(F~ .20

—
[ Lo

7038

NACA TN 2179

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

TECHNICAL NOTE 2179

TURNING-ANGLE DESIGN RULES FOR CONSTANT-THICKNESS
CIRCULAR-ARC INLET GUIDE VANES IN AXIAL ANNULAR FLOW
By Seymour Lieblein

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

Washington

September 1950 AFEDR~ A
ST g

TE’C\F_nnw—'r- -
&by,

SETS900 2

IR

TN ‘G843 AuvHEr HoZL

f

Go

S~
=
-“\
\Q
N
~N


http://www.abbottaerospace.com/technical-library

99¢T

TECH LIBRARY KAFB, NM

LT

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS L5135

TECHNICAL NOTE 2179

TURNING-ANGLE DESIGN RULES FOR CONSTANT-THICKNESS
CIRCULAR-ARC INLET GUIDE VANES IN AXIAIL ANNULAR FLOW
By Seymour Lieblein

SUMMARY

A suwrvey of date from investigations of axial-flow-compressor
inlet guide vanes wlth circular-arc, constant-thickness sections and
axial air inlet was conducted to establish a relation between vane °
camber and air turning engle for use in the design of this type of
vene. Two design rules were obtained for vanes set at zero angle of
incidence, solidities from 1.4 to 1.7, and inlet Mach numbers of
approximetely 0.3.

From the data as measured, a linear relation between air turning

e and vane-camber angle was deduced for turning engles from 10° to
41” for venes with greater amounts of turning at the tip than at the
hub and with aonulus area ratios across the vene of from 0.86 to 0.95.
The relation was then generalized to teke into account the varying
axlal velocity across the vanes by correcting the measured date to
constant axial veloclity on the basis of the inlet velocity and the
agsumption of constant circulation. A corrected turning-angle design
rule applicable over a wide range of axial-velocity ratios was thus
obtained for turning angles from 12° to 40°. A correction for vane
settings other than zero incidence was also deduced from the data for
camber angles from 25° to 40°. The twrning-sngle relations were com-
pared with existing design rules and date based on two-dimensional
cascade and potential flow available in the literature. Design con-
siderations and limitations involved in the use of circular-arc inlet
gulde vanes are discussed.

INTRODUCTION

In the many types of turbine power plant that involve flow
through annuler passages, the designs frequently require the use of
vanes to deflect or to turn the air circumferentially through some
prescribed angle. Turning vanes are principally used as the inlet
guide vanes (prerotation vanes) of current steady-flow compressors.
For compressor application in particular, inesmuch as the rotor design
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is based on the attalmment of the required variations in velocity
direction and magnitude at the outlet from the prerotation vanes,
the proper design of guide vanes is an important step in the devel-
opment of a successful wnit.

Methods of design of guide vanes for annular passages are based
primerily on conslderations of vane air-turning-angle characteristics.
The required variation of turning angle along the radiel height of
the vane is determined from the radial variations of the velocity com-
pounents desired at the outlet of the blade row. The desired velocity
distributions are usually calculated from the variation of tangential
Veloclity required by the type of velocity diagram used in compressor-
design theory. The proper vens-angle settings at various radial posi-
tions are then determined from the desired turning angles and the
available design turning-engle data. Design turning-angle deta are
usvally presented as variations of air turning angle with vane angle
of attack for various mean-line cembers.

In present design practice, the two principal sources of avall-
able guide-vane turning-angle data are: (1) potential-theory calcu-
lations in combination with empirical corrections, and (2) rectangu-
lar (two-dimensional) cascade investigations. Exsmples of potential-
theory calculations for circular-arc mean-line airfoll sections are
glven in reference 1. Tuwrning-angle data for circular-arc airfoil
sections for inlet-guide-vene application are deduced from two-
dimensional cascade investigations at high inlet-air angles in ref-
erence 2. Exbtensive cascade data for inlet guide vanes based on
NACA €65~ and 64- series mean-line airfoil sections are reported in

reference 3.

In many cases, because of the ease of construction and of the
relatively low losses associated with the flow across accelerating
vanes, use of sheet-metal guide vanes of constent thickness rather
than airfoll or variable-thickness sections has been found to be
acceptable. Constant~thickness guide vanes are particularly appli-
cable for designs in which the direction of the inlet velocity remains
constant over the operating range of the unit. The simplest type of
constant-thickness vene is ons of circular-arc curvature, and because
of the avallability of two-dimensional turning date for circular-arc
mean-line airfoil sections (references 1 and 2), the circular-arc
vane set abt zero incidence angle has been frequently used.

In actual compressor-design practice, however, conslderable dif~
Piculty has been experienced with anmuler comstant-thickness circular-
erc vanes in obtaining the desired magnitude of turning on the basis
of the two-dimensional design data for circular-arc airfoil sectlons.
It has been necessary in many ceses to investigate the gulde vanes
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independently and to reset or to redesign the blades until an accept-
able distribution had been obtained.

A survey of existing constant-thickness circular-arc gulde-vane
data obtained from various compressor inlet-guide-vane Investigations
completed at the NACA Lewls laboratory was therefore conducted in
order to establish a more accurate method of turning-angle prediction
and to reduce the cost and the time involved in the current trial-and-
exrror procedure. A turning-sngle design rule (for the conditions of
Mach number of approximately 0.3 and solidities from 1.4 to 1.7)
expressed as the variation of air turning angle with vane ceamber and
incidence angles was deduced from the date for use in the design of
gulde vanes with camber and annulus configurations similar to those
of the survey vanes. The relation was then generalized to take into
account the varying axial velocity across the vanes by correcting the.
moasured dete to constant inlet axial velocity. A corrected design
rule applicable ovéer a wide range of axlal-velocity ratios across a
blade section was thus obtained. The turning-angle relations derived
from the survey are compared with existing design rules and data based
on two-dimensional cascade and potential flow, which are available in
the literature. Design considerstions and limitations involved in the
use of constant-thickness inlet guide vanes are discussed.

SYMBOLS
The following symbols are used in this report:
A annulus area .

al Y b constants

c vane chord

D "' diameter

a ' axial distence from vene trailing edge to
, downstream measuring station

Kl’ KZ constants

M Mach number

radius of curvature of circular mean profile arc

r radius at vene element
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8 spacing between vanes

vene thickness

< o

veloclty

o angle of attack, angle between inlet air and chord line

ajir a.ngle-, angle betwa_en direction of air and compressor axis

w

¥ incldence angle, angle between inlet air and tangent to mean
profile arc at leading edge

8 air turning angle, B, - By (ﬁl is positive when in same
guadrant as B,) .

O solidity, c/s ,
¢ camber angle, sector angle of circular arc
Subscripts:

0 =zero angle of incldence setting
1 inlet to vane (1eadd.1;g edge)

2 outlet measuring station

2' vene trailing edge

a eaxial cmnt

h  inner wall of annulus (hub)

+ outer wall of annulus (tip)

v corrected to constant inlet axial velocity .

6 tangential component

VANE DESIGNS AND EQUIFPMENT

Guide-vane turning-angle data used in the survey were obtalned
from unreported investigations of conventional circuler-arc sheet-
metal inlet guide vanes designed for various axial-flow compressors
and investigated as separate components in induction~type annular
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cascades of constant outer diameter and with bellmouth inlet. A
typical cascade and vane configuration is i1llustrated in figures 1 and
2. All blades were of the constant-radius-of-arc~curvature type;
radial varlations in air turning angle were obtained by varying the
cember and therefore the chord length along the height of the vane.
Vane camber 1s defined as the ratio of meximum normsl deviation of the
meen line from the chord line to the chord length. For circuler-arc
meen lines, the camber is a direct function of the sector angle. Vane
edges were rounded along the leading edge and were either rounded or
tapered along the trailling edge. The vanes were set at zero incidence
angle in nearly all cases.

Detailed identification date for the various blade designs and
annuli included in the survey are presented in teble I. (Headings and
symbols in table I pertain to.figs. 1 and 2.) The vane trailing-edge
location, station 2% 1is taken as the radial plane containing the axial
projection of the trailing-edge point of the maximum chord length.
Measuring instrument stations were located between 0.25 and 0.84 inch
downstream of the blade trailing-edge location for all vanes. The
exiel distence from the inlet face of the bellmouth to the leading
edge of the vanes varied from approximately 10 to -20 inches for

designs A through G. For design H,.the axial distance from bellmouth .

face to vane leading. edge was 47 inches, but the axial distance from
the nose of inner drum to the vame leading edge was only 14 inches.
No inlet-boundaery-layer deta were taken.

The Investigations were conducted with ambient inlet air and
Reynolds number effects were presumed negligible in all cases. The
flow at inlet to the gulde vanes was substantially uniform and axial
(B =0) in all determinations and therefore the angle of the air
lea.v:lng the blede row was directly adopted as the air turning angle.
Outlet~alr angles were measured by claw-type instruments for designs
A to H end by cone-type instruments for design I and were circumfer-
entially averaged at each radial position. Accuracy of the measured
turning angle 1s estimated to be within *1/2° and the accuracy of
the vene setting is estimated as £1/4°. Data in the vene-end regions
(approximately 20 percent of vane at each end) were not included in
the survey in order to eliminate data conta.ining pronounced secondary-
end induced-flow effects.

RESULTS OF SURVEY

Design rule for convergent amnuli. - The turning-angle date
obtained from the survey of investigations of compressor-inlet gulde
vanes with convergent emmuli (blades A to G, table I) are shown in
figure 3 a8 a plot of measured alr turning angle at a given radial
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position at the meé.suring station against vane angle of dttack at thatb
seme radius. The angle of abtack of the blade setting for a clrcular-
arc blade is calculated from the relation

a=9/2+y (1)

where the positive Incidence angle :I.s‘ taken in the ‘direction of
increasing angle of attack. At zero Inclidence angles, the angle of
attack becomss @y = cp/2. For blede sections set at a constant

incidence angle, the data therefore represent the varlation of air
turning angle with blade camber.

Actually, in the presence of annulus taper, the streamlines
appearing at the measuring station do not flow along the camber line
corresponding to a constant radius across the vane. It was felt,
however, that a correlation between turning angle and the camber ,
along a cylindrical surface at that same outlet radius rather than
some effective camber would be more convenlent for design use.

For the setting of zero incidence angle, the turning-angle plot
(fig. 3) suggests & linear variation of turning angle with angle of
attack. Thus,, the turning angle -can be expressed by

e—ala. +b (2)

2 )

where: 82 is one-half the slope of equation (2). For the solid line

drawn through the points at zero incidence in figure 3, egquation (3)
is evaluated as

8 =0.985 @ - 9.7 (4)

The blades in the range of solldlties investigated therefore. exhibit
the characteristics of a cascade of Infinite solidity set at zero
incldence for which d6/dyp = 1.0.

The rule of equation (4) is established as representing an inlet
Mach number of approximately 0.30 and the representative solidity
range for the rule is specified as 1.4 to.l.7 because approximately
70 percent of the date was included in this range. The average
solidity was approximately 1.60. For amnulus-aree ratlos across the
vene of 0.86 to 0.95 and for vanes with camber angles increasing from

1Y
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hub to tip, the straight-line turning-angle design rule deduced from
figgre 3 (equation (4)) is expected to be accurate to approximately

il% along moet of the vane height in the range of turning angle from
about 10° to 41°.

The turning-angle rule of equation (4) actually represents the
locus of points corresponding to zero incidence angle on the curves
of turning angle against angle of attack at constant camber. A
representative variation of such a curve for venes in cascade (refer-
ence 4) is shown by the dashed lins in figure 3. For values of inci-
dence angle other than zero, the turning angle of an element of given
camber cen be obtained from the straight-line rule of equetion (4) if
the variation of 6 with o at that camber is known. For a cascade
of infinite solidity at constant cember, d6/dc = d6/dy = 1.0. For
finite solldity end viscous flow, however, the variation of 6 with
a abt constent cember is not generally linear and the slope of turning
angle against angle of asttack tends to decrease with increasing angle
of incidence until a value approaching zero is obtained in the stal-
ling region.

For the general case of variaeble incidence angle, an analytical
expression for the turning angle for a given camber can be repre-
sented by the form

0 =6, + (Kl'K27) y ~(5)

The data teken at angles of Incidence other than 0° were insufficient
to establish an accurate variation of turning with incidence angle

end permitted the spproximate evaluation of only the constant Kl.

For nonzero incidence engles, the design rule obtained from consider- -
ing the data values at 7y = 6° eand approximately -9° in figure 3 is

6 =0.98 o - 9.7 + 0.88 ¥ (8)

Equation (6) necessarily implies a linear varlation of 6 with 7,

but if the range of incidence angles is restricted to about -10° to
)

5°, equation (6) should be accurate to approximately :1:1% for camber

angles from sbout 25° to 40°.

Exemple of straight-lins rule. - An example of the use of the
straight-line turning rule for convergent emnuli of equation (4) in
predicting the variation of turning angle along the radial height of
& typicael circular-arc sheet-metal guide vane with axial aixr inlet
is shown in figure 4. The blades used in this illustration correspond

I I e T
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to design A in table I. Correlation in the -central region of the
blade is good, but a slight decrease in turning angle is observed in
the end regions. These end-region discrepancies are attributed to
the effects of radial flows due to hub taper and to induced flows due

to circulation gradients.

Near the imner wall of the ennulus, the departure of the stream-
lines from the cylindrical-surface camber line is greater than that
inherently contained in the design rule, which was obtained from deata
from approximately the central 60 percent of the blade helght. Inas-
much as nearly all venses of the survey had camber angles that
decreased with decreasing radius from tip to hub, the flow of a
streamline across the vane at a radial position lower than the radlal
position of the streamline at the msasuring station would result in a
smelier turning angle. A lower observed turning angle would therefore
be expected in the hub region. Near the outer wall the large value of
blade circulation in combination with the wall boundary layer tends
to decrease the turning angle (reference 5).

Design rule. for constent axial velocity. - The use of the straight-
line turning-angle rule of equation (4) will be valid only for vanes
with ennulus configurations and raedial distributions of velocity ,.
similar to those from which the data were obtained. .This limitation ‘
arises from the consideration that the turning angle measured down-
stream of & blade row is a function of the change in axial velocity
across the section es well as of the imparted circulation; the accu-
racy of the rule would thus depend on the similarity of the axial
velocity ratios. Therefore, in order to generalize the measured data
and o deduce design information applicable to & wider range of blade
designs and annulus configurations than permitted by the convergent- .
annulus rule, the measured turning-angle date were corrected to con-
stant axiel velocity across the blade element based on the inlet
velocity. The correction assumes that the circulation about a vane
element at fixed angle of attack and inlet veloclty remains constant
with variations in outlet velocity (constant tangential velocity). In
the actual flow, small changes in circulation probably do occur as
the- outlet velocity is varied because of the effects of radial flow,
compressibility, and changes in surface boundery leyer. If the
change in axial velocity across the vene is not large, these effects
can be considered negligible for the purposes of this report. The
velocity diagram for the constant axial-velocity correction is illus-
trated in figure 5. The inlet axial velocity was selected as the ref-
erence axial velocity for the turning-angle correction because it
results in a corrected turning angle corresponding to glven values
of circulation and inlet Mach nunber that is independent of the mag-

nitude of the outlet axial velocity.

11
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Values of corrected turning angle are plotted ageinst vane angle
of attack in figure 6. The corrected turning angles are several
degrees higher than the measured turning angles of figure 3 over most
of the angle-of-attack range and indicate & significant apparent
effect due to change in axial velocity. The scatter of the data at a
glven angle of attack is reduced in this corrected plot. The turning-
angle variation is no longer linear when corrected to constant inlét
axial velocity and exhlbits a tendency to decreese with increasing
angle of attack. Corrected angles for blade D could not be obtained
to establish further the trend at high angles of attack because of
Insufficient veloclity date.

The design rule for zero incidence angles deduced from figure 6
(solid line) for turning angles from 12° to 40° is parabolic in form
and can be represented by the equation

R 6 = -0.0348 a2 + 2.985 @ - 13.87 (7)

or, in terms of camber angle by

6 = -0.0087 @% + 1.492 ©- 13.87 (8)

The accuracy of the corrected-turning-engle curve is expected to be
about +1° over most of the blade height if the axial-velocity changes
across the vane are within about a 25-percent increase to a 10-percent
decrease. For nonzero angles of incidence, the slope-correction value
0.88, obtained from the measured data, can also be used for the cor-
rected turning angle for the same ranges of incidence and camber angle.
Thus, in general

6 = -0.0087 ¥% + 1.492 @ - 13.87 + 0.88 7 (9)

Comparison of design rules. - A comparison between the turning-
engle rules deduced from the data of figures 3 and 6 and the variation
of turning angle with vane camber angle calculated from turning data
and design rules for the conditions of zero incidence, epproximate
solidity of 1.6, and substantially incompressible flow for circular-
arc turning venes available in the literature is shown in figure 7.
Curve A was obtained from reference 2, which presented outlet-angle-
deviation data deduced for inlet-guide-vane application from low-speed
two-dimensional cascade investigations of airfoil sections with®
nonzero inlet-air angles. Curve B is the Eckert-Weinig angle-
exaggeration method of reference 1 with design blade settings cor-
rected to zero incidence. The zero-incidence-angle correction was cal-
culated on the basis of d6/dy = 0.88.
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A substantial discrepancy between the two-dlmensionsl turning
engle data and the deduced curves of the present survey is shown in
figure 7. The discrepancies tend to substantlate the generally
observed occurrence of underturning in the case of inlet vanes
designed according to previously available methods (curve A princi-
pally), perticularly in the low turning-angle range. The effect on
turning engle due to changes in the axial-velocity ratio across the
blades in convergent amnuli is clearly shown by a comparison of
curves C and D. .

Although comparison of the curves over the full turning-angle
range 1s not preclsely valld because of a lack of uniformity of
solidity along the entire length of curves C and D, the trend of
‘corrected curve C agrees very well with the trend of the two-
dimensional experimentally determined variation of curve A over the
upper part of the turning-sngle range where the solidities are com-
parable. The relatively greater discrepancy et the lower end of the
curves 1s attributed to the fact that the survey-data points In the
lower pert of the curve were generally obtained from blade elements
that contained lower solidities than the elements contributing the
points in the high turning-angle part of the data. In addition,
the vens sectlions of the low turning-angle part were in regions of
radial-flow displacement caused by hub taper, which, for the type of
vanes investigated , tended to reduce the measured turning angle of
the section. For regions near the hub therefore the rules tend to
contain values that are smaller at & given outlet radius than would
be obtained from constant radius flow across the vans. The principal
factors contributing to the discrepancy between the corrected ammular
curve C and the two-dimensional curves are considered to be the 4if-
ference in the type of cascade, the differences in chordwise thickness
distribution and trailing-edge thickness, and the setting of the blade
corresponding to zero incidence for curve A at nonzero inlet-alr
angles (up to 15°). At an inlet-air angle slightly greater than 0°,
the axial-velocity ratio across the vanes is smaller than for zero
inlet angle for the same circulation and annulus-area ratio and thus

tends to produce a larger burning angle.

Use of design rules. -~ For general use within the limitations of
the survey and the assumption of the axial-velocity correction, the
corrected turning-angle rule of eguation (8) (fig. 6) is-recommended
for best accuracy in the design of circular-arc inlet guide vanes.

The design of gulide vanes based on the use of vene turning-angle char-
acteristics involves the calculation of the required varlation of
turning angle along the radial height of the vane at an outlet station
a short distence downstream of the vane trailing edge (0.25 to

0.75 in.). In the absence of very large radial-flow components, the
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required radiel varietion of turning gngle 1s generally calculated
from the variastions of axial and tangentlial veloclty desired at the
gulde-vane outlet (fig. 5). The varlation of one velocity component
is uwsually prescribed by the design application and the other com-
ponent can then be accurately calculated by the use of the condition
of simple radial pressure equilibrium (balance between static-pressure
gradient and centrifugal force). IFf the outlet velocities are known,
the corrected turning angle Gv can be determined for the design

inlet velocity on the begis of the assumption of constant tengential
component, as shown in figure 5. ~The required vane camber angle at
each radial position is then obtalned from the corrected turning

angle calculated at that radius and the turning curve of figure 6 or
fram equation (8). If the vane design requires greater amounts of
turning at the tlp than at the hub and ean anmulus-area ratio across
the vene of from 0.86 to 0.95, the deslign camber angles can be deter-
mined directly from the design turning angles calculated from' the out-
let velocity components and the linear rule of equation (4) (fig. 3).

In the use of the corrected turning-angle rule for predicting the
turning angles of a vane of given camber distribution, a solution
cennot be directly obtailned because the outlet axial velocities are
st first unknown. The outlet axial velocltles, however, can be cal-
culated from the variation in tangential velocity corresponding to the
corrected turning angles obtained from the turning rule and the design
inlet velocity. Methods of- calculating the axlial velocity distribution
are glven in references 6 and 7. From the outlet axial veloclties,
the actual outlet angles can be easily determined. If the ennulus
ratio and the blade design are suitable, the limsar rule for conver-
gont annuli may be used directly to estimate the turning angle.

In using the corrected design rule for the selection of vane
cember for small amounts of turning (< 15°) for sections in constant-
area annuli or across which very little radial displacement of the
flow occurs, it should be kept in mind that the design rule at low
turning engles was obtained from blade sections near the hub of con-
vergent amnuli and therefore tends to contaein values that are some-
vhat smaller than would be obtained from constant-radius flow across
the vene.

DESIGN CONSIDERATIONS

Tmportant considerations in the design of circular-arc constant-
thickness inlet guide vanes are those of angle of incidence, solidity,
and limits of blade operation. Because of the constant and
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comparatively small blade thickness in the inlet region of constant-
thickness vanes, large variations in velocity occur on the surface of
the vanes if the blade setting 1s appreclebly removed from its optimum
position. The range of angle of attack for best performance at a
given turning angle (that is, minimm energy loss end maeximum critical
inlet Mach number) is therefore small, and it is desirable to set
constant-thickness vanes toc receive the inlet air at the best angle

of incidence at all radii. For circular-arc blade sections, the best
setting for both minimum drag-lift ratio and maximm criticel inlet
Mach number for solidities from 1 to 1.7 is obtained when the inci--
dence angle of the inlet velocity is close to 0° within a range of
values from about -3° to 3° (references 2 and 8). Although the cas-
cade investigations mentioned herein were conducted on circular-arc
blades with varying thickness along the chord (airfoil sections) in
decelerating flow, there is little reason to doubt that the occurrence
of peak performance at approximately zero incidence is also valid for
the presently considered case of constant-thickness sectlions in

accelerating flow.

The selection of vane solidity depends on the magnitude of the
design turning engle and of the inlet Mach number because both maxi-
mm turning angle and critical inlet Mach number increase with
increasing solidity. Large values of twrning angle require relatively
high solidities to avoid stalling. Although the exact limits of oper-
ation of circular-arc sheet-metal inlet guide vanes are unknown, data
have been obtained from investigations of circular-arc airfoil
sections (reference 2) that present an indication of the approximate
range of stalling camber angle for the zero-incidence-angle setting.
The variation of angle of incidence at which stall occurred with
blade camber angle at several solidities for blades set with tengent
to mean profile arc at the leading edge parallel to the axial direction
is shown in figure 8. The occurrence of stall at zero incidence angle
for these curves would then correspond to the stall condition for the
presently considered design setting of zero incidence at zero inlet-
air angle. The extrapolation of the stalling curves of figure 8 to
zero incidence suggests that the upper limit of cember angle for
stell-free operation at zero incidence be taken at about 60° for

solidities of approximately 1.5.

Relatively high solidities should also be prescribed in high
inlet Mach number designs in order to reduce the 1ift coefficlent and
therefore increase the critical Mach number value for that design.

No experimental or theoretical data on critical inlet Mach numbers

for circuler-erc constent-thickness inlet guids vanes are presently
availeble. The blade drag or loss in available energy associated
with flow through circular-arc sheet-metal vanes is not quantitatively

13RR
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known, although relatively high solidities, neer-limit operation with
respect to blade loading and inlet Mach number, and thick tralling
edges result in increased energy losses. Thin trailing edges should
be used whepever practicable. If vanes with constant redius of curva-
ture are used, the arc radius may be set to ellow the chord lengths
for the low-cambered sections to give sufficlently high design Reynolds
numbers in order to avold possible drag inoreases and turning-angle
deviations at low Reynolds mumbers. If a varying chord length is
undesirable because of the deviation of the blade edges from direc-
tions normal to the flow streamlines, circular-arc vanes of constant
chord length can be obtained by varying the radius of curvature from
base to tip. The corrected turning rule is expected to be valid for
vanes with variable arc curvature as well.

SUMMARY OF RESULTS

The following results have been obtained from e survey of inves-
tigations on compressor inlet guide vanes of circular-arc constant-
thickness sections for the conditions of inlet Mach number of approx-
imately 0.30, solidities from l.4 to 1.7, and axial air inlet:

1. From the data measured, for vanes with greater amounts of
turning at the tip than at the hub and with annulus-area ratios
across the vane of from 0.86 to 0.95, it was deduced that the vari-
ation of air turning angle with vane camber angle for this type of
vene at zero incidence angles can be given by the linear relation

6 =0.985 @ - 9.7

where €0 18 the air turning angle and @ 1is camber angle. Tﬁe

design rule was belleved to be a.ccure:be to :!:1% along most of the vane
span for turning angles from 10° to 41°.

2. From the turning-angle data corrected to constant axial veloc-
ity across the vane on the basis of Inlet velocity and the assumption
of constant circulation (tangential velocity), it was deduced that
the variation of corrected air turning angle with camber angle at
zero incidence can be given by the parabolic relastion

6 = ~0.0087 sz + 1.492 @ - 13.87
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The corrected turning-angle rule was believed to be accurate to about
+1° along most of the vane span for turning angles from 12° to 40°
and for approximately a 25-percent increase to a lO-percent decrease
in axial velocity across the vane.

3. For vanes set at angles of incidence other then 0° s the
turning angle for hoth va.ria.tions can be approximated for es of
incidence 7y from -10° to 5° by using a value of slope de/dy = 0.88
in the range of camber angles from about 25° to 40°

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Ohio, April 27, 1950.
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TABLE I — BIADE DESIGN AND ANNULUS DATA

N/ v

Blade | Outer |Inner |Inner |Inlet |Chord|Chord |Oamber |Camber |Thick-| Radius |Angle [Loca- Inner |¥um- |Range of [Annuiu
dssign| (tip) [diam= [diam~ [Mach |at at angle |angle [npaa, |of of tion | dlam= |bar no)ﬁdiby aAreA
dlam-|eter (eter |number|tip, |[hub, [at tiplat hug| & ara inol- |of star of of data |ratio
eten, [at at My L oh LA ?n |{in.) |ourva- dence, |mea~- | at data |[pointa across
Dy [blade {blade (in.) |(1n.) | (aed) | (aeg) |- ture, Y |sur- | measur~|points blad
(1in. ) {lend~ lexit, R {deg}|ing | ing Ag' /A
ing [Dn,2 {in.) ata=~ | ata~
edge, |(1n,) tion i tion,
Dn, 1 . a4 1 Dn,3
(tn.) (tn.)] (1n.)
A 14,0 | 7.27| B.24 [0.28 |2,00 1,23 |34,27 {81,00 (0,080 |35.39 0O |0.88 | 8.26 -] 1.62-1.70|0, 908
B 14,0 | 7.27]| 8,05 .28 |2.00 |1.23 |34.37 {81.Q0 - 060 |35.89 6 .52 | 8,85 4 1.62-1.70| .917
0 14.0 [10.58 [11.08| .41 |[1.73 |l.B8 [33.61 |24.71 | ,060 |3.00 0 +84 | 11.20 4 1.83~1.56| .861
D 14.0 | 8.18] &.80) .27 |4.39 +87 |81.40 |18.80 | .060 2,38 0 48| 6,90 5 2.11-1. 80| 947
B 14.0 | 6.16| 6.86| .27 |[2.74 |1.0B [71.40 |26.60 | ,060 |2.55 o .28 | 8,90 4 1,82-2,13] 942
F 14.0 | 6.16 ) 6,78 | .33 |2.01 | .70 [60.80O |[17,17 | .080 |2,356 0 +62 | 6,90 7 1.33~1.67| .949
a 30.0 (22,98 23,94 .30 [3.76 [2.79 }49.10 [36.00 | .120 |4.58 |Vari-| .25 | 23,96 3 l.63-1,68] .877
able
{ap—
PTOX,
H 14,0 [18,60 12.60| .35 |1.68 |1.68 [58.50 |%2.50 | .060 |5.00 o «26 | 18,60 1 1.46-1.54(1.000
18,0 [12.00|12.00 | .44 |2.00 |2.34 pR2.50 [26.37 | .060 |5.00 ¢ «30 | 12,00 3 1,02-1.26|1.000

- 91
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Filgure 1. — Schematic dlagram of typlcal annular inlet—guide—
vane cascade setup.

~n
a

Axis Eggg
FPigure 2. - Geometry of circular—arc constant-thickness inlet
gulde vanes.


http://www.abbottaerospace.com/technical-library

18 ) NACA TN 2179
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Blade design
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Flgure 3. — Turning-angle characteristics of circular—
arc constant-thiclkmess inlet guide vanes. Data mea-—
sured for vanes in convergent annuli, Incidence
angle equals Y. Dashed line represents typical var—
iation of turning angle with angle of attack at con- .
stant camber for blades in cascade. (Except where

otherwlse indicated, data are for y = 0°.)
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o line rule (convergent P
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12t =
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SNACA

Figure 4. - Radial variation of turning angle for typical
circular-arc, sheet-metal inlet guide vane for conven-

tional axial-flow compressor.

Angle of incidence, 0°;

annulus-area ratio, 0.91; inlet Mach number, 0,28;

average solldity, 1l.66. ' (Blade A, table I.)
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Va

Vo,2

Figure 5. ~ Veloclty diagram for flow across

inlet guide vanes with axial air inlet and
correction of turning angle to constant
axial velocity based on iInlet velocilty and
constant circulation (constant tangential
velocity). :
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Corrected alr turning angle, 9y, deg

45

Blade design /
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851y = —8,9% _ / = =
[
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Vane angle of attack, a, deg

Figure 6. — ‘Turning-angle characteristics of circular—
arc constant—thickness inlet gulde vanes. Measured
data corrected to constant inlet axial veloclty
across vane. Incidence angle equals Y.
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Air turning angle, 6, deg
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A (reference 2)
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/‘ //EC (equation (8)
d

1|

/' //7r\—D (equaltion I(4))

B (reference 1)
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60

Flgure 7. — Comparison of turning-—angle rules for circular-arc
vanes at zero incidence angle and inlet Mach number not

greater than 0,3,

Solidity of curves A and B, constant

at

1.6; solidlty of curves C and D variable, average approxi-

mately 1.6,
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Figure 8. — Variation of stalling incidence
angle with camber for circular-arc airfoll
sections set with tangent to mean profile
arc at leading edge parallel to axis. Data
deduced from reference 2.
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