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RESEARCH MEMORANDUM

EXPERTMENTAL INVESTIGATTON OF A TRANSONIC COMPRESSOR ROTOR WITH A
1.5-INCH CHORD LENGTH AND AN ASPECT RATIO QF 3.0
IT - BLADE-ELEMENT PERFORMANCE

By Francis C. Schwenk and Edward R. Tysl

SUMMARY

A transonic compressor rotor wlth double-circular-arc blade sections
was deslgned and tested to investigate the aerodynamic effects of using
a short blade chord and a high aspect ratio. This report presents the
blade-element performance end performance anslysis. The design total-
pressure ratio of thils rotor was 1.35 at a corrected specific welght flow
of 31.3 pounds per seécond per sqguare foot of frontal area with the rotor
operating at a corrected tip speed of 1000 feet per second.

A sharp increase 1n blade-element losses near the tip of the rotor
was noted as speed lncreased from 90 to 100 percent of corrected design
speed. This increase in loss was mainly attributed to blade loading snd
not to excessive shock losses.

There was good agreement for all speeds at the tip and mean sections
between measured deviation angles at minimm-loss incidence angle and
deviation angles determlned by Carter's rule.

A simplified-radiel-equilibrium calculation for design speed was
mede at the rotor outlet to determine if the method was applicsbie for
this design. Except for radil neer the hub, comparison of fthe calculated
and measured static pressures indicated good agreement at the lower welght
flows. At the high welght flow, sgreement near the hub was better than
that experlenced at the lower welght flows; bowever, there was a slight
deviation between the two values near the tip sectlon.

The use of a short chord lengbh and high aspect ratio in this type

of transonic compressor design caused no serlous problems in performance
for the Reynolds number and Mach number levels encountered in these tests.

\JNCLASSIFIED
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INTRODUCTION

A transonic compressor rotor with double-circular-src blade sectlons
has been designed and tested at the NACA ILewls laboratory to investigate
the aerodynamic effect of using short chord lengths for relative inlet
Mach numbers up to 1.15. Reference 1 describes the 1l.5-inch-chord rotor
used in this investigation. It also contains the design procedure, mass-
averaged over-all performance, radial variations of rotor-inlet and
-outlet conditions, and rotating-stall characteristics.

This report extends the results and analysis given in reference 1
and provides more detealls on the operation of this compressor rotor. This
information is provided by presenting the blade-element characteristics.
The blade-element results also add to the avallable deslgn data for the
use of double-circuler-arc airfolils in compressor rotors.

Measured radial varisations of rotor-outlet static pressure are com-
pared with the static pressure computed from the simplified-radial-
equilibrium equation. This concept is one of the bases for current com-
pressor deslgn procedures and under some circumstances may require altera-
tion for compressors having short chord lengths and high aspect ratios.

For an inlet-stage compressor rotor, the deslgn system may account
for the effects of wall boundary layers through the use of a correction

factor in the continulty equation. Data on this boundary-layer blockage
factor are also presented in thls report.

COMPRESSOR DESIGN, APPARATUS, AND TEST PROCEIURE
The 1.5-inch-chord transonic compressor rotor and test rig are de-
scrlbed in reference 1. However, 1t is desirable to restate some of the

general deslgn characteristics. These are:

(1) Design totel-pressure ratio of 1.35 exclusive of losses in wall
boundary-layer regions

(2) Design corrected specific weight flow of 31.3 pounds per second
per square foot of frontal area

(3) Design corrected tip speed of 1000 feet per second
(4) Inlet hub-tip radius ratio of 0.5

(5) Aspect ratio of 3.0 resulting from & 1.5-lnch chord length and
18-inch tip dlameter (rotor-tip solldity is 0.95)

(6) Design adisbatic efficlency of 0.93, computed by use in design
of an empirical redisl variation of blade-element losses
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The mass-averaged performance of this transonic compressor rotor is shown
in figure 1.

The geometry of the measured robor bladeyelements is given in table I.
Figure 2, which is a schematic diagram of the compressor test section,
shows the approximate locabtions of the measuring stations upstream and
downstream of the rotor. The instruments and their use are described in
reference 1.

The rotor (photograph in fig. 3) wes tested over a range of welght
flow at 60, 70, 80, 20, end 100 percent of design speed according to the
procedure outlired in reference 1.

ROTOR-BLADE-EIEMENT PERFORMANCE

Axigl ~-flow-compressor blades are usually formed. by radial stacking
of blade profiles or blade elements. These sections lie on assumed streesm
surfaces of revolution, which are formed by rotating assumed streamlines
about the axis of the rotor. To simplify design and analysis af this
rotor, the streamlines that lie in the rz-plane (created by the axis of
rotation and a radius perpendicular to it) were assumed to be straight
lines. They also were assumed to divide the annular passage height into
equal-percentage radial Increments at the inlet and outlet of this rotor
blade.

Blade-element performence of this rotor is presented in figure 4
Tfor five speeds at three blade-element sections. These sections are
located at 84, 50, and 10 percent of the passage height from the outer
wall and are celled hub, mean, and tip blaede elements, respectively.
The blade-element characteristics plotited ageinst incidence angle in fig-
ure 4 are: relative total-pressure-loss coefficient ; deviation angle
8°; rotor-inlet relative Mach mumber Ml; axial-velocity ratio s, oY 2,35

blade-element loading represented by the diffusion factor D (ref. 2);
work coefficient (nondimensionsl temperature-rise coefficient) AH/U_E;
and blade-element adisbatic efficliency Th,- The calculations and signif-

lcance of the various parsmeters in rotor-blade-element analysis are dis-
cussed in references 3 and 4. (All symbols used in this report are de-
fined in the appendix.) Reconstruction of veloclty dlasgrams is possible
by means of these parameters. The velocity-diagram notation for a blade
element is shown in figure 5.

Relative Total-Pressure-lLoss Coefflclent

The variastions of the relative total-pressure-loss cocefficient with
incidence angle for five speeds and three blade elements are shown in
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figure 4. The loss trends are generslly similar to previously reported
rotor-blade-element date (refs. 3 and 5 to 7) and two-dimensional cascade
test results on double-circular-arc airfoils (ref. 8). The variation of
the loss coefficlent at the hub and mean blade-element sections will be
discussed first.

Hub and mean blade elements. - At the hub (fig. 4(a)) in the
inclidence-angle range investigated, the loss-coefficient level is about
the same for all speeds at which this compressor rotor was tested. At
the mean section (fig. 4(b)) for incldence angles greater then 6°, there
are also only small differences in loss-coefficlent level among the vari-
ous speeds tested. Below incldence angles of 6°, the loss-coefficient
level and varlation with incldence angle differ with speed or Mach number
level. Thus, for the mean section (fig. 4(b)), the low-loss incidence-
angle range decreases with Increasing Mech number; and the value of the
minimum-loss Incldence angle becomes greater at the higher speeds. Simi-
lar trends have been observed in other rotor tests (refs. 3 and 7). At
the hub, the 1ncrease 1n loss coefficlent with a decrease in incldence
angle was not observed, possibly because the sections were not tested
over a wlde enough Incidence-angle range.

To compare the hub- and mean-section loss levels wlth past results,
loss coefficients in the region of minimum loss teken from faired values
of figure 4 are shown in figures 6(a) and (b) plotted against correspond-
ing faired values of diffusion factor D, & blade-element loading parem-
eter (ref. 2). The diffusion factors are well below the limiting value
of 0.6 for cascades. The measured hub- and mean-sectlion losses are low
and, also, are about equal to low-speed two-dimensional cascade losses
(ref. 2). Therefore, it appears that the use of short chord lengths
did not cause flow separation and high losses in the hub and mean blade
regions 1n the range of Mach number, Reynolds number, and turbulence
level experienced in these tests.

Cascade test results (refs. 9 'and 10) show that the losses increase
with decressing Reynolds number in the critical Reynolds number reange.
For cascades, the critical Reynolds number value (based on chord length)

lies somewhere between l.0><CLO5 and 3.ox105. The valie of critical Rey-

nolds number varies wilth blade velocity distribution, free-stream tur-
bulence level, and condltion of the blade surface. The lowest blade-
chord Reynolds numbers for the hub sectlon occurred at 60 percent of
design speed. The values of these Reynolds numbers ‘were approximately

2. 6X10° for an inlet total pressure of 20 inches of mercury absolute.
Hub-section Reynolds numbers at design speed were about 3.7x10 .

Tip blade element. - Figure 4(c) shows the variation of relative
total-pressure-loss coefflcient with incldence angle for the tlp section,
which is located ebout 10 percent of the passage helght away from the
outer wall.

3693
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The logs variatione of the tip section of this short-chord rotor
follow previously reported data for similar rotor blade sections of longer
chord length. At speeds below design (Mach numbers below 1.0), there is
little variation in loss level among the various speeds tested. However,
at design speed (Mach mumber of 1.0 or sbove), the losses are higher than
those at the lower speeds. Figure 4(c) also shows an increase in the
blade-element loading (diffusion factor D) with an increase in speed.
Since the deviation-angle levels (fig. 4(c)) vary only slightly with
speed, the changes in diffusion-factor level are caused by the decrease
in the axial-veloclty ratio with increasing speed (fig. 4(c)).

Both Mach number level and loading can affect the tip-sectlion losses.
In previous investigations of transonic compressors (ref. 3 and 5 to 7),
values of loss coeffilclent near minimm loss at each speed were plotted
against diffusion factor in an attempt to separate effects of Mach number
and loading levels. Flgure 6(c) shows such a plot for the tip section of
this short-chord rotor along with dashed lines which indicate the reange
of tip-section data given ln reference 2.

The measured losses of thls rotor correlste well with previous re-
sults. Figure 6(c) indicates that:

(1) Mach number effects (shock losses) on losses were not great
enough to cause losses oubtside the range of values obteined from a num-
ber of compressors having conventionsl (subsonic) tip performance.

(2) Increased blade loading probebly accounts for the higher losses
at design speed.

Figure 4(c) shows that there is generally an increase in diffusion-
factor level with increasing speed; however, the marked chasnge in loss
level occurs only for the change in speed from 20 to 100 percent of cor-
rected design speed. No increase in losses with diffusion factor was
observed at speeds up to 90 percent of design, because the low-speed dif-
fusion factors were less than 0.4. Reference 2 shows that tip-section
losses Ilncrease with diffusion factor only when the diffusion factors
are greater than 0.35 or 0.40.

The preceding attempt to separate Mach number and loading effects
must be qualified hecause of the wlde spread in the correlatlion data of
tip-section loss and diffusion factor given in reference 2 (shown by the
dashed lines on fig. 6{(c)). The wide spread in the data may indicate
that diffusion factor 1s not the only influence on tip losses, and such
effects as tip clearance, casing boundery layer, secondary flow, inlet
guide vanes, and so forth, may be the cause of scatter. Until these addi-
tlonal effects can be estimated, it will be difficult to separate and .
evaluate Mach number and loaeding effects with any certainty.
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Slnce the measured losses agreed wlith previous results, 1t seems that
the use of a short chord length in this type of transonic compressor de-
sign caused no serious loss problems for the Mach number, Reynolds number,
and turbulence levels experienced in these tests. Tip-section Reynolds
nunbers at design speed were about 5.1x10° based on blade chord length.

Reference 1 reports that meximum efficlency at design apeed was
ettalned at less than the design corrected specific welght flow of 31.3
pounds per second per square foot of frontal area. At design weight flow,
the rotor actually opersates in e choked condition as shown In the over-all
performance map (fig. 1). The variation of loss coefficlent with inci-
dence angle (fig. 4) further illustrates this condition. Operation at
deslgn welght flow corresponds to operation at the lowest incldence angles
shown on these curves. For the mean and tip sections (figs. 4(b) and
(c)), there is evidence of choking as mentioned previously in this report.
At this operating point, losses and deviation angles are high, and there-
fore deslgn work input and pressure ratlo were not obtalined at deslgn
welght flow.

Deviation Angle

If design pressure ratio 1s to be obtained for a particuler blade
row, close deelgn control 1s necessary over the flow direction at the
outlet of the blade row. Deviation angle was used as a parameter for
outlet flow direction. The deviation angle 8° 4is defined as the angle
between the outlet-relmtlve-alr-velocltiy vector and the tangent to the
blade mean camber line at the trailing edge (fig. 5). In compressor de-
slgn, 1t 1s also desirable to be eble to predict the deviation angle over
the range of lncldence angle encountered by the rotor.

The variation of measured devietion angle with inclidence angle is
glven in figure 4 for the tip, mean, and hub sections. Above choking in-
cldence angle (lowest value of incidence angle for each speed), deviation
angle is independent of speed within a scatter of approximastely 1° for
the tip and mean blade sections. The deviation-angle trend at the mean
and tip sectlons for incldence angles approeching choking velues is simi-
lar to the loss-coefflcient trend with incidence angle in that the meas-
ured deviatlon angles lncreased wilth decreasing incldence angles. How-
ever, at the hub, the deviation angle contimxed decreasing with decreas-
ing incldence angle for all speeds.

The measured deviation angles st minimum-loss incidence angles are
compared with values obtained from Carter's rule (ref. 11) in figure 7.
The deviation angles are plotted against percent design speed merely to
catalog the data. Values of the deviation angles (fig. 7) are taken from
the faired curves of figure 4 at the minimum-loss incldence angles.

The devlation angles at minimmm loss for the tip sectlon agree very
well with the values obtailned from Carter's rule. The agreement for the

3693
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mean section 1s not quite so good, since the measured values are a little
higher. At both +ip and mean blade sections (figs. 7(b) and (c)}), there
is only a smrll variation of deviation sngle wlth speed over the range

of speed investigated. This result agrees with past experience (ref. 4),
which has indicated that Mach pumber level has little effect on the mag-
nitude of the deviation angle for low losses. At the hub sectlon, how-
ever, there 1s an apparent variation 1ln deviation engle with speed. Re-
examinastion of the plot of deviatlion angle against incidence angle in
figure 4(a) indicates a possible reason for this apperent varistion. At
8 fixed angle of incidence, devlation angle tends to increase slightly
with an increase in Mach number. In addition, there is an appreclable
variation 1in deviation angle with lncidence angle - samewhat greater than
expected for & high-solidity section (orl,l = 1.61) from cascade data. The
minimum-loss incidence angle for the hub section also varies a great deal
with speed (sbout 4°). The combination of the aforementioned items could
produce the large apparent change in devistion angle with speed st the
hub section.

RADTAL. EQUILIBRIUM

In current campressor design procedures, the simplified-radial-
equlilibrium equation is often used to compute the radial static-pressure
variation across the passege behind a rotor. The simplified-radial-
equllibrium equation

a@_ P

i (@)

was used to determine the gradient of statlc pressure across the passage
in the design of this rotor (ref. 1). The development of this equation
from the equatlions of motion requires the following assumptions:

(1) The viscous shear forces are mnegligible.

(2) The flow is axiaelly symmetric.

(3) The radial velocity components are zero.

(4) Radial acceleratlons due to streamline curvatures in the rz-
plens are zero.

In a short-chord, high-aspect-ratio compressor rotor of the type
discussed in this report, streamline curvatures could be important. The
simplified-radial-equilibrium equation then might not apply in predicting
the radizal varlations of flow conditions at the rotor outlet.

To check the validity of the simplified-radlal-equllibrium equation
as a design tool, measured static-pressure varliations with radius (rotor-
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outlet statlon) are compared with statlc pressures computed from the
simplified-radial-equilibrium equation in figure 8. Dats are glven for
three weight flows at design speed.

The static pressures were computed from an integration of equation
(1), following the procedure outlined in reference 3

r

p
P ~ Prep = = dr (2)
r
ref

The measured static pressure at the mean radius (ré = 7.00 1n.) was used
as the reference static pressure p,.r. The computations employed meas-

ured velues of rotor-outlet total pressure, total temperature, and abso-
lute flow angle.

Figure 8 shows that the measured asnd computed statlc pressures agree
very well over a portion of the passage for all three welght flows at de-
slgn speed. However, the simplified-radial-equilibrium values depart
from the measured values in the tip region for the high weight flow and
in the hub reglon for the two lower weight flows.

It cen be assumed that the preceding departures arise from the pres-
ence of 'streamline curvature, which is neglected in the caleulatlon of
statlc~-pressure veristion with the simplified-radial-equilibrium equa-
tion. Streamline curvetures in this compressor of constant tip diameter
are ceused by the combined effects of the hub contour and radial shifts
in the flow as 1t passes through the rotor. At the two lower flows at
design speed (fig. 8), radial shifts in the flow have litile effect and
the hub curveture causes the difference between measured and simplified-
radiel-equilibrium static pressures. For the high weight flow, a shift
in the flow toward the hub creates streamline curvatures opposite from
those 1induced by the hub contour; and a difference between the measured
and computed stabic pressure appears near the outer wall as shown on

figure 8.

WALT~-BOUNDARY-LAYER BLOCKAGE FACTCR

Wall-boundsxry-layer blockage factor K 1s defined as the ratlio of
actusl integrated welght flow to the ideal integrated weight flow (as-
suming no boundary layers). The rotor-inlet and -outlet blockage factors
for this rotor are glven in the followlng table:
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U'b/ ’\/g’ w’\/g-/ ﬁAf, K4= I KZ

Pt /sec 1b/(sec) (sq £t)

800 29.3 0.959 | 0.988
800 28.9 .9586 .998
800 23.1° .945 .989
1000 3L.3 .954 .887
1000 30.0 .955 .987
1000 27.8 937 -988

The deslgn values of 0.985 for K, and 0.96 for K, were assumed from

a previous lnvestigation (ref. 3) which used the same test rig
Installation.

SUMMARY OF RESULTS

A transonic axial-flow compressor rotor with double-circular-arc
alrfoll blade sections was designed and tested to investigate the amero-
dynemic effects of using short chords and high aspect ratios. The follow-
ing results were obtained from this experimental. investlgation of the
blade-element performance:

1. The use of a short chord length and high aspect ratio in this type
of transonic compressor design caused no seriocus loss problems for the
Reynolds number and turbulence levels experienced In these tests.

2. At the tip section, a sharp increase in relative total-pressure-
loss coefficlent resulted when speed Iincreased from 80 to 100 percent of
corrected design speed. This increase in loss appeared to be caused
mainly by blade loeding and not by excesslve shock losses.

3. Variation in relative total-pressure-loss coefficient with dif-
fusion factor in the low-loss incldence-angle range agreed with results
of previous lnvestigations.

4, The devigtion angles at the tip sectlon agreed closely with
values obtaeined by Carter's rule. At both tip and mean blade sectlons,
there was very little variation of devisbtlon angle with speed. et minimm
loss over the speed range investlgated.

5. At 8]l radiil except near the hub, there was good agreement be-
tween measured static pressures and static pressures computed from the
simplified-radial-equilibrium equation at design speed for the lower
welght flows. However, for the high weight flow at design speed, agree-
ment between the two values of static pressure near the hub improved with
&8 corresponding disagreement near the tip.

Lewis Flight Propulsion Laboratory
Netionel Advisory Committee for Aeronsutics
Cleveland, Ohio, June 10, 1955
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APPENDIX - SYMBOLS
A diagram illustrating the alr and blade angles and the velocities
is presented in figure 5 to more completely define some of the symbols
used.
The following symbols are used in this report:

Ae compressor frontel ares based on rotor-tip diameter, 1.767 sq £t

ey specific heat of air at constant pressure, Btu/(1b)(°R)

D diffusion factor (ref. 2)
acceleration due to gravity, 32.17 fﬁ/sec?

E total enthalpy, c gJT, sq ft/sec?

i incldence angle, angle between inlet-relative-air-veloclty vector
and. tangent to blade mean camber line at leading edge, deg

J Joule's constant, 778.26 ft-1b/Btu

K wall-boundexy-layer blockage factor

M Mach number

P total pressure, lb/sq ft

D static pressure, lb/sq ft

r radius measured from exis of rotation, in.
T total temperature, °R

U blade speed, ft/sec

v air veloclty, ft/Sec

W weight flow of air, 1b/sec

Z axis of rotation

B alr-flow angle measured from axis of rotation, deg

r° blade angle, direction of tangent to blade mean ceamber line at lead-~
ing or tralling edge, deg

3693
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s} ratio of lnlet toktel pressure to NACA standerd total pressure,
Pl/ 2117

8° deviation angle, angle between ocutlet-relative-air-velocity vector
and tangent to blade mean camber line st tralling edge, deg

1 adiabatic temperature-rise efficlency

e ratio of compressor-inlet total temperature to NACA standard tem-
perature, Tl/518.6

o ‘static density of alr, lb/cu ft

c so0lidity, ratlio of blade chord measured along streamline to average
blaede spacing

@ relative total-pressure-loss coefficient (ref. 3)

Subscripts: | | S

b blade element

h hub of rotor

ref reference value

t tip of rotor

Z axiel direction

e tangential directlon

L depression tank

2 upstream of rotor, location of inlet statlc-pressure reke

3 rotor inlet .

4 rotor outlet

Supersecript:

denotes conditlons relative to blade row
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TABLE I. - MEASURED ROTOR-BLADE-ETEMENT GECMETRY

Radius, Solidity, | Blade inlet | Blade outlet

in. log angle, angle,

'fo: YOJ

Inlet, | Outlet, dzg ai
T T, g
9.00 9.00 0.95 —— ———
8.54 8.60 1.00 50.6 44.6
8.27 8.36 1.03 49.8 42.8
7.90 8.04 1.07 48.6 40.0
7.49 7.68 1.13 47.1 36.5
6.71 7.00 1.25 44 .2 28.9
5.93 6.32 1.40 41.0 20.0
5.15 ° 5.64 1.61 37.7 9.4
4.58 5.00 1.89 ——— ——
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Figure 3. - l.5-Inch-chord itransonic compressor rotor.
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(a) Redius, 5.64 inches (near hub).

Figure 4. - Rotor-blade-element data for 1.5-inch-chord transonic compressor rotor at

various speeds.



NACA RM EG5F10

18

[N SR R

?,3__.

12

2
oﬂ‘
&

¢ [\

y
LT/

i
&A@Dw

o

d ‘a030%) UOTENIJTA

~ ]
) .

- o °
3
VY

‘AUITOTIJOO0D HIOR -

23p ‘00
‘9 13ue :omuu.;an

.2

-

—

9y «govegoryge

-

8STU-2aN18u0dNeY JUSHITE-IPRTT

e

18

‘or3iua A3700T8A-TETXY

YOuy IATABIII 43TUT-JojoU

a o g
£ gl ;
NERrTan a
%2 sgses L ld]
a8 -
m.. \ &t Am .
oo 26 & M ?
§ Nh o Y4 .
1 ™
: & 2, o @ T e . ¥
- m.u.“\‘.ub -on 4 *asqunu @ ‘30970 |

«1JJ905 weoT-aansasad

~1¥103 BATIRIAY

Rotor lncidence angle, i, deg

(b) Redius, 7.00 inches (mean).

Rotor-blade-element data for l.5-inch-chord transonic compressor

Flgure 4. - Continued.
rotor at varlous speeds.
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Rotor inecidence angle, i, deg
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(c) Redius, 8.60 inches (near tip)-

Rotor-blade-element date for l.5-inch-chord transonle compressor

Figare 4. - Concluded.
rotor at various speeds.
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Flgure 6. - Varilation of rotor-blade-element losses with dif-
fuslon factor in low-loss range of ineidence angle,
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Figure 7. - Deviation angles st minimum-loss
incidence angle for l.5-inch-chord transonic
compressor rotor and comparison with values
computed from Certer's rule.
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