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SUMMARY

Detailed blade-element-performance plots for a high-flow transonic
inlet rotor have shown low losses at speeds up to 1l percent above design.
Although the blade elements were set at angles of attack larger than the
low-speed cascade design angles, the minimum losses occurred at still
larger angles of attack. At 21 percent above design speed severe sepa-
ration was noted near the tip where relative Mach numbers are of the
order of 1.2. For all elements exclusive of the one nearest the tip
the range of meximum values of static-pressure-rise coefficient for which
minimum losses are low is quite narrow (from 0.45 to 0.48). The low-
speed cascade data are fairly effective in the estimation of design
turning sngles at relative inlet Mach numbers as high as 1.06 for the
main portion of the annulus which is free of flow separation and three-
dimensional flow effects. A comparison between design and measured flow
conditions indicates that better design control is desirable.

An examination of data for several other transonic rotors in the tip
region indicates that for solidities from 0.78 to 1.32 and relative inlet
Mach numbers near 1.0, the range of values of limiting static-pressure-
rise coefficient is from 0.37 to 0.43. At a solidity of 0.66 the limiting
value of static-pressure-rise coefficient at which losses increase rapidly
is 0.315. Therefore, it appears desirable to avoid solidities much less
than 0.75.

The shock-wave patterns in the tip region are shown by means of the
shadowgraph technique.
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INTRODUCTION

Detailed survey data have been obtained for the high-flow transonic
inlet rotor whose overall performance characteristics were reported in
reference 1. The purpose of the present paper is to present and analyze
the blade-element performance of this rotor. The analysis includes the
effects of Mach number, blade loading, and angle of attack on element
performance. Also included are blade-loading data for several other
transonic rotors.

SYMBOLS
Ag frontal area, sq ft
c blade chord, ft
Cpm specific heat for Freon-alr mixture at constant pressure

obtained by using an average of upstream and downstream
temperatures at each radial station

v AV,
D diffusion factor, 1 - —28 + —2oR
- Ve
We equivalent weight flow, w 57 lb/sec
g acceleration due to gravity
M Mach number
N rotor speed, rpm
P static pressure, lb/sq ft
Py =D
I static-pressure-rise coefficlent, el
(P - p)ig (P - p)ig
P total pressure, lb/sq ft
1 radius, ft

we/Ar specific weight flow, w ggi, 1b/sec/sq ft
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total temperature, °R

total temperature rise, T, - Ty, SR

rotational speed, ft/sec
velocity, ft/sec
weight flow, 1b/sec

angle of attack, angle between relative flow direction and
blade chord, deg

difference between selected angle of attack and low-speed
design angle of attack, Ay = O3, deg

flow angle (between flow direction and axial direction), deg

ratio of inlet total pressure to NACA standard sea-level total
pressure of 2116.22 1b/sq ft

ratio of specific heats

efficiency based on momentum

ratio of inlet total temperature to NACA standard sea~level
temperature of 518.688° R

flow turning angle, BIR ~ BzR’ deg

static density, slugs/cu £t

solidity
Fip 7 Eo

total pressure loss coefficient, 5 )
-pJ_R

Subscripts:

A

air
axlal
design

Freon




I

h hub

isen isentropic

min minimum

R relative to rotor blade
S selected

§) tangential

ity tip

1 upstream of rotor

2 downstream of rotor

ROTOR DESIGN CONDITIONS

The rotor design conditions in air are as follows:

Specific weight flow, we/Ar, 1b/sec/sq ft .
Mass-weighted total-pressure ratio, P2/Pl .

Tip speed, Uy, ft/sec . . .

Inlet axial Mach number, Mg; . - « « « « « « « « o &
Inlet hub-tip ratio, rhl/rtl

Outlet hub-tip ratio, rh2/rt2 5

Tip radius, Ty = Tgoo g

The velocity-diagram data are presented in figure Ihe
TEST PROCEDURE AND DATA REDUCTION

Test Procedure

NACA RM L56K23

SR D)

. . . 1.293
... 972

. . . 0.628
0.35

. 0.45
. 0.500

The tests presented in this paper were made in a Freon atmosphere
in the %,000-hp compressor test stand at four speeds of 0.81N3, 1.00Ng,

1.11Ny, and 1.21Nj and a range of throttle settings from maximum flow to

near surge. All speeds were corrected to standard temperature by multi-
plying by {5 where © is the ratio of inlet total temperature to NACA

standard sea-level temperature.
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Data Reduction

The rotor design procedure, instrumentation, and data reduction have
been reported in reference 1.

Surveys were made with a prism-type probe 1.5 inches upstream of the
rotor at several weight flows. These surveys indicated a small amount
of swirl (fig. 2), mostly at the tip, in the direction of rotation. Also,
a slight gradient in static pressure was measured. All data presented
herein have been recomputed from reference 1 datae by using measured inlet
swirl. As a result, blade-element efficiency v is computed from the

following equation:

fy = Cpm ATigen
UoVgo - U1Vg1

where

7-1

Py\7
ATjgen = 51 -11Ty

These efficiencies were mass welghted to obtain overall efficiencies.
RESULTS AND DISCUSSION

A motion-picture film supplement has been prepared in connection
with the results discussed in the appendix and is available on loan. A
request card form and a description of the film will be found at the
back of this paper.

Overall Performence

The overall mass-weighted performance data are presented for the
four speeds of 0.81N3, 1.00Nj, 1.11Ny, and 1.21Nj in figure 3. The dotted

curves represent the momentum efficiency Ty, neglecting the inlet swirl

as presented In reference 1. The efficiencies with inlet swirl included
are approximately 3 percent higher than those without. The peak effi-
ciency at O.81Na is approximately 0.93; at 1.00Ng, 0.96; at l.llNa, 0.91;

and at 1.21Ny, 0.87.
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Blade-Element Performance

Description of a blade element.- The upstream annulus just shead
of the rotor was divided radially into 10 equal areas. Each of these
10 equal areas was divided into two equal areas, thus locating what is
called an "equal-area center." The downstream annulus was treated in
a similar manner, with the 10 downstream equal-area centers being located.
Blade elements as used in this paper are those sections of the blade
which lie on a conical surface connecting an upstream equal-area center
with the corresponding downstream equal-area center. Figure 4 summarizes
the equal-area-center calculated values. The computations of almost all
blade-element characteristics were made for the 10 blade elements pre-
viously mentioned, but only five are used in the element plots of figure 5.
These five elements are designated a, b, c, d, and e in figure k.

Blade-element-performance parameters.- The flow turning angle 8o,
the total-pressure loss ®, and the momentum efficiency my are presented
as three standard parameters for indicating blade-element performance.

The effect of blade loading on the element performance is shown by
including the parameters diffusion factor D and static-pressure-rise

coefficient (EJQE—S——. The relative inlet Mach number MlR and the

axial velocity ratio Vgp/Vg1 are included as parameters of interest in
analyzing element losses. The total pressure ratio Pg/Pl is also

presented.

The blade-element plots show the variation of each of the afore-

Ap
(—P—?p—)l;, M]_R, Vaa/val, eo, snd

Pe/Pl with angle of attack o for five blade elements, a, b, c, 4,
and e (figs- 5(3)) 5(b): 5(C)) 5(d)) and 5(9)) respectively).

mentioned parameters ®, Ty, D,

Total-pressure loss.- At O.8lNa and 1.00Ny the minimum total-pressure

losses at all elements are in the low range of 0.06 or less. The minimum
losses at 1.11Ny are also low with the exception of the loss at the tip-

most element, e, which has a minimum loss of 0.14. The maximum relative
inlet Mach number associated with these low-loss coefficients is 1.04.

At 1.21Nj the increased loss region extends inward to element d. At this
speed the minimum loss at element d 1is 0.10 and at element e is 0.25 and
indicates a severe separation at the tip with accompanying Mach numbers
at the two elements ranging from 1.08 to 1.22. Shadowgraphs of the
shock-wave patterns in the tip region are discussed in the appendix.
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The tendency for the minimum loss in a transonic rotor to occur at
a higher angle of attack than in a low-speed rotor or in low-speed cascade
was anticipated in the design of this rotor and lower-cambered sections
at higher angles of attack were used. (See ref. 2.) These angles of
attack, chosen to fulfill the design vector diagrams, are called selected
angles of attack and are indicated by an arrow on each element plot in
figure 5. The difference between the selected angle of attack and the
low-speed cascade design angle of attack (ref. 3) is indicated on each
element plot by 2Aa'. The value of Aa' 1s based on the inlet flow
angle of the design velocity diagram whereas the value of Aa indicated
in figure 4 of reference 1 is based on the inlet flow angle corrected
to mean axial velocity. The Aa' varies from 1.3° at element a to 2.7°
at element e.

The angle of attack for minimum loss appears to be 3° to 4° larger
than the selected angle of attack at element a, the element nearest the
hub. This difference between the minimum-~loss angle of attack and the
selected angle of attack becomes less for the elements nearer the tip
and at element e is approximately 0° to 1°. There is also a tendency,
particularly noticeable at the more outboard elements, for the minimum-
loss angle of attack to increase slightly as the speed is increased from
l.OONd_ to l.2lNd.

The values given in the two preceding paragraphs indicate that the
minimum loss at element a occurs at an angle approximately 4.3° to 5.3°
larger than the low-speed cascade design angle of attack, and at element e,
the difference is approximately 2.7° to 3.7°. It would seem, therefore,
that the elements might well have been set at even larger angles of attack,
especially at the hub section.

The low=-loss angle-of-attack range at 1.00Ny is approximately 5° at
all elements. At 0.81Nj the range would have been greater than 5°, but

it was restricted on the low-angle-of-attack end by the test-facility flow
resistance. The range at 1.11N; is approximately 4° at all elements

except element e where separation has increased losses at all angles of
attack. The range at 1.21Nj is decreased to approximately 3°, and almost

all of the decrease occurs at the lower angles of attack.

Efficiencies.- The peak blade-element-momentum efficiencies are 0.90
or more at all speeds and all blade elements except near the blade tip
at 1.11Ny and 1.21Ng. The only peak element efficiency at 1.11Ng which

is less than 0.90 is at element e and is approximately 0.83. At the
highest speed, 1.21Nj, the peak Ty 1s less then 0.90 at elements d

and e where the values are 0.87 and 0.69, respectively.
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Turning angle 6.~ The turning angles were obtained from the surveys

made at approximately 1.5 inches upstream and downstream of the rotor in
constant-area annuli in conjunction with rotational speeds. (see fig. 6(v),
ref. 1.) It was assumed that the radial component of velocity was zero

for each blade element. For the slope of the hub of this rotor, the influ-
ence of neglecting radial velocity should be only a few tenths of a degree
in turning angle at the more inboard elements where the effect is greatest.
The design turning angles are the turning engles required to fulfill the
design vector diagrams and are indicated on the angle-of-attack—turning-
angle curve of each element by a cross (+) mark (fig. 5).

The turning angle at element e is 1.5° less than the design value
at O.81Nd and 1.00Ng. At the higher speeds of 1.11Ny and 1.21Ng the

turning angle decreased quite rapidly because of flow separation in the
tip region. Only the data for 1.21N3 showed a drop in turning angle at
the next more inboard element d. The turning-angle data for other speeds
at element d and all the speeds at elements b and c showed no apparent
effect of Mach number for inlet relative Mach numbers up to 1.06. Ele-
ments b, ¢, and d produced turning angles which were from 1.0° to 1.6°
larger than the design turning angle at the selected angle of attack.

At element a, the element nearest the hub, the curve of turning angle
against angle of attack has a steeper slope than the curves at the other
elements. This rapid decrease in turning angle at the lower angles of
attack can be attributed to increased separation due to incipient choking.
The decrease in relative inlet angle and increase in relative inlet Mach
number which accompany the decrease in angle of attack are both effects
which tend to worsen a choking-type condition. This increased separation
at the lower angles of attack is probably the cause of the underturning
of approximately 5° at the design point. There is no apparent explanation
for the lower turnings (of the order of 3°) measured at O0.81Nj.

_fo
(P = P)]_R
diffusion factor D for all blade elements excluding the tipmost ele-
ment e falls in a range between 0.26 and 0.58 which is below the limit
value prescribed for low loss in reference 4. (Ref. 4 indicates that in
order to achieve a low loss, 65-series and circular-arc blade sections
should be operated at values of D below 0.45 in the tip region and less
than 0.60 along the rest of the blade.)

Radial variation of and D.- For all test speeds the

At element e, (Fig. 5(e)) the values of D are somewhat higher than
at the more inboard elements and range from approximately 0.35 to 0.75.
At the two higher speeds, where the values of D exceed the limiting
value of 0.45, the losses are high and the efficiencies low. However,
at l.OONd values of D as high as 0.54 were measured with an element
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efficiency of 0.90 and a total-pressure-loss coefficient of 0.08. The
minimum loss value of D at this speed is 0.43 with a corresponding
efficiency of approximately 0.98.

The curves of static-pressure-rise coefficient against angle of
attack are very similar in shape between all elements and speeds with
values ranging from 0.20 to 0.50. The significance of the pressure-rise
coefficient is in more detail in a subsequent paragraph.

In order to examine more closely the effect of blade loading as

indicated by & <3 )

clent @y, data from figure 5 have been replotted. The values of

and D on minimum total-pressure-loss coeffi-

AR and D used in this plot are those associated with minimum
loss coefficient for each element at each speed. Figure 6(a) is a plot
of minimum total-pressure-loss coefficient pin against D. It can be
seen that at a D value of approximately 0.53 the loss increased very
repidly at elements c and d while the more inboard elements did not reach
the level of D where loss increased rapidly. At the outboard element e
the rapld increase in loss occurred at a higher level of D; that is,
something of the order of 0.58. At the blade tip, as separation occurs,
there is a tendency for D to increase because of the influence of
Va2/val which decreases markedly.

Figure 6(b) presents the variation of minimum total-pressure-loss
coefficient dy4, with static-pressure-rise coefficient. The more out-

board three elements all reached a maximum value of Zirég—j—— and then
—p]_R
showed a decrease with increasing inlet Mach number. This maximum value
of zErég_j—_ was 0.43 at element e and increased to about 0.46 at ele-
-p]_R

ment d. At elements b and c the maximum value was about 0.48, and at the
most inboard element a the maximum value was 0.45. To summarize, excluding
of _Ap____
(P o p)l_R
narrow (from 0.45 to 0.48). The corresponding inlet relative Mach numbers
were as high as 1.05. Since for most transonic rotors it is the tip
region which first exhibits flow separation, it appears that the deter-
mination of a tip-region loading limit is highly desirable. The flow in
the tip region is complicated by tip-clearance effects, by centrifuged
blade boundary layer piling up, and, for most transonic applications, by
the highest inlet relative Mach numbers. Therefore, it is not surprising

the tipmost element e, the range of maximum values was
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to note that the tip-region loss increased at a lower o e than
(P - p)lR
did the other elements. The loss coefficient increased quite rapidly
when A  Leached 0.43 and the inlet relative Mach number was
(P - P)]_R
approximately 1.01.

It is believed that working levels of fp can be established
(P = P)]_R
by comparing the limiting values for this rotor with that of other tran-
sonic rotors. A working level thus established would be applicable to
other rotors similar to those used to establish the value. Then any rotor
which either failed to reach this level or greatly exceeded it could be
studied in detail to determine the reasons for the performance obtained.

Comparison of tip ZETEE—S—— and D for several transonic rotors.-
-D
iR

Several other transonic rotors have been examined to determine their tip

. Lp . :
region limitin values. The results are presented in fig-
g g ZE-:—ESIE p g

ure 7(a) which is a plot of the minimum total-pressure-loss coefficients

. ; Ap
at several rotational speeds against z————————. The data from refer-
P - Py

ences 6 and T represent a blade element located 12.7 percent of the blade
height from the tip and from reference 5, a blade element located

16.5 percent of the blade height from the tip. The data given from the
subject rotor represent an element 10.8 percent of the blade height from
the tip. The relative inlet Mach numbers associated with the data for
the rotors from references 5, 6, and T are approximately 1.1 for the
highest ®pin ©of each rotor. The double-circular-arc blading tested at

the three solidities of 0.66, 0.88, and 1.04 (refs. 6 and T) showed a

systematic increase in the maximum value of (5—92—7—— with solidity,
—le

although the values for the solidities of 0.88 and 1.04 differed very
1little (from 0.37 to 0.40). No large increase in maximum value of

_ 8P  as noted for the data for o = 1.32 (ref. 5); however, only
(P = p)lR

two speeds were presented for this rotor, and test results for some lower

speeds might indicate a higher limiting value of zETEEL_Y_—' The results

for the rotor presented in the current report (0 = 0.78) indicated a

somewhat higher limiting value of (5-92—7-_ (0.43) than that of the
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double-circular-arc blade of comparable solidity. Hence, the results
presented in figure 7(a) indicate that near the tip for o wvalues from
0.78 to 1.32 and relative inlet Mach numbers near 1.0, the range of

limiting 2 yalues is from Q3T to 0.45.. 'The data for g of
(P‘P)]_R
0.66 did show high loss at a lower Z§~£2—7—— level of 0.315. Therefore,

it appears to be desirable to avoid solidities below 0.75 in the tip
region. Also, these results indicate that for Mach numbers near 1.1

values of (Eigg—y—— greater than 0.37 to 0.43 invariably produced flow
—le

separation for the rotors examined.

The values of D associated with the data of figure 7(a) are pre-
sented in figure 7(b). The band of data obtalned from a large number of
conventional rotors and stators in reference 4t is indicated on this plot
by dashed lines. Almost all the test points fall within this band; how-
ever, the curves show a rapid increase in minimum loss at widely different
velies: ofs D

The establishment of a limit parameter capable of properly accounting
for the flow phenomena in a compressor would require: (1) a detailed
analysis of extensive blade-element pressure-distribution data for wide
ranges of transonic cascade conditions, and (2) a method of estimating
the surface pressure distributions at transonic speeds. Since these data
are not available and accurate methods of estimating surface pressure
distributions for conditions at transonic speeds are not available, the
alternative in attempting to establish a design loading-limit rule is to
use gross-limit parameters which can be determined without knowledge of
the blade-element pressure distributions. The inadequacy of such param-
eters will be reflected by different limit levels as they fail to effec-
tively account for the flow taking place in the blading.

Presentation of Radial Variation of Several
Blade-Element Parameters

The radial variations in Mg, Mo, (gp2va2)F, Po/Py, Pp/P7,
and v for all test points presented in this paper are presented in

figures 8 to 13. Many of these data were previously discussed in the
blade-element section. The data are presented in more detailed form here
to facilitate the use of the results for additional analysis. FEach figure
represents one of the preceding parameters and has four plots which pre-
sent the four speeds, 0.81Nj, 1.00Nj, 1.11Nj, and 1.21Nj. In order to
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make the plots more readasble, the vertical scale is shifted upward one
grid unit for each successive throttle position. The complete scale 1s
for the lowest curve, which represents the open-throttle or high-flow
condition. Each succeeding curve represents a lower weight flow condition
with the top curve representing the near-surge condition. It might be
pointed out that the (gpzvag)F values plotted in figure 10 are measured

values for test conditions having upstream stagnation pressures of approx-
imately 20 inches of mercury.

Comparison Between Design and Measured Rotor Performance

In order to evaluate the degree of design control that existed for
this rotor, a comparison between design and measured rotor performance
was made. The original rotor design was computed for air (ref. 8, appen-
dix A); however, as stated previously, the test data were obtained in a
Freon atmosphere. Since the pressure ratios are different for the same
turning angle in Freon and in air (ref. 1), it was necessary to calculate
the Freon design values that correspond to the original air design values.
This calculation was done by assuming that Freon and air design inlet
Mach numbers, relative inlet air angles, turning angles and efficiencies

2
V
were the same and by satisfying simple radial equilibrium dp _ [0} —%—)

dr
and continuity. The design values shown as dashed lines in figures 14 (a)
to 14(h) were obtained from this computation. The test data presented
in these plots are for three weight flows at design speed : (1) the maxi-
mum weight flow of 54%.6 1lb/sec, which is very near design weight flow
of 55.0 1b/sec, (2) the peak efficiency weight flow of 51.8 1b/sec, and
(3) the near-surge weight flow of 47.9 lb/sec. The effects of nonconstant
inlet static pressure and inlet swirl on entering conditions may be
observed by comparing the inlet conditions determined from test results
at 54.6 1b/sec with the design values (figs. 14(a) and 14(b)). Mach num-
bers were only slightly lower than the design values. Relative inlet

angles agreed quite well with design from the hub to the mean but decreased

from the mean to the tip, where the measured angle was approximately 2.0
below the design value.

Turning angle 6,.- A comparison between measured and design turning

angles 0o is presented in figure 14 (c). In the middle portion of the
annulus, the agreement was good (within 0.9°). The turning angles near
the tip and hub were considerably below the design values. It should

be pointed out, however, that at design flow (55.0 lb/sec) efficiency
decreased quite rapidly in the tip region (fig. 14(d)); hence, the lower
turning asngles in the tip region were caused, in part, by flow separation
as well as the lower-than-design inlet angle indicated in figure 14 (p).
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Outlet flow angle, Bo.- The outlet flow angles Bo on stationary

coordinates are presented in figure lh(e). The measured angles at the
near-design flow of 54.6 Ib/sec are several degrees less than the design
values except near the tip. This result is a consequence of the weight
flow distribution gppoVgao which is presented in figure 14(f). The tip-

region flow separation has resulted in a greater level of gp2Va2 for

the more inboard portion of the rotor. The (gp2Va2)F values plotted

in figure 14(f) are corrected to standard conditions of pressure and
temperature. This inward shift of weight flow is also noticeable in the

plot of Vgp/Va1, figure W(g).

Total pressure ratio P2/Pl.- The variation in total pressure
ratio P,/P; 1is presented in figure 14(h). The lower-than-design turning

angles in the hub and tip regions in conjunction with the lower tip-region
efficiencies (fig. 14(d)) and the higher axial-velocity ratios at the hub
account for the lower-than-design total pressure ratio at the hub and tip
for the near-design welght flow of 54.6 1b/sec. At the two lower weight
flows, the pressure ratios do not decrease as rapidly near the tip as in
the high-flow case.

AR T and D.- A caomparison between design and measured values
(P—p)].R
of loading parameters D and (_:52—7__ is presented in figure 14(1).

The measured data represent only the near-design weight flow of 54.6 lb/sec.
The values of D are less than design all along the blade height, with

Ap
(P 5 p)]_R
agree fairly well with design; however, the slope of the test values is
different from design, with lower-than-design values in the hub region
and higher-than-design values in the tip region. This departure from the
design values is partially caused by the axial velocity ratios which are
higher than design at the hub and lower than design at the tip.

the maximum difference occurring near the hub. The values

Design control conclusions.- The prime purpose of presenting this
comparison 1s to point out to what extent it is possible to predict the
performance of a rotor designed for an exploratory study at rather extreme
conditions when using available design data. It appears that although
the low-speed cascade data were quite effective in estimating turning
angles over much of the blade, design control as far as Bo, an/Val’

P2/Pl, D, and (5—92—7—— prediction could be improved. While part of
-D

1R
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this lack of accurate control resulted from tip-region separation, it is
obvious that good design should endeavor to avoid separation. Since this
transonic rotor was designed for operation at considerably higher specific
weight flows than previous rotors, as well as a lower solidity level, it

is not surprising to find the design control to be somewhat deficient in
several respects. The comparison indicates the need for more exact methods
of estimating efficiencies, turning angles near the blade ends, and the
radial distribution of exit flow at these Mach numbers and total-pressure
ratios.

SUMMARY OF RESULTS

A detailed examination of blade-element performance at five radial
locations ranging from 8.3 percent of the blade height away fram the inner
casing to 10.8 percent away from the outer casing indicated the following:

1. At the design rotor speeds of 0.81, 1.00, and 1.11 minimum-loss
coefficients were low for all the blade elements with the exception of
the most outboard element at 1.11 design rotor speed. The maximum rela-
tive inlet Mach number associated with these low-loss coefficients was

1.0k4.

5. The minimum-loss esngle of attack occurred at an angle approxi-
mately 3° to 4O larger than the selected angle near the hub and approxi-
mately 0° to 1° larger than the selected angle near the tip. Since the
selected angles of attack were larger than the low-speed cascade design
angles of attack, it appeared that the minimum loss occurred approximately
4.3° to 5.3° above low-speed cascade design near the hub and 2.7° to 35.T°
above near the tip.

3. The low-loss angle-of-attack range was approximately 59 atiall
elements at design speed and approximately 4© at all elements except near
the tip at 11 percent above design speed.

4. At 21 percent above design speed severe separation occurred in the
tip region at all angles of attack tested with the Mach numbers ranging
from 1.08 to l.22.

5. For all elements exclusive of the tipmost element, the range of
maximum values of the static-pressure-rise coefficient for which minimum
losses were low was quite narrow and ranged from 0.45 to 0.48. The corre-
sponding inlet relative Mach numbers were as high as 1.03.

6. In the tip region minimum-loss coefficients increased quite rapidly
when the static-pressure-rise coefficient reached 0.43 and the relative
inlet Mach number was above approximately 1.01.
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T. The low-speed cascade data were fairly effective for the esti-
mation of design turning angles at relative inlet Mach numbers as high
as 1.06 for the main portion of the annulus which was free of flow sepa=-
ration and three-dimensional flow effects.

8. A comparison between design and measured flow conditions indicated
that better design control is desirable. In order to improve design con-
trol at these Mach numbers and pressure ratio levels, it will be necessary
to accurately estimate the radial variation in blade element efficiency,
flow distribution, and turning angles near the blade ends.

An examination of several other transonic rotors in the tip region
indicated the following:

1. For solidity values of from 0.78 to 1.32 and relative inlet Mach
numbers near 1.0, the range of limiting static-pressure-rise coefficient
values at which loss coefficient increased rapidly was from 0.37 to 0.43.

2. At a solidity of 0.66 the maximum value of the static-pressure-
rise coefficient at which losses increased rapidly was 0.315. Hence, it
appears desirable to avoid solidities much less than 0.75.

5. The limiting diffusion factor values showed a rather wide varia-
tion for the several rotors.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 8, 1956.
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APPENDIX
SHADOWGRAPHS OF ROTOR IN OPERATION

Shadowgraph photographs of the rotor used were taken through a
window in the outer casing in the plane of the rotor. The shadowgraphs
were taken at three speeds of 1.00Ng, 1.11Ny, and 1.21Ny throughout the

range of throttle settings. The test setup and procedure are described
in detail in reference 9. The shadowgraphs were taken both as random
still pictures and as motion-picture sequences.

Figure 15 is a typical shadowgraph photograph taken in this test
program. In order to clarify interpretation of this photograph, labels
have been attached to the significant parts. The distinct shadow of
the tip section of the blade is clearly seen on the rotor hub which was
painted white for this reason. Also, the shock wave at the leading edge
of the blade may be readily identified. The rotor blade itself appears
fuzzy and out of focus because the camera was focused on the hub. The
relative positions of the rotor blade and its shadow on the hub place
the light source on the upper right of the picture as well as out from
the page. The front and rear edges of the rotor hub are also easily
identified.

Six more typical shadowgraphs at maximum flow are presented for
three speeds of 1.00Ny (fig. 16(a)), 1.11Ny (fig. 16(b)), and 1.21Ny

(Elg. 16(c)). The two pictures in each of the three parts of this fig-
ure show the same shock system and differ in only the position of the
rotor blade. It becomes apparent from an examination of these photo-
graphs that because the area of the hub is small for this 0.35 hub-tip
ratio rotor, it is possible to capture only a portion of the shock sys-
tem existing at a given rotor running condition (i.e., speed and flow
rate) in a single photograph. Therefore, in order to obtain a complete
picture of the shock system it is necessary to take many photographs
with the blade "stopped" in different positions. Because these shadow-
graphs are presented as samples and show only a portion of the shock
waves, discussion of the shock systems is not given until the discussion
of figure 17. However, it should be pointed out that the dark lines
across the passage in the plane of rotation in both pictures of part (a)
for 1.00Ny are oil and are not to be confused with shock waves. It is

felt that a casing-boundary-layer separation may cause the o0il to form
this definite line in the plane of rotation.

A large number of shadowgraphs were taken, and in order to sum-
marize them, three composite sketches were made. (See fig. 17.) The
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blade sections and the geometry shown in these sketches represent the

tip blade element since almost all the shock waves seen in these shadow-
graphs are at this radial location. Parts (a), (b), and (c) of figure 17
show the speeds of 1.00Ng, 1.11Ny, and 1.21Nj, respectively. The posi-

tion of the shock wave at open throttle or maximum flow condition is
indicated by a solid line. At the near-stall condition, the shock wave
is marked by a dashed line. The line marking the end of all of the shock
waves upstream of the blades is the extent of the photograph and not
necessarily the end of the shock wave.

At 1.00Ny for the open throttle condition (fig. 17(a)) the shock

wave passes ahead of the leading edge of one blade and stands on the
suction surface of the next blade at approximately the 0.85 chord point.
The relative inlet Mach number at this condition at the blade tip is 1.06
and the section efficiency is 0.67. As the back pressure is increased
by throttling, the shock wave moves forward until, at the near-stall
condition it is standing on the suction surface of the blade at approxi-
mately the 0.45 chord position. The efficiency has increased to 0.79

and the relative inlet Mach number has decreased to 0.99. (The efficien-
cies and Mach numbers mentioned herein were measured at the outermost
blade element, element 1, of fig. k4.)

For the maximum flow condition at 1.11Nj (fig. 17(b)) the bow shock

wave becomes oblique and for all practical purposes attaches to the
leading edge of the blade. The shock extends across the passage and

ends on the separated flow slightly downstream of the trailing edge of
the blade. An oblique shock emanates from the point of separation (about
the 0.85-chord point) and intersects the normal shock. Also an area of
supersonic flow exists on the pressure surface of the blade at the leading
edge between the oblique shock and the normal shock. The tip section
efficiency has dropped to 0.45 and the inlet relative Mach number is 1.17.
At the near-stall condition the shock has moved out of the passage and
stands on the suction surface at the 0.55-chord location. The section
efficiency is 0.76 and the inlet relative Mach number is 1.12.

The general arrangement of the shock system at the open throttle
condition of the highest speed tested, 1.21N3 (fig. 17(c)) is similiar

to that of 1.11Ny4 (fig. 17(b)). A normal shock spans the passage and

stands on the blade-pressure surface on one side and opn the separated
flow slightly downstream of the trailing edge on the other side. The
angle of the oblique shock attached to the leading edge is decreased
due to the higher inlet relative Mach number of 1.27, and the region of
supersonic flow on the pressure surface is also larger. The section
efficiency for this condition is 0.35. When the back pressure is
increased by throttling, the shock moves forward out of the passage and
stands at the 0.76-chord point on the suction surface. The inlet rela-
tive Mach number at this condition is 1.21 and the section efficiency
is 0.65.
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Figure 1.- Velocity-diagram design data in air (ref. 1).
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Figure 1k4.- Comparison of design and measured flow parameters at design

speed.
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Figure 1k4.- Continued.
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Figure 1k.- Continued.
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Suction surface of root section

Shadow of tip trailing edge

Upstream edge of rotor hub K;»Downstream.edge of rotor hub

Shadow of tip leading edge \\———Tip section
Tip leading edge
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Figure 15.- Typical shadowgraph photograph.
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Figure 16.- Typical shadowgraphs taken at three speeds at maximum flow.
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Figure 17.- Sketches of shock waves at the rotor tip at three speeds as
determined by shadowgraphs. o = 0.75; B - a = 46.40,

NACA - Langley Field, Va.
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A motion-picture film supplement, carrying the same classification
as the report, is available on loan. Request will be filled in the order
received. You will be notified of the approximate date scheduled.

The film (16 mm., 12 min., B&W, silent) shows the test rig and camera

arrangement. Since the rotor blade moves approximately 0.3° between frames,

about 150 frames are required to cover a complete passage. Because the
condenser recharging time of the spark source is about 1 second, a lapse

of approximately 100 to 140 revolutions exists between each pair of frames.

Although the shock waves appear to be moving in these sequences, they are
actually fixed relative to the blade. The first group of film sequences
presents the open-throttle condition at three rotor speeds, as follows:

Percent design|Inlet relative|Specific weight flow,
= moce speed Mach number 1b/sec/sq Tt
3 100 1.06 37.4
2 110 1Lk 39.0
3 120 2 40.0

The second group of four sequences shows the effect of varying weight flow
from open throttle to near surge at design speed, as follows:

Specific weight flow, Tip angle of attack,
Sequence lb/sec/sq ft deg
Il 374 Tlodl
2 36.5 8.
p) 34.6 10.5
L 3%.0 12.6

NOTE: It will expedite the handling of requests for this classified film
ki application for the loan is made by the individual to whom this copy

of the report was issued. 1In line with established policy, classified
material is sent only to previously designated individuals. Your coopera-
tion in this regard will be appreciated.

Please send, on loan, copy of film supplement to RM L56K23

Name of organization

Street number

City and State
| Attention:* Mr.

I Title

| *¥To whom copy No. of the RM was issued




