mach number r eached a value 
of 2 .21. The shock from the leading edge of the concave surface met 
the convex surface at this station, and the value of the Mach number 
dropped to 1.64; however, more expansions were introduced behind the 
17-per cent-chord station, and the Mach number increa sed to a value 
of 2 .13 at the 38-percent-chord station. From the 38-percent to 
the 70 -percent -chord station, the Mach number r emained constant . From 
t he 70 -percent to the l OO-percent -chord stat ion, the compression waves 
from the concave surface wer e neutralized, and the Mach number decreased 
to a value of 1.77 . The design Mach number at the ext t was uniform and 
was sel ected to be slightly l arger than t he en t r ance Mach number to 
compensate for t he boundary-layer growth along the convex surface as 
observed in te s t s of model 1. It may be noted that the cross section 
of the channel r emained constant from the 38-percent to the 70-percent
chord s tation . For the design ~onditions the area r atio ~/Al was 1 . 077 . 

Tes t s wer e made for various value s of area ratio (ranging f r om 1.028 
to 1.421), obtained in t he same manner as for mo,i el 1. Also because the 
convex surface was designed parallel to the st r eam direction in the 
r egion of t he l eading edge , the pa s sage can be used for blRde designs 
of rotors ·wi th differ en t velocity diagrams. In figure 7 some possible 
blade de signs are sho;.m, and the principal geo~etric parameters are 
shown in table II. 

CONFIDENTIAL 
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Model 3. - For models 1 ani 2 the cross section of the channel was 
maintained about constant over a large part of the passage. In model 3 
a contraction of the channel was introduced. This contraction permitted 
the thickness ratio of the blade to be increased and also introduced a 
favorable pressure gradient along the convex surface in the region where 
the flow tended to separate as observed in tests of models 1 and 2. 
This pressure gradient rem~ined favorable until 700 turning was 
accomplished. (See figs. 2(c) and 3(c).) 

The characteristics net for model 3 is presented in figure 8. 
A 100 shock was produced at the l eading edge of the concave surface. 
This shock I<TaS followed by compression waves, and the Mach number 
decreased to a value of 1.14 at the 20-percent-chord station and 
remained constant to the 50-percent-chord station. (See figs. 2(c) 
ani 3(c).) From the 50-percent to the 100-percent-chord station the 
Mach number was increased gradually to a value of 1.76 at the 
108-percent-chord station. At the leading edge of the convex surface, 
a straight section was extended to the 5-percent-chord station, after 
which expansions were introduced and the Mach number increased to a 
value of 2.l3 -at the 23-percent-chord station. Tile sho~k wave from 
the leading edge of the concave surface met the convex surface at 
this point, and the Mach num::,er dropped to a value of 1.50. More 
expansions were gradually introduced, and the Mach number increased 
to a maximum value of 2.04 at the 60-percent-choro. statio~ and then 
gradually decreased to a value of 1.76 at the 100-percent-chord 
station. The Mach number at the ~xit was uniform. 

In this design the blade has a much larger thickness ratio than 
the preceding blades, and the solidity is smaller. (See table II.) 
The concave surface was not moved in tests of model 3. The design 
area ratio A2/Al is 1.208. Figure 9 illustrates a possible blade 
design represented by model 3 . 

Model 4.- If the expansion in front of the shock along the convex 
surface is very large, the curvature of the blade increases, the 
solidity decreases, and the thickness ratio of the blade increases. 
Model 4 was therefore designed to determine the effect of a large 
increase in the initial rate of expansion and total expansion along 
the convex surface ahead of the zone in which compression waves 
produced by the concave surface meet the concave surface and, therefore, 
in thi s manner determine the effect of a large curvature on the 
separation that was observed to occur in this zone. 

The characteristics net for model 4 is shown in figure 10(a). In 
model 4 a strong shock of 150 was introduced at the leading edge of the 
concave surface that reduced the speed from M = 1.71 to M = 1.35 , 
and further compression reduced the Mach number to 1.07 at the 
10-percent-chord station. (See figs. 2(d) and 3(d) .) The Mach number 
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then gradually increased until, at the 100-percent -chord station, a 
value of 1.75 was r eached. At the convex surface a strong expansion 
was introduced, and the maximum theoretical Mach number attained 
is 3.70 at the 25-percent-chord station. In the actual floN a local 
separation was expected t o occur which would r educe the local 
expansion. The expansion was followed by a zone of compression in 
which t he velocity decreas ed to a value of 1.70 at the 35- percent
chord stat ion. From the 35-percent to the 100-percent-chord station 
the Mach number was gradually increased to a value of 2.08, which 
value is higher t han that necessary for the concave surface to 
compensate for t he expected l a rge separation. In the actual case , 
the boundary layer effectively changes the curvature on the convex 
surface , and, therefore, t he expansion would be expected to be l ess. 

After the tests of the original configuration (fig. 10(a)), 
moiel 4 was slightly modified in order to decrease the zone of 
separation obtained in t he tests. In figure 10(b) the characteristics 
net for the modified configuratio~ tested is presented. In this char
acteristics net, a zone of local s eparation at a point ~~ead of the 
shock r efl ection ha s been a ssumed in order to analyze the effects of 
the separation on the local expansion in the zone ahead of the shock. 
The maximum Mach number ahead of the shock at the convex surface 
is 2.34 and decrease s to 2.25 behind the shock along the convex 
surface . (See figs. 2( e ) ani 3( e ).) From the 30-percent to the 
8o -percent-chord station the Mach number r emained cons tant and then 
decr eased to a value of 2 .15 at the 100-percent-chord station. The 
Mach number after the com~ression (along the concave surface) was 1.04 
and then increased to 1.94 at the 100-percent-chord station. Blade 
profil es corresponding to the passage of figures 10(a) and 10(b) are 
shown in figure 11. 

Variable-span models.- Model 2 was used to investigate the effect 
of a contraction of the annulus of the r otor in a spanwise direction. 
In the first configurat ion (shOwn in fig. 12 ) the fairing introduced 
along on e side wall starting" at the 30 -percent-chord s tation gave a 
gradual spanwise contraction. The fairing was so chosen that the area 
ratio A2/Al wa s e~ual to 1.00. A second fairing configuration 
(fig. 13) was made in order to determine the effect of a spanwise 
pressure gradient such a s would be expected in the actual rotor. In 
thi s design, the variation of area along the passage was introduced by 
fi lling one of the corners of the pas sage between the convex surface 
and one side wall. This filling started at the 30-percent-chord station 
and graduall y increased in size so t hat at the exit of the passage the 

A2 
area ratio ~ = 1.016. 

1 

Moiel used for detached sho~k.- For some starting coniitions of 
the compressor scheme described in refer ence 2, variations in entrance 
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velocity and rotational speed may occur and, for a rotor passage such 
as that considered herein, a detached shock will be produced in front 
of the blade by one of the blade surfaces. For this case of detached 
shock, it is of interest to determine whether the velocity at the other 
surface of the blade, along which expansion would occur, produces the 
same order of Mach numoer that would exist if the shock wave were 
attached at the lower surface. Previous experience has shown this to 
be the case for moderate flow deviations beyond that for shock attach
ment (reference 3); however, no evidence is available as to whether 
this result would hold for much larger flow deviation resulting in a 
very strong detached shock; therefore, tests were made with a wedge 
at high angles of attack. 

The concave surface block of model 2 was used in the tests of a 
wedge with detached shock. The upper surface of this block was 
arbitrarily shaped for test convenience. The lower surface was 
designed in accordance with the previous explanation for model 2. 

APPARATUS .AND TEST METHODS 

The tests of the turning passages were made in one of the blow
down Jets of the Langley Gas Dynamics Section. The apparatus consisted 
of a nozzle and a model especially adapted to simulate the passage 
between rotor blades. High-pressure air was throttled to the desired 
stagnation pressure in the settling chamoer and discharged through a 
two-dimensional nozzle and a turning passage to the atmosphere. The 
test section of this nozzle had a span of 2- inches and a height of 
1.5 inches. A pressure survey made at the test section indicated the 
measured Mach numoer to be uniform at a value of 1.71. Figure 14 is 
a photograph of model 2 mounted in the test setup. Figure 15 is a 
more detailed photograph of the same setup. Both photographs were 
made with one side wall removed. 

The models of the turning passages were constructed of two metal 
blocks, each separately supported to the side walls in such a way that 
a change in the relative positions of the surfaces could be easily 
obtained by moving the concave surface. In the test setup, a "bleed-

" off is provided at the entrance of the passage to prevent the 
boundary layer at the top and bottom of the nozzle from entering the 
passage. (See fig. 15.) ~ne boundary layer along the side walls was 
not eliminated and thus entered the passage. In the actual rotor, 
boundary layer exists at the surfaces between the roots and between 
the tips of the blade sections, which correspond to the side walls in 
the cascade setup. The surface between the root sections rotates wlth 
the blades, and it follows that the velocity component influencing the 
boundary layer at this surface is the same as was indicated by the 
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cascade tests. The surface between the tip sections does not rotate 
with the rotor, and the velocity component influencing the boundary 
layer is the axial velocity. In the· cascade tests, however, the 
velocity component is the relative velocity co~onent, which is larger 
than the axial velocity ani, therefore, the boundary-layer effects of 
the cascade tests are slightly exaggerated compared with those of the 
actual rotor. 

The variation of Reynolds number of these teats was small ani the 
average value based on the chord of the passage was 9.16 X 106 . The 
span of each turning passage was 2 inches. The ratio of blade chord 
to span was much greater than would be considered in the design of a 
rotor, ani, therefore, the effect of the boundary layer on the side 
walls may again be somewhat exaggerated in these tests. A large span 
was not possible in the experimental apparatus used; however, the 
large value of the chord facilitated the test measurements of the 
aerodynamic properties of the passage. 

Conventional schlieren photographs and shado¥graphs were obtained 
of the flow along the passage in addition to the pressure survey at 
the exit of each passage. The pressure surveys for models 1, 2, and 3 
were taken in a zone where the velocity was expected to be uniform from 
the nonviscous theoretical considerations. The pressure survey for 
model 4 was taken in a zone of nonuniform flow. The characteristics 
net for model 4 was made without canceling the compression and expansion 
waves because of the large expected boundary-layer separation which 
would annul any theoretical calculations of the flow. 

In model 1 a survey of static and total pressures was made at one 
station by using a fixed rake placed at the 50-percent-span station. 
It was found in tests of model 1 that the boundary layer collected in 
the center of the span and that a single fixed rake could not· be 
expected to indicate a sufficiently accurate average of the flo¥ in 
the passage. For tests of model 2, the survey of static and total 
pressures was made at two stations by using two fixed rakes, one 
placed at the 50 -percent-span stat ion, and one placed at the 
10.15-percent-span statioI). of the passage. The position of the rakes 
ani a schematic drawing of the setup for models 1 and 2 are shown in 
figure 16. 

Because of the uncertainty of the stream direction at the exit, 
the static pressure for model 2 was also determined by placing the 
static tubes at a slight inclination to the axis of the passage ani 
parallel to the surface. No appreciable difference was obtained. 
Because a large variation of stagnation-pressure recovery and of Mach 
number along the span was found in the tests of model 2, the survey 
in models 3 and 4 was made at three spanwise stations. In order to 
obtain pressure data close to the surfaces, two types of movable rakes 
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having opposite positions of static - and toLal-pressure tuoes "rere used, 
together with the fixed r ake s previ ously used. In t his way, a larger 
number of points wer e measured for each station inve stigated, and a 
more accurate measure of the spanwise distrioution of pre ssure was 
obtained. The posit i on of the surveys for models 3 and 4 are shown in 
figure 17. 

In all t e s t s t he ValU3 of the static pressure at the en t r ance of 
the passage could be changed by changing the stagnation pressure , and 
since the flow of the pas sage discharge s into t he atmospher e , compres
si on or expansion wave s can be produced at the exi t of the passage by 
changing the test stagnation pre ssure . The existence of c om~re ssion 

waves or expansion wave s at the exit of the passage can change somewhat 
the phenomena in the boundary layer upstre am in the passage and also 
the extent of the separation region. In practical applications fo r 
steady conditions the static pre ssure outside of each section of the 
rotor should probably be equal to the average static pre ssure at t he 
exit of the sect ion considered (referenc e 2). In t he t ests of models 1, 
3, and 4, the static pre ssure was therefore maintained about equal t o 
the aver age st 'it ic pre ssure at the exit. For model 2, some tests wer e 
made with differ ent value s of exit pressure to determine the importance 
of this parameter. Because its value was not known befor e the tests , 
the static pre ssure at the exi t of the pa ssage in all the tests of 
models 1, 3, and 4 was not exactly equal to the atmospheric pressure . 
'I'he exit static pressure is a function of the exit Mach number, which, 
r el at ive to the theoretical value , is influenc ed by the boundary layer. 
Befor e each test a preliminary e s t imate wa s made , and when the 
differ ence between the e stimated pre ssure and average final pre ssure 
measured was large , the inlet pressure was adjus ted to give the correct 
exi t pre ssure. 

From the measured static pressure and the pressure indicated by a 
pi tot t ube , t he l ocal value s of Mach number wer e obtained. The s tag
nat i on ~re ssure wa s then determined from the Mach number and pitot - tube 
pressure s. 'I'he }1ach number and s tagnation pre ssure were used to 
calculate the aver age Mach number and the average stagnat i on ~re ssure . 

The aver age stagnat ion pre ssure and the aver age Mach numoer were 
compQted in r e f er enc e to t he uni t mass flow and are given by the 
following expressIons: 
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= 

In the test with two rake s, the aver age values of Mach number 
ratio and pressure r atio were computed with the mass flow, calculated 
from measurements at each rake , consider ed as half of the total mass 
flow. In the tests with three rake s the mass f l ow measu~ed by each 
r ake , used in the aver age calculation among the rakes, was considered 
as a t hird of the t otal mass flow. 

The wedge used in the detached-shock test was the concave surface 
block of model 2 and wa s tested in the same experimental setup by 
changing the inclination of the block with respect to the stream 
direction. Pressure measurements and shadowgraph observations of 
the f l ow wer e made along the upper surface of the block. The r elation 
between the upper surface , nozzle blocks, and blade shape, as '-Tell as 
the gener al t e st setup, are shown in f igure 18. 

Model 2 wa s used f or the test setup of the three-dimensional tests. 
Two ~ixed r ake s, one at the 50-percent -span station and one at the 
lO.15-percent-span s tation wer e used for pre ssure measurements. The 
planes of survey for t he se tests wer e the same as for model 2 , shown 
i n figure 16 . 
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Model 1.- Figure 19 shows the exit Mach number distribution along 
the 50-percent-span station of the passage of model 1 for three 

A2 
positions of the concave surface corresponding to Al = 1..197, 1.105, 

and 1.012; figure 20 presents the local stagnation-pressure-recovery 
distribution for thp same three values. 

The Mach number and stagnation-pressure distributions indicate 
that, in the zone near the convex surface, a separation occurs with 
subsonic flo·w. Also, from the schlieren observations, waves were 
found in the zo~e in which the pressure survey indicates a separation. 
It appears, therefore, that a nonuniform velocity distribution must 
also be expected across the span of the passage as a result of the 
boundary layer from the side walls; consequently, in tests of the 
other turning passages, the survey was conducted in ~re than one 
spanwise plane. The data for models 2, 3, and 4 show that a velocity 
gradient along the span does exist and that the boundary layer tends 
to collect at the 50-percent-span station. The midspan station is 
thus the station at which the largest losses are expected, and it 
follows that measurements made at this station do not represent the 
average values for the passage. These results, however, do give a 
conservative indication of the performance of this passage. 

M2av 
Figure 21 gives the ratio ~ (the ratio of the average exit 

1 A2 
Mach number to entrance Mach number) plotted against area ratio ~, 

P2av 1 
and figure 22 presents the ratio --p-- (the average exit stagnation 

o 
pressure to the entrance stagnation pressure) against the area ratio 

These figures show 

~ 
AI; ratio 

M2av 
that the ratio ~ 

1 
increases with in~rease of area 

whereas the stagnation-pressure recovery showed little vari

P2av ation, the max1:mum value of being 0.84. 
Po 

The results from tests of model 1 thus show that a flow at a Mach 
number of 1.71 can be turned 900 with moderate losses in pressure 
recovery when the exit Mach number is of the same order as the entrance 
Mach number. 

Model 2.- The exit Mach number distribution at the 50-percent-span 
station and at the 10.15-percent-span station of model 2 at the design 

CONFIDENTIAL 



r 

14 NACA RM 19007 

area ratio (~ = 1.077' is shown in figure 23 for three different 
\(1 ) Pl 

entrance static-pressure ratios -- and, hen~e, for three different 
PA 

conditions at the exit of the passage . The ratios of static pressure 
PI 

are 1.28, 1.0, and 0.85, 
PA 

of the stream to the atmospheric pressure 

for the three conditions. 

Figure 24 pre sents the static-pre ssure distribution and the 
stagnation-pre ssure-recovery dist ribut ion at the 50-percent-span 

station for which t he variations obtained for the three values of 

consider ed wer e larger than at t he 10.15-percent-span station. 
Figure s 25 and 26 present t he average exit Mach number and the 
stagnation-pr e ssure r ecovery at the two stations as functions of the 

~ Pl 
area ratio -A for the thr ee values of -- considered. These figures 

1 PA 
show that the average exit Mach number varies considerably when the 
exit conditions of the pas sage s change. When the entrance static-

pressure ratio decreases or when ~ increases , the separation on the 

convex surface increases and the Mach number decreases. 

Figures 27 and 28 give the average Mach number r atio and average 
stagnation-pressure recovery for the three entrance static-pressure 

~ ratios plotted against the area ratio ~. The values in figures 27 
1 

and 28 are an average of the t wo stat ions. Although the variation of 
the entrance static pressure affects the exit Mach number a large amount, 
the vari ation has little effec t on the value of the stagnation-pressure 
recovery . In figures 27 and 28 a dotted line has been drawn that corre -

M2av P2av 
sponds to the values of ~ and Po for which the atmospheric 

pressure at the discharge is e~ual to the static pressure at the exit 
P2av of the passage. 

in figure 28 is 

The average maximum value of -P-- for model 2 shown 
o 

about 0 .90 and occurs at the highest 
PI 

value of --. 
PA 

Shadowgraphs of the f l ow in the passage for model 2 are shown in 
figure s 29 and 30 . From the shadowgraphs, the flo\{ at the entrance of 
the passage appears to be similar to the flow given by the theoretical 
analysi s. At the exit, separation occurs on the convex surface that 
changes the velocity distribution in the spanwise plane. From the 
shocks on the total-pressure rake tubes (short tubes are at the 
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10.15-percen t -span stat i on and l ong t ubes a r e a t t he 50 -percent -span 
station) i t is possible t o determine t hat t he separat i on zone is 
thi cker at the 50-perc ent -span stat ion t han at t he 10 .15-percent -span 
s tation of t he model (at t he 10 .15 -perc en~-span s tation t he shocks are 
extended nearer to t he convex surf ace t han at t he 50-percent-span 
station). These r e sults are also shown from all the pressure di s t ri
but i ons (figs. 23 , 25 , and 26 ), which indicate that the f i ow in the 
passage is f ar f rom two dimensional. 

An explana t i on of t he f act that the separated region t ends t o 
collect at the midspan of the passage can be deduced from the consi der
ati on o~ t he cent r ifugal forc e s and t he boundary-layer eff ects along 
t he side walls (refer ence 4). For ever y sect ion of t he passage a 
negative gradi ent of veloci ty exist s in t he normal direct i on f r om t he 
convex surface to t he c oncave surface . ( See , for example , f i g . 6 .) 
The negat ive gradient of veloci t y corre sponds t o a posi t ive pre ssure 
grad ien t , which, outs i de of t he boundary l ayer, balance s t he cen t rifugal 
force s. Because of the pre ssure gradient, the boundary layer on t he 
side walls and on t he c oncave surf ace , which ha s hl gher pressure, tends 
t o move in t oward the convex surface ; the refore , all the b01rodary layer 
t ends t o collect at the middle of the convex surface. A schemat ic 
dist ribution of t he boundary layer and the secondary flow i nvolved is 
sho.wn in figure 31. A differ ent phenomena occurs in the ac t ual rot or 
because centrifugal forc e s exist in the spanwise direction out t oward 
the rot or blade t ip and probably separation would t end t o form near 
t he root of t he blade . 

Model 3.- Figures 32, 33 , and 34 show the Mach number distribution, 
the stagnation-pressure -recovery distribution, and the static-pressure 
distribut ion at t he three spanwise stat ions consider ed for model 3. At 
t he 50-perc ent-span station (fig. 32) the stream velocity tends t o 
decrease near the convex surface in a manner similar t o t hat of models 1 
and 2 ; however, for model 3 t he stream r emains supersonic near the 
convex surface . The boundary-layer thickne ss at t his spanwi se station 
(shown by fig. 33 ) is approximately 0. 30 inch from t he convex surface . 
A comparison of Mach number distribution and stagnation-pressure di st r i 
but ion a t the 50-perc ent-span station between model 3 (figs. 32 and 33 ) 
and model 2 (figs. 23(a) and 24(b)) shows that model 3 ha s a much higher 
velocity with smaller losse s in pre ssure r ecovery near t he convex surface 
than model 2. 

The Mach number distribut ion at the 25-percent-span stat ion 
(fig. 32) shows that near the convex surface a Mach number of 2.19 is 
attained which is t he highest value o~tained for the three st ations. 
At this station, ther efore , no separation is appar ent , and the thick
ness of the boundary l ayer is very small. The Mach num"ber di st ribution 
at the 10.15-perc ent-span station (fig. 32) shows a value of Mach 
number of 1.99 near the convex surface at the point corre sponding t o 
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the -value of 2.19 at the 25-percent-span station. The Mach number 
distribution obtained shows that near the con-vex surface the -velocity 
is still supersonic and, therefore, no strong separation effects exist. 

The stagnation-pressure-reco-very distribution (fig. 33) at the 
three spanwise stations follows that indicated by the Mac~ number 
distribution. The largest losses exist at the 50-percent-span station 
near the con-vex surface. The losses are somewhat less at the other 
two stations (fig. 33). 

Figure 34 presents the static-pressure distribution at the three 
spanwise stations, and the static-pressure distribution appears to 
follow the indications of Mach number and stagnation-pressure-reco-very 
distribution. 

The stagnation-pressure recoyery obtained from the a-verage of the 
three stations for model 3 is 0.95, and the corresponding a-verage exit 

M2a-v 
Mach number ratio -W- 1s 1.06. These reaul ts show that an appreci-

1 
able gain in pressure reco-very has been obtained with the introduction 
of a contraction in the passage and indicate that the introduction of 
a fa-vorable pressure gradient in the zone of large cur-vature (fig. 3) 
has a large and fa-vorable effect on the boundary layer at the can-vex · 
surface and causes a large reduction of separation. A shadowgraph for 
model 3 is presented in figure 35. 

Model 4.- Figures 36, 37, and 38 present Mach number distribution, 
stagnation-pressure-recovery distribution, and static-pressure distri
bution, respecti-vely, at three spanwise stations for the original design 
of model 4 corresponding to the passage considered in figure 10(a). 
Figure 39(a) presents a shadowgraph of the flow. The results show that 
a large zone of separation occurs at the three stations. The height of 
separated flow is a maximum at the 50-percent-span station where large 
losses exist up to 0.80 inch from the con-vex surface (fig. 37). The 
zone of separation corresponds to large losses in stagnation pressure; 
howe-ver, the -velocity in this zone is low and, therefore, the effect on 
the a-verage pressure reco-very for unit mass flow is not too large. An 
a-verage stagnation-pressure reco-very of 0.88 was obtained with this 

M2a-v 
model, and the corresponding a-verage Mach number ratio ~ is 0.96. 

1 

Because of the large cur-vature of the con-vex surface, separation 
starts somewhat upstream of the zone in which the shock from the conca-ve 
surface meets the convex surface (fig. 39(a)). The separation tends to 
contract the passage and reduces the local Mach number to -values less 
than 1.0. In order to &-void this condition, a small change ~n stagger 
angle and cur-vature was introduced in the model and the tests were 
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repeated. The modified passage tested corre sponds to the design shown 
in figure lOeb). The shadowgraph of flow in the modified passage 
(fig. 39(b)) indicates t hat an increase of local Mach number was 
obtained in the zone of separation. The average exit Mach number 
wa s 1.04 of the entrance Mach number. The s eparation was r educed; 
however, no gain in pressure recovery was obtained, and .an aver age 
value of 0.88 was measured also for this configuration. 

Variable-span models.- The fairing previously discussed and shown 
in figure 12 reduced the area ratio of model 2 f rom 1.24 to 1.00. The 
test r esults for model 2 with the fairing gave an average stagnation
pressure recovery of 0.84 and a corresponding average Mach number ratio 
of O.So. These r esults ar e close to those obtained from the two
dimensional tests of model 2 for the same area ratio (figs. 27 and 28), 
and show tha t two-dimensional results can be used as a first-order 
indication of r esults to be expected for three-dimensional passages. 

In an effort to simulate the large pressure gradient along the 
span in the same direction a s the pressure gradient obtained in the 
passage of a rotor, the variation of passage cross section for the 
second three-dimensional test was obta ined by filling one corner of 
the passage (fig. 13). The spanwise pressure gradient in the r otor 
depends primarily on the rotational velocity; therefore, the i ntensi t y 
of the pressure gradient in these tests (0.563 atmosphere per inch) 
may be smaller than that for an actual ro t or (1.0 atmospher e per inch) 
but is an appreciable fraction of that for an actual rotor. Because 
t he effect is important only in the boundary layer and because it was 
not possible for the experimental system to produce the dissymmetry 
all along the pa ssage, the filling of the corner was gradual (fig. 13). 
The area ratio ~/Al for this model wa s 1.016 . For this condi tion an 
average stagnation-pre ssure r ecovery of 0 . 85 with an average Mach 
number equal to 0.90 of the entrance Mach number was obtained. These 
results are also in go~d agreement with the r e sults obtained i n the 

A2 
two-dimensional te s t s at ~ = 1.016. 

1 

Wedge with detached shock.- A pho tograph of t he setup f or study of 
the phenomen~ wi t h detached shock is shown without flov in figure 40 . 
The lower surface has a large inclinat ion to the s t r eam direction, and 
t he deviation of the stream is larger than the maximum devi ation for 
shock attachment for the stream Mach number (at M = 1.71, 5max = 17.16). 

At the upper surface an expansion would be expected if no 
detached shock were pr oduced by the lower surface . The shadowgraFhs 
(figs. 41, 42 , and 43) show the flow fi eld for three angles of attack 
equal to 29 . 830 , 350 , and 40 . 080 at the lower sur f ace of the wed e, 
and table III shows a comparison of the Mach number that woul d 
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be obtained without the presence of detached shock and the Mach number 
measured f rom the total -pressure and the static-pressure distribution 
along the upper surface . The shadowgraphs show that separ ation similar 
to the subsonic .separation found for wedges in a subsonic stream exi sts 
with a vortex localized at the l eading edge behind the detached shock . 
The separation is l ocalized and the str eam reattaches a t the surface , 
an expansion is produced, and the local speed again becomes supersonic . 
The r esults of r eference 3 indica t e that, with normal shock cl ose to 
the l eading edge , the flow is still attached. The values of theor etica l 
and measured Mach number s in table III show that the presence of strong 
detached shock does not change appreciably the f low along the upper 
surface for the range of angl es of attack tested. 

CONCLUDING REMARKS 

In order to turn a supersonic stream through a large angle in a 
passage of practical dimensions, the speed along the convex surface of 
the passage must be increased considerably with r espect to the speed 
along the concave surface of the passage . If the static pressure at 
the exit is equal to the static pressure at the entrance , a compr ession 
of the f low must occur at the convex surface ahead of the passage exit 
and an expansion at the concave surface. The conditions for separation 
of the boundary layer depend to a large extent on the magnitude of the 
positive pressure gradient and the curvature of the convex surface. 
The possibility of separation increases if the exit s tatic pressure 
is larger than the entrance static pressure and decreases for the 
opposite condition. The prevention of separation of the boundary 
l ayer at the c onvex surface is made more difficult by the necessity 
of having a shock at the leading edge of the concave surface because 
this shock meets the convex surface in the r egion of l arge curvature . 
The boundar y -layer separation can be minimized by introducing a 
favorable pressure gradient along the convex surface in the zone of 
large curvature behind the shock . 

Of the four 900 t urning passages tested, the highest pressure 
r ecovery was obtained with a passage in which a favorable pressure 
gradient along the convex surfac e was introduced behind the point of 
shock r ef l ec tion. A large contraction of the passage was used in 
order to per mit the introduction of t he favorable pressure gradient . 
The pr essure loss for this design was 5 perc ent of the inlet stagnation 
pressure for a ratio of entrance to exit Mach number of 1.06 . The 
passage contour corresponds to a practical compressor rotor blade 
having a thickness ratio of 0 .12 and a solidity of 3 .1. 

Tests which wer e made to investigate the flow behind a detached 
shock at the l eading edge of the concav e s ·~face of a turning passage 
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indicate that the flow at the surface on which expansion occurs is not 
changed appreciably by the presence of detached shock. (For an angle 
of attack of 40.10 the theoretical Mach number is 2.47 and the measured 
Mach number is 2.62.) 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base, Va. 
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17 ·79 15 .83 
23 .06 19. 83 
26 .21 22 .23 
27 .14 23 ·30 
26 .55 22 ·33 
23 .62 19·90 
18.45 15 .87 
10.44 8 ·98 
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TABLE I 

ORDINATES OF BLADES TESTED 

Model 4 
Model 2 Model 3 

(percent chord) (percent chord) Original Modified 
(percent chord) (percent chord) 

Upper Lower Upper Lower 
surface surface surface surface Upper La-Her Upper Lower 

surface surface surface surface 

0 0 0 0 0 0 0 0 
4. 62 3 ·32 5 .60 3 ·71 6.81 5 ·22 6.55 4. 27 
8.70 6 .46 10 .45 7 ·08 12.61 8. 84 12 .20 7·62 

15 ·55 12 .09 20 .65 12 ·74 21·30 14 .49 20 .05 12 .80 
19·66 15 .63 27 ·04 16 .66 25 .65 17 ·39 25 .84 15 .85 
22 .04 17 ·99 30 ·50 19 ·13 27 ·54 18 ·70 28 .20 17 .38 
23 ·04 18 . 82 30 ·94 19 ·81 27 ·54 18 .70 28. 66 17 .68 
22 .48 18 .28 28 .77 19·20 25 ·07 17 ·10 26 .52 16 .46 
20 .22 16 .36 24· ~9 16 .98 21.10 14 .49 21. 80 13 . 87 
15 ·92 12 ·70 18 .02 13 ·05 14 .78 10 ·58 15 ·24 10 ·52 
9.14 7.76 9· 79 7 ·31 7 ·94 5 ·70 7 ·77 5 ·79 
0 0 0 0 0 0 0 0 
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TABLE I I 

VARIOUS ELADE CHARAC'l'ERI STICS 

stagger angle Chord Thickness Sol i dity 
Model (deg) (in. ) r atio cis t ic 

1 45 6 ·56 0 .0488 6 .626 
55 6 .56 .0488 5 ·248 
60 6 ·56 .0488 4 .620 

2 45 6 .28 .0509 5 ·925 
55 6 .28 .0509 4 ·906 
60 6 .28 .0509 4 .132 

3 54 5 ·30 .1226 3·U8 

4 47 6 ·90 .0898 3·520 
49 6 .56 .1089 3·094 



22 FIDmr.IAL NACA RM 19G07 

TABLE III 

COMPARISON OF THEORETICAL .AND MEASURED MAC1:1 NUMBER 

FOR THREE ANGLES OF ATTACK 

a 5 M M 
( deg) (deg) ( theor etical) (measured) 

29. 83 10 · '33 2 .075 1 ·927 

. 35 .00 15 ·50 2 .26 2 .073 

40.08 20 ·58 2 .473 2.264 
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Figure ~ . - Characteristics net for model 1. 
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(a) Stagger angle, 45°. 

Figure 5. - Possible blade shapes for model 1. 
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(b) Stagger angle, 55°. 

Figure 5. - Continued. 
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/ (c) Stagger angle, 60°. 

Figure 5. - Concluded. 
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Figure 6. - Characteristics net for model 2. 
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(a) Stagger angle, 45° . 

Figure 7. - Possible blade shapes for model 2. 
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(b) Stagger angle, 55° 

Figure 7. - Continued. 
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(c) Stagger angle, 60°. 

Figure 7. - Concluded. 
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Figure 8 . - Characteristics net for model 3. 
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Figure 9. - Possible blade shape for model 3. stagger angle, 54°. 
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(b) Boundary -layer separation taken into consideration. 

Figure 10. - Concluded. 
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(a) Blade corresponding to figure 10(a). Stagger angle, 47° . 

Figure 11. - Possible blade shapes for model 4. 
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(b) Blade corresponding to figure 1 O(b). Stagger angle, 590 . 

Figure 11. - Concluded. 
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Figure 12. - Schematic setup for first variable - span model. 
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Figure 13 . - Schematic setup for second variable-span model. 
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Figure 14 .- Model mounted in test setup with one side wall removed . 
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convex surface for model 4 . 
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(a) Passage corresponding to characteristics net shown i n figure l O(a ). 

Figure 39 .- A shadowgraph of the flaw in the passage for model 4. 
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("b ) Passage cor responding to characteristics net shown i n figure l Oeb). 
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Figure 40 .- A photograph of the angle of attack setup without f low . 
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Figure 41 .- A shadowgraph of the flow at an angle of attack of 29.83°. 
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Figure 42 .- A shadowgraph of the flow at an angle of attack of 35° . 
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Figure 43.- A shadowgraph of t he f l ow at an angl e of attack of 40 .08° . 
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