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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNI CAL NOTE 3806 

COMPARISON OF NACA 65- SERIES COMPRESSOR- BLADE 

PRESSURE DISTRIBUTIONS AND PERFORMANCE 

IN A ROTOR AND IN CASCADEl 

By Willard R. Westphal and William R. Godwin 

SUMMARY 

An investigation has been conducted to compare the performance of 
NACA 65- series compressor blades in two- dimensional cascade vith that in 
an axial- flow compressor. The entering and leaving flml velocities, 
pressure rise, and the pressure distribution on the r ot ating blade s ",ere 
measured at three radial stations of a free - vortex rotor. The blade 
pressure distributions were obtained by the use of a mercury- seal pressure­
transfer device. The data obtained were compared with similar data for 
the same blade sections obtained from a two- dimens i onal porous- wall 
cascade tunnel. 

The comparis on indicated that cascade data accu rately predicted 
the turning angle and blade pressure distribution obtained in the com­
pressor at design conditions . At other than design angle of attack, 
large differences, probably due to secondary flows, were observed near 
the inner casing . 

INTRODUCTION 

A prime factor in the des i gn of a turbomachine is the knowledge of 
rotor- blade aerodynamic performance. However, blade profiles may be 
tested and evaluated much more easily in cascade than in a rotating 
machine since models are simpler and compressor design. pr.rameter», such as 
blade camber and solidity , are more easily varied in the cascade . Also, 
the sect i on characteristics such as lift, drag, and pre s sure distribution 
are more easily measured in cascade . Unfortunately, flow through a two­
dimensional cascade is somewhat different from that through a rotating 
machi ne since such three- dimensional phenomena as radi a l disp l acement 
of the main flow, centrifuging of the boundary layer, and the tip clear­
ance leakage do not occur in cascades . A correlation is needed between 

lSupersedes recently declassified NACA Research Memorandum L5lH20 
by Hillard R. Westphal and William R. Godwin, 1951. 
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the simpler two- dimensional cascade f l ows and the flows through rot ating 
blade rows . One method of obtaining information for this correlation 
i , t o measure the pre s sure di stributions and flow velocities on rotating 
blade rows . In reference 1, Weske presented pressure distributions 
measured on rotating blades , but did not present cascade data for com­
parison . In reference 2, Mlihlemann pre sented flow velocity measurements 
ahead of and behind a rotor, along with blade wake distributions . As 
in the previous case, comparable cascade data "Jere not presented; so a 
correlation between rotor and cas cade performances could not be attained. 

The intent of the present investigation ,,'as to obtain a comparison 
between the flow about compressor_blade sections in a compressor rotor 
and in two- dimens ional cascade . An axial- flop compressor consisting of 
guide vanes and a rotor was used. The rotor blades were constructed vith 
NACA 65- series lO- percent-thick airfoil sections, for which cascade data 
were available . The cascade data were obtained in porous -wall cascades 
which closely approximate two- dimensional-flow conditions by removing 
the boundary l ayer from the walls enclosing the blade row. A more exten­
sive discussion of porous - ,.rall cascades can be found in reference 3. 
The porous- wall cascade data were taken from reference 4. In order to 
determine the manner in "'hich the cascade and rotating blade flows 
differed, blade surface pressure ~istributions and entering and leaving 
velocities were measured at three radial positions in the test compres sor. 
The me nsurement of pressures on the rotating blades was made possible 
through the use of a pressure-transfer device (ref. 5), which simulta­
neously transmitted 24 pressures from the rotor to the stationary 
manometer . 
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SYMBOLS 

blade chord, in . 

section normal- force coefficient, from measured changes in 
momentum and static pressure 

section normal- force coefficient, from integrated pressure 
distributions 

section normal- force coefficient, from ideal change in momentum 
and static pressure when corrected values of ~ and 8 were 
used 

Mach number 

static pressure, Ib/sq ft 

total pressure, lb/sq ft 
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q dynamic pressure, lb/sq ft 

R Reynolds number 

t blade thickness, in. 

U rotational velocity of rotor blade at any radius, ft/sec 

V velocity of air relative to casing, ft/sec 

a angle of attack; angle between entering air and chord line, 
deg 

inlet air angle; angle between entering air and axial direction, 
deg 

e turning angle; angle through which the air is turned by the 
blade element, deg 

a solidity, blade chord divided by gap between blades 

0/ yaw angle, deg 

Subscripts: 

1 entering guide vanes 

2 leaving guide vanes 

3 entering rotor, relative to rotor 

4 leaving rotor, relative to rotor 

5 leaving rotor, stationary coordinates 

ax axial direction 

l loca l 

Stations: 

I instrument station ahead of guide vanes 

II instrument station between guide vanes and rotor 

III instrument station behind rotor 
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APPARATUS 

General arrangement.- The 42-inch tip diameter axial-flow test com­
pressor used in this investigation (fig. 1) contained a single row of 
guide vanes and a single row of rotor blades. The guide vanes were 
installed during a previous testing program and were retained to estab­
lish a free -vortex flow ahead of the rotor. The entrance and test sec­
tion of the compressor were enclosed in a frame building. Half the 
building was mounted on rails and was rolled open to expose the bell­
mouth inlet of the compressor. The rotor drive motor was a 1,000-
horsepower synchronous electric motor supplied by a variable-frequency 
converter. The general configuration was essentially as described in 
reference 5, with the exception that the ducting downstream of the first 
diffuser was replaced by a vane-type throttle valve. 

Rotor blades.- A sketch of the rotor blades is shown in figure 2. 
The blades, 24 in all, were designed to straighten the free-vortex flow 
leaving the guide vanes into an axial flow. At the design inlet air 
angle of 600 , constant from root to tip, the ratio of axial velocity to 
tip speed was 1.08; the axial velocity was constant throughout the blading. 
NACA 65-series compressor blade sections were used. The blade cambers 
and angles of attack were determined from the design charts in refer-
ence 4 . Three blades contained 24 static-pressure orifices each for 
pressure-distribution measurements. The orifices were located at the 
outboard, mean, and inboard sections. The outboard and inboard sections 
were located 1 inch from the ends of the blades to avoid the wall boundary 
layer. The blades had a span of 6.5 inches, a constant chord of 
5 . 5 inches, and thus an aspect ratio of 1.182. The blade clearance at the 
t ip was about 0.030 inch. The blade sections tested are described in the 
following table: 

Outboard Mean Inboard 

Design lift coefficient. · 1.096 1.200 1.304 
Solidity . . . . · · · . · 1.050 1.183 1.355 
Blade angle, deg · · · . · 48.1 46.1 44.7 
tic. . . . . . . · · · · 0.10 0.10 0.10 

The blade angle is measured between chord line and axis of rotation. 
Vector diagrams to scale for typical design conditions are shown in fig­
ure 3. 

Guide vanes.- The row of guide vanes contained 37 blades; each had 
a span of 6.5 inches and a constant chord of 4 inches. The guide vanes 
produced a free-vortex velocity profile at station II as shown by the 

--- -- -------- -------
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turning- angle comparison in figure 4 . The angles were measured in the uni ­
form flow between adjacent guide -vane wakes . The prewhirl is against the 
direction of rotation of the rotor, contrary to conventional axial-flow 
compressor practice. 

Pressure-transfer device.- The pressure-transfer device used .in ref­
erence 5 was not completely satisfactory in that mercury escaped through 
the pressure leads and caused erroneous readings. A transparent plastic 
model of one cell of the transfer device was built to determine the cause 
of the difficulty. By running this model at various speeds with various 
amounts of mercury, it was foun~ that the mercury splashed only at low 
rotor speeds or with too much mercury in the cell. This splashing was 
eliminated by introducing the mercury into the transfer device after the 
rotor was started and draining the transfer device before stopping the 
rotor. The 24-cell transfer device was then modified so that the mercury 
could be introduced into each cell under pressure while the rotor was run­
ning and drained before stopping. As further protection against mercury 
entering the pressure leads, small glass reservoirs were connected to the 
leads between the transfer device and manometer board. After these changes 
were made , no further trouble was experienced with the transfer device. 

Instrumentation and flow measurements .- Total pressure, static pres­
sure, and flow direction were measured at three survey stations (fig . l(b)) 
with instruments of the type shown in figure 5(b). At each of these sta­
tions, surveys could be made in a radial direction. In addition, the 
instrument between the guide vanes and the rotor could be traversed cir­
cumferentially as well as radially. 

Survey instruments were calibrated in a l5- inch-diameter calibration 
tunnel and are accurate in yaw angle to iO.2° and in static pressure to 
±0.3 percent of the impact pressure when mounted in a uniform stream. No 
correction to the total pressure was necessary. The static pressure indi­
cated by the instrument was higher than true static pressure. A typical 
calibration curve is shown in figure 6. 

In the course of the investigation, it was found that at certain 
angles of attack the wakes of the guide vanes impinged on the instrument 
located behind the rotor (station III); thus, erroneous readings were 
caused. This source of error was minimized by installing another identi­
cal instrument in the same plane but one and one -half guide-vane spacings 
away circumferentia lly and considering the data from the instrument which 
indicated the higher total pressure to be correct. 

METHOD OF TESTING 

Blade pressure distribution, total pressure, static pressure, and 
flow direction ahead of and behind the rotor were measured at nine angles 
of attack, at the outboard, mean and inboard sections at each of four 
speeds, 800, 900, 1,000, and 1,140 rpm. The angles of attack at the mean 
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diameter were varied from 90 up to the stall point by throttling the dis­

charge . All pressure measurements, including the blade pressure distri­

bution at a given blade section, were recorded simultaneously by photo­

graphing a multiple - tube manometer board. 

For the tuft investigation of the rotor blade pa ssages, nylon tufts 

were mounted on the blades in rows normal to t he flow direction. Five 

rows were spaced across the blade chord. Each row was mounted on a sepa­

r ate blade so that the air passing over a row of tufts was not affected by 

any preceding tufts . Tufts were also mounted on the exposed surface of 

the rotor hub between two adjacent blades. The tufts were observed with 

t he aid of a high-speed stroboscopic light. A contact mounted on the 

rotor shaft triggered the light at the same instant on each revolution of 

t he shaft. The result, viewed through a port in the outer casing, was a 

stationary picture of the tufts on one blade as affected by the airstream. 

By shifting the contactor on the rotor shaft, the other rows of tufts were 

observed . Observations of the tufts were made over the range of angles of 

a ttack. 

RESULTS AND DISCUSSION 

Blade section pressure distributions.- Blade section pressure distri­

butions a t the outboard, mean, and inboa rd sections a t varying mass flows 

and constant speed are presented in figure 7. The mass flows and corre­

sponding angles of atta ck for the three sections are presented in these 

fi gures. As the mass flow is reduced from about 1.89 slugs per second, 

the pressure distributions a t all three sections become peaked a t t he 

leading edge of the upper surface a t the s ame r ate. At a mass flow of 

about 1.27 slugs per second, all three sections a re close to t he angle of 

attack at which they would stall. This condition is shown by t he sharp­

ness of the leading-edge pressure peaks and indicates a l a r ge adverse 

pressure gradient conducive to separation . As ' t he mass flow is increased 

above about 1. 89 slugs per second, the pressure distributions a t all 

t hree sections become pea ked a t t he leading edge of t he lower surface; 

t hus, the approach of negative stall is indica ted. 

An interesting phenomenon shown in t hese plots is the point of nearly 

constant pressure coefficient (hence velocity r atio) a t about t he 20-

percent- chord point on the upper surface at all angles of attack and all 

sections . Examination of pressure distributions obta ined from compressor 

a irfoils in low-speed ca scade substantiates this phenomenon. The position 

of constant pressure coefficient or velocity r a tio varies from one cascade 

arrangement to another, but for any given cascade a particular point on 

the convex surface somewhere between 15 and 25 percent chord from t he 

leading edge mainta ins the same veloci t y r atio as the inlet angle is 

varied . The phenomenon of having a point of constant velocity r atio has 

not been confirmed at high speed nor for blades ot her than the NACA 65-

series. If this continues to exist under compressible-flow conditions, 
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it would be possible to determine impact and static pressures in a multi­
stage axial-flow compressor at desired radial stations by orifices located 
at the proper chordwise position of the stator blades and pitot tubes. 

Figure 8 shows the effect of rotor inlet Mach number M3 and Reynolds 
number on the pressure distribution for three sections at design angle of 
attack . It can be seen that over the small range of speed covered by these 
tests there is little change in the pressure distributions. 

The pressure distributions for the end points of the angle of attack, 
Mach number, and Reynolds number ranges over which the blades were tested 
are shown in figure 9. The distributions indicate a slight increase in 
the pressure peaks with Reynolds number for the extreme off-design condi­
tions. Although tufts placed on the blades indicated large radial flows 
in the boundary layer at the high angles of attack, the pressure distri­
butions at all sections are very much alike. 

Pressure distributions measured in the test compressor are compared 
with those obtained from interpolation of porous-wall cascade data in fig­
ure 10. The pressure distribution measured at the outboard section in the 
blower had a slightly higher peak velocity and greater area than that meas­
ured in the cascade . This trend is consistent with the greater turning angle 
measured in the compressor as is discussed in the turning-angle compari­
sons. At the mean and inboard sections, good agreement can be observed. 
The wave observed at the 60-percent-chord point in the convex-surface 
pressure distributions obtained in the cascade is not present in compres-
sor or theoretical distributions (ref . 6) . (In ref. 6, Katzoff and Hannah 
compared theoretical pressure distributions of the NACA 65-(12)10 blade 
profile at the design angle of attack at a stagger of 600 for two solidi­
ties which bracket design conditions of the rotor at the mean section.) 

The wave or bump in the porous -wall cascade pressure distributions 
is due to a small region of laminar separation which occurs at the tran­
sition point from laminar to turbulent flow . Laminar flow was possible 
because of the low turbulence and low Reynolds numbers (about 250,000) 
of the cascade tests. This separation does not occur in the test blower 
because of its higher Reynolds numbers (about 700,000) and higher turbu­
lence level due to the wakes from the guide vanes. At each section, the 
datum point shown on the trailing edge was obta~ned from the static pres­
sure measured by the survey instrument behind the b1ades. The pressure 
rise measured in the compressor is less than that measured in the cascade 
tunnel because of the boundary-layer growth on the inner and outer casings. 
The boundary layer on the cascade walls is removed by surface suction and 
therefore a high static-pressure rise is obtained. 
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Comparison of Turning Angles 

in Compressor and Cascade 

Plots of tvrning against angle of attack from both compressor and 
cascade data are presented in figure 11. The angles are the true geo­
metric (measured) air angles. Since the cascade tests were run at con­
stant inlet air angles, the cascade data were interpolated to obtain 
turning-angle values at the same angles of attack and inlet angles as 
the compressor. Interpolation between blade cambers and solidities was 
also necessary. In figure 12 the angles presented were obtained from 
a vector diagram having the measured tangential components and an axial 
velocity equal to the mean of the measured entering and leaVing velocities. 
This method of correction, which is illustrated by the vector diagram 
in figure 13, is in common use for determining a, ~,and e when the 
axial velocity is not constant. Correcting the angles to a condition of 
constant axial velocity reduced the scatter of the blower test points. 
Some of the scatter may be attributed to the wind gusts present as the 
intake of the compressor was outdoors. 

At the outboard section, the turning angles measured in the com­
pressor were about 10 greater than predicted from cascade data and the 
trend was similar except at the lowest angles of attack (fig. 12(a)). 

At the rotor-blade mean section, the turning angles measured are 
very close to those predicted from cascade data except at high angles of 
attack where the slope of the compressor turning-angle curve is higher 
and the turning angles are greater than in cascade (fig. 12(b)). 

At the inboard section, the turning angle compares well with cas-
o 0 

cade data only near design conditions ( ~ = 600 , a = 15.3). The slope 
of the compressor turning-angle curve i s much greater than that of the 
cascade curve . To be certain that the high turning angles measured 
actually occurred and were not caused by instrument errors due to the 
effect of the guide vane wakes on the instruments at station III, the 
air angles were also measured by observing a tuft through a transparent 
port in the outer case. Figure 14 is a plot of the air angle relative 
to the axis of the rotor measured by the instrument against radial dis­
tance. The angles measured by the tuft observations were essentially 
the same as those measured by the survey instrument. The rapid change 
in angle from a radius of 16.0 inches to the inner case indicates that 
the secondary effects due to the boundary layer extend beyond the inboard 
measuring station which is at a radius of 15.5 inches. No information 
is available on the effect of the case boundary layer on the blade pres­
sure distribution or turning angle. An analysis of main stream and 
blade boundary- layer flow and their probable effect on the turning angle 
at the inboard section of the blade follows. 
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Considering the flow entering the rotor when the compressor is 
operating at design conditions, the tangential velocity components of 
the main flow are approximately equal in magnitude to the tangential 
velocity of the rotor although they are in opposite directions. Thus 
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the radial pressure gradient produced by the main flow is just sufficient 
to balance the centrifugal force of the boundary layer on the leading 
part of the blades, and the result is radial equilibrium of the boundary 
layer. At the rear part of the blade the main flow has zero tangential 
veloCity and thus there is no radial pressure gradient and the boundary­
layer flows toward the tip of the blade due to centrifugal force. At 
intermediate points from leading to trailing edge, the boundary-layer 
flows more and more toward the tip of the blade. This suggests that 
where the boundary layer is flowing toward the tip of the blade, the 
inboard boundary layer must be being thinned out. In the case of the 
inboard section at design angle of attack the normally thick inboard 
boundary layer has been thinned sufficiently to make the rotor per­
formance comparable to two-dimensional cascade performance. 

At angles of attack greater than deSign, the air flow entering the 
rotor has a lower tangential velocity than that of the rotor. At the 
trailing edge the tangential velocity of the main stream is increased 
to about 30 percent of the rotor tangential velocity at highest angles 
of attack. This causes a reduction in the radial pressure gradient over 
most of the blade and allows greater centrifuging of the boundary layer 
than at the design condition. Thus at the inboard section for higher 
angles of attack the boundary layer 1s thinned more than in the corre­
sponding cascade. The main flow follows the camber line of the blade 
more closely and, consequently, the turning angle is increased propor­
tionately higher than in cascade for a given increase in angle of attack. 
For angles of attack lower than design, the inverse is true. The air 
flow entering the rotor has higher tangential velocities than at design, 
and the radial pressure gradient is larger in the forward section of the 
blade passage. At the leading edge, the tangential velocity of the main 
flow is sufficient to cause tbe leading-edge boundary layer to flow 
toward the root of the blade. The result is a reduced net spanwise 
flow of the boundary layer. For low angles of attack at the inboard 
section, the boundary layer remains thicker than in the two-dim~nsional 
cascade and results in proportionately lower turning angles for the com­
pressor. 

The boundary-layer flow was observed by means of small nylon 
tufts glued to the blades and to the rotor hub between the blades and 
illuminated with a stroboscopic light. As shown in figure 15(a), the 
boundary layer on the rotor hub flows from the l ower surface of one blade 
to the upper surface of the preceding blade, that is, from a region of 
high pressure to one of low pressure. This flow pattern remained unchanged 
over the angle-of-attack range, except that the tufts in the region just 
above the trailing edge (marked X) pinwheeled at the highest angles of 

J 



10 NACA TN 3806 

attack as though in a stalled turbulent region. The radial flow in the 
boundary layer on the blade surfaces i s indicated by the tufts as shown 
in figure 15(b). The directions of the tufts as shown are uncorrected 
for their own centrifuga l effect, as the extent to which centrifugal 
force contributes to the tuft po s i t ion is unknown. In figure 15(b) the 
f low was near the design condition. At higher angles of attack the tufts 
deviated more from the axial direction and at low angles the deviation 
was less. 

Effect of Rotor Wake s on Instrument Accuracy 

The survey instrument behind the rotor was in a flow of rapidly 
varying direction and velocity. As each blade wake passed the survey­
instrument wake, i t swept over the pressure tubes . The wake was composed 
of low-velocity a ir and therefore has a different direction relative to 
the survey instrument than the main stream, This would result in the 
survey instrument yawing away from the main stream into the direction of 
the wakes, and could possibly account for some bf the differences between 
cascade and compressor curves for a against e shown in figures 11 
and 12. It would be desirable to make flow measurements of a rotor 
without guide vanes (to avoid guide- vane wakes) using a yaw instrument 
traveling with the rotor t o determine the magnitude of this effect . 

Since the wake and main stream velocities differ in both 
magnitude and direction, it appears that they would mix. This is not 
the case. Although the wake and free stream had different tangential 
velocities, they do not meet because of the difference tn their axial 
velocities. As this concept has proved confusing to some people, the 
manner in which the particles travel is now described. 

In rotational coordinates, the main stream leaving the rotor and 
t he rotor-blade wakes travel at different speeds in essentially the same 
direction as shown in figure l6(a). Changing the velocity distribution 
t o stationary coordinates by subtracting the rotational velocity of the 
rotor results in the distribution shown in figure 16(b). Replacing the 
stationary velocity distribution with streamlines results in figure 16(c). 

At first glance figure l6(c) seems to indicate that particles travel 
across the main stream and abruptly change direction as they flow across 
the wake. ThiS, however, is not the case. Since figure 16(c) is an 
instantaneous picture, it can be seen that although particles in the main 
stream travel along the streamlines, they never enter the wakes, and 
that particles in the wake remain in the wake. The magnitude of the 
instrument error that results from these fluctuations in velocity is at 
the present unknown. Its direction is such as to increase the measured 
turning angle . 

--------
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Effect of Guide-Vane Wakes on Instrument Accuracy 

The pattern of the data obtained from the instrument behind the 
rotor indicated that the flow was not uniform in the circumferential 
direction. The guide vanes seemed to be the most likely cause of this 
lack of uniformity. To determine the shape and magnitude of the defects 
produced by the guide -vane wakes behind the rotor, the flow was surveyed 
using a l6- tube total pressure rake (fig . 5 (a)) mounted in place of the 
usual instrument at station III. Plots of the total-pressure defect for 
several angles of attack at station III are shown for the outboard, mean, 
and inboard sections in figures l7(a), l7(b), and l7(c), re spectively. 
Since the instrument was stationary, the shift of the defects shown was 
due to the increased turning of the a ir through the rotor with increased 
angles of attack. In order to obtain accurate data for the determination 
of e, an additional instrument was mounted one and one-half guide-vane 
spaces away in the tangential direction. Thus, one or the other of the 
instruments was in the uniform stream. It was found that, in general, the 
total momentum defect of the flow was not appreciably reduced in passing 
through the rotor as shown i n figure 18. In fact, except at the mean 
section for angles of attack near design, the measured total momentum 
defect behind the rotor was equal to or larger than the defect measured 
between the guide vanes and rotor. The greater defect was probably due 
to the fact that the wake had a much lower dynamic pressure relative to 
the rotor than the free stream had; yet the static-pressure rise through 
the rotor was the same for both. If the guide vanes had turned the flow 
in the conventional direction, the relative dynamic pressure of the wake 
would be nearly equal to that of the free stream. 

Normal- Force Coeff~cients 

As a check on the accuracy of the pressure distributions, the 
normal-force coefficients were computed from the compressor data by three 
methods: (1) from integration of measured pressure dis tributions (cn)p, 
(2) from measured change in momentum and static pressure when the drag 
force was neglected (cn)M, and (3) from ideal change in momentum and 
static pressure when corrected values of a and e were used (cn)e. 

Plots of these coefficients are shown in figure 19. The values of sec­
tion normal-force coefficient computed from the pressure distribution 
(cn)p differ from those computed from momentum change (cn)M primarily 
because of experimental inaccuracies and radial flow. The value of (cn)e 

will ordinarily be higher since it represents an ideal condiri..un. In 
general, (cn)p and (cn)M are in good agreement; this fact indicates 

that radial flow and profile drag have a small effect. The values of 
(cn)P and (Cn)M are in progressively worse agreement with (cn)e as 
e is increased, primarily because the ideal theoretical atatic-pressure 
rise was not realized. The measured static-pressure rise was used in 
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computing (cn)M and the ideal in computing (cn)e. The difference 

between the measured and the ideal pressure rise was greatest at highest 
angles of attack where the large radial flow of the boundary layer pro­
duced high turning angles that were used in computing the values of (cn)e. 

CONCLUSIONS 

The turning angles, pressure rise, and pressure distribution about 
t he blades of a rotor having 65-series compressor blades were measured 
and compared with similar data for the same blade profiles measured in 
a two -dimensional porous-wall cascade tunnel. Guide vanes, necessary to 
produce a free -vortex flow ahead of the rotor, produced secondary dis­
turbances not present in the cascade. The secondary effects are con­
s i dered small enough to permit a direct comparison of rotor and cascade 
da t a . From an examination of the data, it is found that: 

1. The two- dimensional cascade-tunnel dat a agreed closely with the 
rot or da t a at the design conditions of the rotor. 

2. At off-design angles of attack, differences were observed in 
performance; secondary flows have a large effect on the operating char­
acteristics of the rotor. This result was found especially true near 
the inner casing. The deviations in performance were attributed to 
r adia l flow of the blade-surface boundary l ayer due to centrifugal force 
being out of balance with t he r adial static-pressure gradient. 

3. The total-pressure defects produced by the upstream row of 
s t ator blades were not significantly dispersed by the rotor, but rather 
the integra ted total-pressure defect was greater after passing through 
the rotor. 

4. The r a tio between the local velocity and the entering velocity 
remains nearly constant a t one point on the convex surface of NACA 65-
series compressor blades. If this phenomenon exists at high speeds, 
i t may be used to determine impact and static pressures in a multistage 
axial - flm.r compressor by orifices located a t the desired radial stations 
at the proper chordwise position of the s tator blades and pitot tubes. 

Langley Aeronautical Laboratory, 
Nationa l Advisory Committee for Aeronautics, 

Langley Field, Va . , September 25, 1951. 



--~~ - - - -~ --

NACA TN 3806 13 

REFERENCES 

1. Weske, John R.: An Investigation of the Aerodynamic Characteristics 
of a Rotating Axial-Flow Blade Grid. NACA TN 1128, 1947. 

2. MUhlemann, Ernst: Experimentelle Untersuchungen an einer axialen 
Gebl~sestufe. Mitt. Nr. 12, Inst. fUr Aerod. Tech. H. S. Zurich, 
Gebr. Leemann & Co. (ZUrich), 1946. 

3. Erwin, John R., and Emery, James C.: Effect of Tunnel Configuration 
and Testing Technique on Cascade Performance. NACA Rep. 1016, 1951. 
(Supersedes NACA TN 2028.) 

4. Herrig, L. Joseph, Emery, James C., and Erwin, John R.: Systematic 
Two-Dimensional Cascade Tests of NACA 65-Series Compressor Blades 
at Low Speeds. NACA RM L51G31, 1951. 

5. Runckel, Jack F., and Davey, Richard S.: Pressure-Distribution 
Measurements on the Rotating Blades of a Single-Stage Axial-Flow 
Compressor. NACA TN 1189, 1947 . 

6. Katzoff, S., and Hannah, Margery E.: Further Comparisons of Theoreti­
cal and Experimental Lift and Pressure Distributions on Airfoils 
in Cascade at Low-Subsonic Speed. NACA TN 2391, 1951. 



14 

u6.7S 

14----- 9.75 ----~~-------------37 

Blower 

NACA TN 38()5 

----1/ 
/' 
/ 
/' 
/' 
/' 
/' 
/' 

Vane-type 
throtUe 

(a) Schematic sketch of compressor test arrangement. 
dimensions are in feet.) 

(All linear 

'" N 

~ Survey stations 

Support struts ~ ;/ _!. 
"\" i II III 

l ' ~u 8f% r--
710 211 

' 16 
~ ,f: 

Rotor 

L.- Guide vanes 

Pressure tubes to manometer 

Pressure-transfer device 

(b) Schematic sketch of test section. (All linear dj~ensions are in 
inches. ) 

Figure 1.- General arrangement. 



NACA TN 3806 

Axis of rotation I 

-

L() 

(!) -

-

'-----

1~-5.5 -------;1 
Outboard - - -

Mean - - -

Inboard 
- ----

I 
I 

L _____ / ___ ,- _ J 
, I , 

~~ __ -k __ "== 
I I 
I~~ __ t_~~ .J 

I 

Orifice 
locations ~ 

Linear dimensions are in inches. 

Figure 2.- Sketch of rotor blades. 

.. 

15 

Outboard 

Mean 

Inboard 

--~ 



\jrII' deg 13 , deg 0." deg 8, deg 
Guide vane s 

Outboard 

Mean 

Inboar d 

36.4 60 11. 9 15·1 

41.1 59 ·7 13.6 19·7 

46 .9 60.2 15· 5 25 ·6 
) ) 

~ 

Figure 3.- Velocity diagram at design conditions. 

St." Lien 

I 

V2 t II-?-I Va:;{ 

II 

Va:;{ 

+ 
U ;» 1 III 

I-' 
0\ 

~ 
(") 

:x> 
t-3 
2: 
\..N 
(Xl 

~ 



NACA TN 3806 17 

58~------~------~------~------~------~------,---, 

Free vortex 

54 0 Measured 
0 

G 

G 0 
So 

bO 
CI) 
-0 

Q) 

.--! 

~ 46 
bO Mean 
s:; 

I 'M 

E 
~ Outboard 

42 I 0 

38 

30~--J---~--~----~--~--~--~--~~~~--~--~--~--~ 
17.0 20. 0 21.0 

Radial position, inches 

Figure 4.- Comparison of measured guide -vane turning angle with angles 
required for free - vortex flow . 



(a) Total head rake . (b) Total head, yaw claw, and 
static-tube instrument. 

Figure 5.- Survey instruments. 

f--' 
(X) 

~ 
o 
~ 

~ 
\..N 
(X) 

S\ 



I 
l 
~ -

. 
~ 25 . 
0"' 
[0 

'-.... 
.0 
rl ......... 

rl 
(1) .a 20 
() 

p..(1) 
I 
'0 

Q) 

H 
;:j 
[0 
(1) 
Q) 15 

p..E 
......... 

§ 
0.-4 
+> 
() 

t o 
() 

~ 
;:j 
[0 
[0 

<l> 
H 
0.-

() 
0.-1 
+> 
(1) 

+> 
U) 

10 

5 

Orj_ginal instrument III 

(Behind the rotor) 

50 100 150 200 250 
Measure d H - P (lb/sq.ft.) 

Figure 6.- A typical calibration curve . 

~ 

300 350 400 

s; 
() 
;J> 

8 
~ 

\.>I 
ex> o 
0\ 

I-' 
\0 

--~ 



20 

2.0 ,------,.-----,.-----.-----.-------, 

(; 
I 

\ 
~) 

18 I 'b 

16 

1.4 

1.2 

10 

\ 

\ 

\ ' 

a 
5.<1' 

- - - - - - 8.4° 
-- -- 10.8° 
--- 12.4° 
---- 13.4° 
----- 17.8° 

e Moss flow (slugs/sec) 
12.4° 2.90 
14.7" 2.49 
17.0° 2 13 
17.3° I 88 
18.5° 173 
19.6° 126 

o - Upper surface 
o - Lower surface 
- Design condition 

(a) Outboard section. 

NACA TN 3806 

Figure 7.- Pressure distributions at various angles of attack. 



NACA TN 3806 

H-Pt 
q3 

1.8 

/'q 

~'b 
0 

_I 

, 

1.6 

:;o'~ o , 
""-l...~ 

I, \ \:Q 
OI_ 

1.4 I 

I, (<.:1 /. ~~8 
I ~ '0 ' 

1.2 

1.0 

.8 

.6 

.4 

I I ' Q 
° I \ , \' Q 0, 

\ ~~ 

I, 

I 
I 

, 
0 , 

-D- - - --0- _ 

0, 

-0 

a 
8.9° 

----- - - - Io.r 
--- - 13.2° 
-----14.3° 
----- 15.6° 
------ 19.0° 

\ 

\ , , 

Q 

\ 
, , 

c.... 

c... " 

-0.. --

\ 

8 Moss flow (slugs/sec) 
14.r 298 
17.4° 254 
18.9° 207 
20.0° 189 
20.8° 167 
22.6° 127 

0 - Upper surface 
o - Lower surface 
-Design condition 

~ 

--
<:]- - - {J o I 

" 

.20L __ L---L--L--~~-~-~~_J-_~~-~-~,OO 

Percent chord 

(b) Mean section . 

Figure 7.- Continued. 

21 



22 

1.8 

1.6 

1.2 

1.0 

.8 

, : r -u, __ 

.6 

0- _ 

'~--, , 
'I /~ 

- c-

.4 
o 

[J , 

20 

- ------

- - ---
- ---
- ----

, , 
~ \ 

0_. 

40 

, , 
\ \, 
\ 

'0 , 

a 
12.6° 
14.4° 
16.4° 
17.2° 
18.6° 
21.8· 

60 
Percent chord 

8 Mass f low (slugs/sec ) 
18 .1° 2.92 

2 0.7" 233 
21.5° 2 II 
24.1° 1 90 
27.3° 158 
32.4° 128 

o - Upper surface 
o - Lower surface 
- Design condition 

80 

(c ) Inboard section . 

Figur e 7.- Concluded . 

NACA TN 3806 

100 



i -
I 

NACA TN 3806 

1.6 .------:-:::rT--r----., --

1.4 

1.2 

1.0 

.8 

.6 

.4 

.2 

~= 

a 
12.2° 

- - 12.4° 
- 12.4° 

- - 12.2° 

17.4° 
17.3° 
17.2° 
17.2° 

1013 

.253 

.284 

.3/8 

.365 

~ 

820,000 
930,000 

1,040,000 
1.190,000 

o -Upper surface 
o -Lower surface 

~\ 

, 
~ 

o LI ____ -'- _____ -L-____ -1--____ --' _ ___ ---! 

o 20 40 60 80 100 
Percent chord 

(a) Outboard section . 

Figure 8.- Pressure distributions at design angle of attack, with 
M3 variation. 

23 



24 NACA TN 3806 

1.6 ,----------r------,--------,-------,---------, 

1.4 

1.2 

1.0 

.8 

.6 

.4 

a 
--- 14.3° 

14.2° 
-- - 14.3° 
--- - 14.4° 

8 
20.0° 
20.0° 
19.9° 
19.9° 

R 

.262 860,000 
295 960,000 
328 1,060,000 
.378 1,220,000 

o - Upper surface 
o - Lower surface 

.2 L------L-----~ ____ ~ _____ ~ ____ ~ 
o 20 40 60 80 100 

Percent chord 

(b ) Mean s ect i on . 

Figure 8.- Continued . 



B NACA TN 3806 

1.6 ,------,-------,---- - -,.-------,------, 

1.4 

1.2 

1.0 

H- Pt 
q3 

.8 

.6 

.4 

.2 

20 

a B 
--- 16.2· 20.4· 
- - - - 16.2· 21.2· 
- - - 16.4· 21.5· 
-- - - 15.8· 21.5· 

, 
" '\ 

~ 
~ 

40 60 
Percent chord 

(c) Inboard s ection . 

Figure 8.- Conc l ude d . 

\ 

M:5 R 

.279 860,000 

.:515 960,000 

.:551 1,060,000 

.:599 1,220,000 

o - Upper surface 
o - Lower surface 

\ 

\ 

\ 
\ 

~ 
\\ , 

80 100 

25 



26 

H-p) 

q3 

1.8 

1.6 

1.4 

1.2 

1.0 

.8 

.6 

.4 

I 
I 

, 
\ 

a 
- - - 5.S0 
-----5.9° 
- - - 17.6° 
----17.So 

, , 

e 
12.0° 
12.4° 
20.0° 
19.5o 

, , 

NACA TN 3806 

M3 R 

.339 1,100,000 
.494 1, 600,000 
.208 680,000 
297 970,000 

o - Upper surface 
o - Lower surface 

, , , , , , 
\ 

, , 

2 ~ _____ -L ______ ~ ______ ~ _______ ~ _____ ~ 

o 20 40 60 80 100 
Percent chord 

(a) Outboa rd section . 

Figure 9. - Pres sure d i stribut i ons at h i.ghe s t a nd l owe s t ang les o f a ttack. 



NACA TN 3806 

2.0 r---------.---------,---------,----------r--------~ 

1.8 

1.6 

1.4 

1.2 

1.0 

. 8 

.6 

.4 

p 

j 

r/ 
f 
" 
I 

, 

1 
~= 
I 

a 8 
---- 8.8' 14.6' 

9.0' 14.9' 
-- - - 18.9' 22.7' 
- --- 18.8' 22.5' 

\ 
, , 

\Q , 
b\. 

, , 
\'0 , 

, 0 

'~\ 
, , , 

, ' , 

'\,\ 
, , 

\' p 
,\\ 

\ ' \ 
\\ , , 

\ 

,0 
?\ 

\ , 
... '\ ... '\ ... ... \\ ... 

\, ... 
..... , , 

~ 

M3 R 

.357 1,160,000 

.516 1,660,000 

.210 680,000 
295 960,000 

o -Upper surface 
o - Lower surface 

, , 

, , 

~~S~/ 
.2 ~ ________ L_ ________ J_ ________ _L ________ _L _______ ~ 

o 20 40 60 80 100 
Percent chord 

(b) Mean section. 

Figure 9.- Cont inued. 

--I 

27 



28 

1.8 ".,;--------,--------r-----,-------,--------. 

1.4 

1.2 

.0 

.8 

, , 

'" ' 0... , 

a 
--- 12.3" 
-- -- 12.S· 
- --22.0· 

- - - -- 21.5" 

, , 

\\ 

'0 
\ 

\ 

, 
\ 

\ 
\ 

\ 

Percent chord 

Q 
, 

\ , 

8 
IS.O· 
17.5· 

32.6· 
31.9· 

\ 
\ 

, , , 
\ 

\ 

(c) Inboard section . 

M3 R 
.3S0 1,210,000 
.543 1,720,000 
.206 670,000 
.293 950,000 

° -Upper surface 
o - Lower surface 

\ 

0, 
\ 

\ , 

Figure 9.- Concluded. 

NACA TN 3806 



NACA TN 3806 29 

1.6 .----

1.4 
....... 

"-
"-

"-
"-

"-
"-

"-, ...... 

I " "-1.2 
\ 

\ 

\ 

\ 
1.0 \ 

H \ - P \ 1-
\ 

q3 \ 
\ 

.8 '\ 

"-

'" --. 

.6 

"- I 
• 4 ....... 

e -(J Ct ~ --./ 

- - - - Cascade 1.0 12.2° 60° 16.9° 
~ Blower 1.05 12.20 600 11.10 

.2 
0 20 40 60 80 100 

Percent chord 

(a) 65- (10 . 96)10 (outboard section) . 

Figure 10.- Comparison of blower and cascade pressure distributions at 
de s ign angle of attack. 

------



30 NACA TN 3806 

1 .6 .----------~--------~--------_.--------_.--------_. 

/--- ........ 
........ 

v ......... 

'" 1.4 " " ": 

~ 
....... 

........ 
....... 

........ 

1.2 "'- \ 
\ 
\ , , 

1.0 
I' 

\ 
H - p 

1 
q3 

.8 

I --
/ '" J 

I 

.6 ......... ......... ....... 
......... 

......... ....... 
......... 

......... 

" "-
"'-

"-
.4 "-

cr Ct ~ e ........ ./ 
......... 

- - - - Cascade 1.183 14.10 60° 19.7° 
Blower 1.183 14.10 600 19.8° ~ 

.2 
0 20 40 60 80 lOC 

Percent chord 

(b) 65-(12)10 (mean section) . 

Figure 10.- Continued. 



NACA TN 3806 31 

1.6 ,---------,----------,----------,---------,---------, 

" ~ 
1.4 :-... 

"'-
"-

"'-
'-

"-
"'-

'-
......... 

'-
1.2 '\. 

\ 
\ 

\ 
\ 
\ 

1.0 \ 
i/ \ 

H - p I \ 
1 I \ ---

q3 \ 

\ 

.8 \ 
,.. "- \ 

'\ \ "-
-~ '\ 

,,~ '\ 

" '\ 

'" :'\ 
'\ 

.6 " 
~ 

~ 

"- ~ 

...... " "-
"-

"-

" "-

.4 " " (J a ~ e ..... / ..... ./ -- .... 
- Cascade 1.355 15.3° 600 21.3° 

Blower 1.355 15.3° 60° 21.5° ~ 

.2 
0 20 40 60 80 100 

Percent chord 

(c) 65-( 13 . 04)10 (inboard section) . 

Figure 10.- Concluded . 



32 NACA TN 3806 

24 

0- 800 RPM 
0- 900 RPM 

22 
b. - 1000 RPM 
Ll - 1140 RPM 0 

• <> bO Compressor ~ 
4JO 

20 51 <D .... ... I/) 

~ ~ ~ 

~ ---cd -bO 18 ----s:: 
Cascade ·rl s:: 

~ 0 ./ 
!Y) ./ 

16 Ll ./ 
/ 

./ 
./ 

./ 
/ 

./ 

<> ./ 
./ 

/ 

12 / 

/~ ~ 

10
4 6 8 10 12 14 16 18 

Angle of attack. a deg. 

(a) At the outboard section. 

Figure 11.- Turning angle against angle of att ack. 

--------- ---- - -



B NACA TN 3806 

26 

18 

16 

12 6 

o - 800 RPM 
<> - 900 RPM 
/:::,. - 1000 RPM 
L1 - 1140 RPM 

8 · 10 

o 

12 16 
Angle of attack, Ct deg. 

(b) At the mean section . 

Figure 11 .- Continued . 

33 

---
Cascade 

20 



NACA TN 3806 

32 ~ 
~ 

0 - 800 RPM 

30 (> - 900 RPM 
• b.. - 1000 RPM 

bD 
«> L1 - 1140 RPM "0 

0 
<I> 

28 
0 .. Ll «> 

r-l 
bD 
§ Compre ssor 
bD 
c 26 -ri c 
s... 
~ 

24 

~ 

22 -- Cascade 

20 

18 

20 22 24 

Angle of attack, a deg. 

(c) At the inboard section . 

Figure 11 . - Concluded . 



NACA TN 3806 35 

CD 

'"' Q) 
rl 
bO 

~ 
bO 

.~ 
~ 
H 
;:j 

E-< 

22° 
0- 800 RPM 

0 900 RPM 
6 1000 RPM 

Ll 11uO RPM 

20° 

Sc 
. ,..j --I/) 

~-8 
18° 

/"" 
/' Cascade 

./" 
/' 

160 

/ 
/ 

14 0 
/ 

W Ll 
~/ 

12° // ~ 

104~0------~6~0------~8-0------1~0-0------~------~~----~----~180 

Angle of attack, ~ 

(a) At the outboard section . 

Figure 12.- Turning angle against angle of attack, corrected to a mean 
axial velocity . 



NACA TN 3806 

26° 

0- 800 RPM 

24° 0 - 900 RPM 
6- 1000 RPM 
Ll- n40 RPM 

Compressor 
~ 22° .. 
Q) 

'bh 
~ -tlO - Cascade 

.~ 20° 
~ 
M 

~ 

180 
~ 

~ 
~ 

160 
/ 

/ 
/ 

14° / 

~ 

12° 
6° 8° 10° 12° 14° 18° 20° 

Angle of attack, Ct 

(b) At the mean section. 

Figure 12.- Continued. 



NACA TN 3806 

<D 

0- 800 RPM 
<> - 900 RPM 

D. - 1000 RPM 
LJ- 1140 RPM 

--Cascade 

Angle of attack, a 

(c) At the inboard section . 

Figure 12.- Concluded. 

37 



/' 
/' 

./ 

~ , , 
/ e 

/ ' 
/ / 

VJax 

Vax mean 

V4ax 
~ 

'Indicates the corrected 
dimension 

Figure 13.- A vector diagram demonstrating the method of correcting the 

air angles by using a mean axial velocity. 

VI 
Q) 

~ 
~ 
1-3 
2: 

VI 
Q) 
o 
0\ 



NACA TN 3806 

30 

20 

. 
bD 

~ 

H 

° +> 
° H 

QJ 
.c: 
+> 
'0 
C 0 .r' 
.c: 
QJ 

.D 

C 
° ·rl 
+> 
() 

QJ 
H 
·rl 
'0 

~ 
~ 

-)0 Inboard 

Radial position, inches 

0- a '" 11.3° 

0 - a = 12.8° 

0- a = 13.1 ° 
8- a = 15.0° 

L:1 _a = 17 . 0° 

tJ_a ; 19 .1° 

Outboard. 

39 

Figure 14.- Flow direction behind the rotor for various angles of attack 
at mean section. 
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(a) Flow behind the rotor i n rotating coordinates. 

Figure 16 .- Wake patterns . 
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(b ) Ve locity distribut i on behi nd the rotor in stationary coord i nates. 

Figure 16 . - Continued . 
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