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SUMMARY

A simplified extension of the Prandtl-Glauert compressibility cor-
rectlon for isoclated airfolls was obtained for alrfolls in cascade with
axiel air inlet (accelerating flow) by considering the total 1ift
coefficient of & cascade to be composed of the sum of two components.
One 1ift coefficlent ls assoclated with a velocity of constant magni-
tude across the cascade and the other component is asssociated with a
change in velocity across the cascade. From the hypothesis, an ana-
lytical variation of 1ift coefficient end air turnihg engle with inlet
Mach number at fixed angle of attack was obtained for two—d.imensional
flow.

The two-dimensionally derived turning angles were made applicable
for predicting the turning angles in amnular- flow by means of the con-
cept of correcting the calculated turning angles to constant axial
velocity across the cascade. The axial-velocity correction was based
on the inlet velocity and the assumption of no change 1n circulation
‘with chenges in outlet exial velocity at a fixed inlet Mach number.

Agreement was found betwsen the compressibillty variation of the
enalytical corrected turning engles and limited experimental turning-
angle data obtained from annular inlet-guide-vane cascades. The ana-
lyticael turning-angle variations were presented as a compressibility
correction for use in the design and the analysis of axial-flow-
compressor inlet gulde vanes of moderate cember and sollidity.

INTRODUCTION ,

One of the important steps in the development of an axial-flow
compresgor is the successful design of the inlet gulide vanes. The
proper design of inlet gulde vanes 1s essential for high compressor
performance because of the dependence of the performance of the suc-
ceeding stages upon the attaimment of the required- flow distributions
entering the first rotor row. In & commonly used method of inlet-
gulde-vane design for axiael-flow compressors, the vane camber and the
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gsetting angles are determined from design date that provide a relation
between the angle of attack of the-given vane sections and the corre-
sponding air turning angles. Design-turning-angle data for inlet-gulde-
vane application have been obtained from cascads investigations (refer-
ences 1 and 2) and theoretical calculations (reference 3) for essen-
tially incompressible flow (inlet Mach number < 0.30).

The use of incompressible-turning-angle date for the design of
gulde vanes operating at high inlet Mach numbers has generally resulted
in seversal degrees of overturning compared with the low Mech number
results. Corresponding deviations in the angle of attack of the first
rotor row were consequently incurred at the design condition. The
effect of compressiblility on the turning angle of inlet guide vanes
designed on the basis of low Mach number data therefore becomes an
important consideration for high Mach number applicatlions such as to
high-mass-flow subsonic and supersonic compressors. Although the effect
of compressibility on the turning angles of blades in cascade hes
recelved some attention (references 3 and 4), the methods presented are
not directly epplicable to the general deslign of inlet. guide vanes.

An snalysis was conducted at the NACA Lewis laboratory to establish
a compressibility, or Mach number, correction for use in the design and
the analysis of exial-flow inlet gulde vanes set at a Tixed angle of
attack. The analysis postulates that for unsteggered cescades at mod-
erate values of solidity and -camber, the circulation about a given air-
foll section at fixed solidity and engle of attack varies primerily es
the compressibility of the fluid (local Mach numbers sbout the airfoil
surfaces). The corresponding changes in outlet tangential velocity in
combination with the changes in outlet axial velocity then determine
the variation in alr turning angle over the flow range of the cescade.
An apalytical variation of turning angle with inlet Math number was
developed on the basis of an hypothesis and a simplified extension to
cagcade airfoils in two-dimensional flow of the Prandtl-Glauert com-
pressibility correction for isolated airfoils (reference 5). In order
to provide a development thet contained the effects of both inlet and
outlet Mach number, the hypothesis considered the total 1ift coeffi-
clent of an accelereting cascade airfoil at a given turning angle to be
composed of the sum of two components. One 1ift coefficient component-
is assoclated with the velocity of constant megnitude across the blade
end the other component is associated with the chenge in velocity across
the blede. The resulis obtained from the two-dimensional enalysis were
then generalized and made applicdable for predicting the turning angles
in annuler flow by measns of the concept of adjusting the turning angle
for changes in axial velocity across the blade (references I and 8).
The axial-velocity correction was based on the inlet axial velocity and
the assumption of no chenge in circulation with changes in outlet axial
velocity at e given inlet Mach number.
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at the Lewis laboratory as components of axiel-flow compressors.

3

Good correlation was found between the an‘alyt:ical variation of cor-
rected turning angle and limited _a.va:!.lable test data obtained from sev-
eral different inlet-guide-vane anmular cascades previously investigated

The

analytical results are presented, within the limltations of the develop-
ment, as a generalized blade-element compressibility correction for use
in the design and the analysis of axial-flow-compressor inlet gulde
venes.
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SYMBOLS
The following symbols are used in this report:
snnulus area
local speed of sound .
1ift coefficient
blade chord
blade-element drag

axial distance from vene tralling edge to downstream measuring
station .

blade-element force
acceleration due to gravity
constant

blede-element 1ift

Mech nunmber

exponent of polytropic expar;sion
static pressure

gas constant

radius to blade element

blade spacing
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T total temperature

t ., static temperature

v velocity —

AV  change in veloclty across blade

W blade-element mass flow

Bp angle between resultant of axial and tangential blade forces and
normal to cascade axis

B;, engle between lift force and normal to cascade axis (Lift angle)

Y4 ratio of specific heats

€ drag angle (tan~! D/L)

L polytropic efficiency

e air turning angle -

o] density

o  solidity, ofs

Subscripts: ]

1 inlet to blade row (leading edge)
2 outlet measuring station

2' blade-row trailing edge

a axial direction

d deslgn data

h hub

% tip

v referred to constant resultant velocity across blade

v referred to constant axial velocity across blads .

AV referred to change in resultent veloclty across blade
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e teangential direction

* refers to incompressible flow

ANATLYSIS
Nature of Compressibility Effect

Variations in turning angle over the range of flow of a cascade
set at a fixed angle of attack (fig. 1(a)) depend upon the relative
changes in the outlet tangential and axial velocities, as indicated
in Pigure 1(b). For the purposes of analysis, it is more convenient
to consider the turning angle in terms of .ratios of the component
veloclities to the inlet axlal velocity, where

@)

V

“tan © 9 2 a, (1)
)

For a given cascade, the axial-velocity ratio depends primerily on the

density.ratio and is therefore a direct function of compressibility.

The tengential-velocity ratio, which is releted to the circulation

about the vane, will be a function of the cascade solidity and stagger,

compressibility (inlet and outlet Mach number), friction and drag losses,

and Reynolds number. For a cascade at zero stagger (axial inlet) and

given solidity in potential flow, the magnitude of the compressiblility

effect will depend upon the megnitude of the solidity. At zero solidity

(isolated ailrfoil), the compressibility effect would be meximum and
would tend to decrease as the solidity increases (reference 4).

For moderate values of camber and solidity, the cascade vanes
tend to maintain their characteristics as airfoil sections. From the
equation of the lift coefficient.of vane sections in cascade with
axial air inlet (appendix A),

Vo

vﬁ=%ccosﬂL 1+ (%)tan_ﬂL]CL - . . (é)

it is seen that the tangential-velocity ratio of eguation (1) is
directly proportional to the 1lift coefficient If small changes in
1ift angle and d:rag-lii’t ratio over the flow range of the cascade at
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fixed angle of attack are neglected, the compressibility variation of
the tangential-velocity ratio can therefore be evaluated from consider-
ations of the lift coefficient.

In incompressible flow, the pressure distributions around an iso-
lated airfoil are such that, exempting Reynolds number effects, the
1ift coefficient tends to remsin constant with changes in free-stream
velocity. When a fluid is compressible, however, the relation between
1ift and free-stream dynsmic pressure becomes nonlinear, and conse-
quently the 1lift coefficient no longer remains constant with changes
in free-stream conditions (references 7 and 8).

For airfoil sections in cascade at moderate values of solidity
end camber, similar variations in pressure will occur along the blade
surfaces as the free-stream or resultant velocity is increased In com-
pressible flow. In a cascade, however, because of the change in
resultant velocity across the blade row, the local pressure coefficilents
will depend not onmly on the magnitude of the inlet free-stream velocity
but also on the change in free-stream velocity across the cascade. The
compressibility variation of the cascade 1ift coefficient can therefore
be related to both the inlet and outlet Mech numbers.

-

Development of Equa.t:f.ons ) ,

Lift coefficient. - The compressibility variation of the 1lift
coefficlient was developed to include the effect of both inlet and outlet
Mach mmbers and is restricted to moderate values of turning angle and
solidity. The basic hypothesis is that the total 1ift coefficient of a
blade section in cascade can be considered as the superposition of a
1lift coefficient associated with a free-stream or resultant velocity of
constant magnitude scross the vane (isolated airfoil component) and’'a
1ift coefficlent associated with the increase in resultant veloclity
across the vane (cascade component), as shown in figure 1(a), or

= (v + (CLlay (3)

The total compressibility effect will then depend upon the compressi-
bility corrections applied to each Llift-coefficient component. Inasmuch
as ‘the isolated component is intended to represent the 1lift coefficient
obtained from a resultant velocity of constant magnitude across the
blade element, its compressibility variation will be similar to that of
an isolated airfoil. For simplicity, the Prandtl-Glauert compressi-
bility approximation (reference 5) rather than the more accurate
Kérmén-Tsien correction (reference 7) for isolated airfoils is used.
Applying the Prandtl-Glauert compressibility correction in terms of
inlet Mach number, yields

1408
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() ' '
(CL)V ,\ﬁ?ﬁl—f (4)

where the asterisk refers to the incompressible state. For the cascade
component, a compressibility correction similar in form, but based on
some function of the change of the resultant Mach number across the
blade, is prescribed. The compressibility correction for the cascade
component is assumed to be glven by the relation

(C)yy = (o) sy
N1-(2-12)

The total compressible 1ift coefficient obtained from the preceeding
hypotheses, which divide the effect into one due to a change in inlet
Mach number and one due to a change in outlet Mach number with respect
to the inlet Mach number, is then obtained as

(CL) v, (CL)*AV
6
L= A,l-Ml 1-(}132-M12) _ (®)

The magnitud.es of the two lift-coefficient components in equa-
tion (6) are evaluated from & consideration of the general relation
between the 1lift coefficient and the velocity components across a
cascade. From equation (2), it is seen that for given values of inlet
velocity, turning angle, and drag-lift ratio the 1lift coefficient is
directly proportional to the outlet tangential velocity. Thus, from
equation (2) and figure 1l(a),

(c,)%y = KTy

(5)

and

CRNES - [VG,Z* - (Ve)*v]

Therefore'
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and

¥ * ‘
L) oy =EL - %)]CL* . (m)

The 1(:o§a1 compressible 1lift coefficient is- obtained from equations (6)
and (7) as

Cy, =
N2  A1-0%2-m7)

which, from continuity, for two-dimensional cascade flow with constant
area normel to the axis becomes

= cos 6 9 Ll -cos 8 cos. e* (9)
/\/ 17 - 0pE2)
Turning angle. - The compressibility variation of the turning
angle in two-d:hnensional flow is obtained by combining equations (1),

(2), and (9) in the form of the ratio of the tangents of the compress-
ible and incompressible turning angles to give

ten 0 _ [cos 0 1-cose ( )cosﬁl' n )m%]
ten 0* [1- \[1- 05,21, 2) ( )cos B* @) tana,ﬂ

(10)

\

Equation (10) represents the variation of compressible turning
angle in strictly two-dimensional flow for which the variation in out-
let veloclity with inlet Mach number for a glven Incompressible turning
angle is fixed. In the flow across an annular cascade, however,
because of the existence of enmlus passage taper and spanwlse pres-
sure gradients resulting from centrifugal forces, a large variation
in outlet welocity can be obtained at a glven value of turning angle
and inlet Mach number. In order to extend the analysis to the case of
varieble outlet velocity l:Lkely to be encountered in amnular flow, the .
turning angles calculated for two-dimensional flow were therefore cor-
rected to a fixed reference velocity for the entire Mach number range.

B T i e i
~ T T P »

St el
S T

@, -G
V + Vo CL* . . (8) .
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The fixed reference velocity was adopted as that corresponding to a
constant exial velocity across the blade based on the inlet axial wveloc-
ity. For the correction, it is assumed that if the axisl-velocity
changes across the blade element are not large (less than approximately
20 percent), the circulation sbout a blade element at fixed angle of
attack and inlet Mach nunber remains essentially constant with varia-
tions in outlet velocity (constant tangential velocity). The velocity
diagram for the constent-axial-velocity correction is illustrated in
Tigure 2 and is given by the following equation

t _Ja,2
a.nev-V tan 6 (11)
a-,l *

The inlet axial velocity wes selected as the reference axial
velocity for the turning-angle correction because, under the assump-
tion of no change in tangential velocity with variation in outlet
velocity, it results in a corrected turning angle corresponding to
given values of circulation and inlet Mach number that is independent
of the magnitude of the calculated outlet axial velocity. In actual
cascade flow at moderate solidities, variations in tangential velocity
actually do occur as the outlet velocity is varied at a fixed blade
setting and inlet Mach number because of the effects of radial flow
end changes in losses and surface boundary layer. As & first approxi-
mation, however, these effects can be considered negligible within the
renge of conditions covered by the enalysis.

The solution of equation (10) for given values of incompressible
turning angle over & range of inlet Mach numbers is discussed in detall
in appendix B. The solution was based on a value of drag-lift ratio
equal to 0.07 corresponding to a drag angle.of 4°, a polytropic effi-
ciency of 0.95, and subsonic outlet Mach numbers.

RESULTS AND DISCUSSION

Theoretical Variations

Lift coefficient. - The variation of the ratio of compressible to
incompressible 1ift coefficient for two-dimensional flow calculated
from equation (9) is glotted in figure 3 for several incompressible
turning angles from 0° to 40°. A turning angle of 0° represents the
limiting curve as the magnitude of the incompressible 1ift coefficient

C e o e e —r e o e ————— e s = #%
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goes to zero, and corresponds physically to the case of a cascade of
symmetrical airfoils producing no turning. The zero turming curve
indicates that, as the incompressible lift coefficient approaches zero,
the magnitude of the compressible lift coefficient also approaches zero
for all Inlet Mach numbers, but the ratio of the two quantities maintains
a finite value in the limlit. When compared with the compressibility
variation as the incompressible burning approaches 0°, which is iden-
tically the Prandtl-Glauert correction for an isolated or unturned air-
foil, the theoretical cascade flow, as represented by equation (9),
introduces practically no effect on the compressibility variation of
the 1ift coefficient up to approximately 30° of turning. For an incom-
pressible turning angle of 40°, a slightly greater rate of change.of
1ift coefficient with inlet Mach number than that for turnings
approaching 0° is indicated. The rise in lift-coefficient ratio is
attributed to the relatively greater effect of the cascade-component
compressibility term in equation (9) as higher outlet Mach numbers are
obtained for a given inlet Mach number at the higher turning angles.

In general, the equations indicate that, for airfoll sections in cas-
cade flow with axial inlet, the variation of 1ift coefficient with
inlet Mach number might be expected to be similexr in trend and mag-
nitude to that of an isolated airfoil.

Turning anglé. -~ The effect of compressibility on the air turning
angle of a blade row as given by equation (10)'is shown in figure 4 as
a plot of the ratio of the tangent of the compressible turning angle
to the tangent of the incompressible turning engle against the inlet
- Mach mmber. The compressibility variation of the turning angle in
two-dimensional flow is dependent to a large extent upon the magnitude
of the incompressible turning angle. The variation ranged from a mex-
imum increase in the tangent ratio following the Prandtl-Glauert cor-
rection term for turning angles approaching zero to ratio values less
than 1 at 40° of incompressible_turning. At a given inlet Mach- num-
ber, a genersl decrease in the compressibility effect with increasing
magnitude of turning angle is indiceted. The decrease is due to the
greater effect of compressibility in increasing the axlal-velocity
ratio across the blade compared with the increase In tangential v,elog-
ity resulting from the compressibility increase 1n the 1ift coeffi-
cient (fig. 3). At a given incompressible turning angle, the tendency
of the tangent ratio to decrease sharply as the high inlet Mach num-
bers are approached is again due to the greater rate of increase of
the axial velocity with respect to the rate of increase of the tan~
gential velocity. .

The effect of compressibility on the turning angles obteined from
two-dimensionel flow shown in figure 4, corrected to constant axial
velocity according to equation (11), is shown in terms of the tangent

1408
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ratio in figure 5. A variation with inlet Mach number similar to that
of the 1ift coefficient is obtained, which indicates that the compress-
Ibility effect on the corrected turning angle is very nearly independent
of the magnitude of the incompressible turning angle., The similarity
between the lift-coefficient and corrected-turning-angle variations is
to be expected, inasmuch as the 1lift coefficient for axial air inlet is
directly proportional to the tangent of the corrected turning angle
(equations (1) and (2)).

Experimental Correlation

Vane designs and equipment. - Guide-vane-turning-angle data over a
range of inlet Mach numbers were obtained from unreported investiga-
tions of several sets of gulde vanes designed for various axial-flow
compressors. The guide vanes were investigated as separate components
in induction-type anmular cascades of constant outer diameter and with
a bellmouth inlet. A typical cascade configuration is shown in fig-
ure 6 and detailed identification data for the various blade designs
end anmuli included in the survey are presented in table I. For the
vanes with radially varying chord length, the trailing-edge location
(station 2') is taken as the radial plane containing the axisl pro-
Jection of the trailing-edge point of the maximum chord length. The
axiel distence from the inlet face of the bellmouth end the nose of
the inlet hub section to the guide-vane leading.edge varied from approx-
imately 14 to 20 inches for all vanes. The annulus-area ratio across
the venes (A® Z/A_L) vas 1.0 for all vanes except for vane C, which had

an areas ratio of 0,91.

The investigations were conducted with ambient inlet sir; the flow
at the inlet to the vanes was substantially uniform and axisl in all
cases and the angle of the alr leaving the blade row was directly taken
as the alr turning angle. Outlet-air angles were measured by claw-type
instruments for designs A to D and by cone-type instruments for design E
and were circumferentially averaged at each radial position. Absolute
accuracy of the measured turning angle is estimated to be £0.5° and the
relative accuracy from point to point is believed to be £0.2°. The
Reynolds number based on vane chord varied from & minimum value of
2.8 X 10° for vane C at an inlet Mach number of 0.272 to a maximum
value of 7.1 X 10° for veane B at an inlet Mach number of 0.696.

rimental data. - The variation of turning angle measured at the
outlet instrument station with Inlet Mach number at a fixed outlet
radial position and fixed vane setting is shown in figure 7. Turning
angles at several radial positions were investigated for vanes A and

B L e e Sl T e e ——
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B, but only one radial position was investigated for -vanes C, D, and E
(near the tip section for C, at the pitch section for E, and near the
hub section for D). For vanes A and B, the turning angles decreased
from hub to tip. In order to eliminate data containing pronouncec
secondary end induced flow effects, date in the vane end regions
(approximaetely 20 percent of the vene at each end) were not considered.
Turning date for vane E was obtained from measurements at only one
circumferential position, which bad been determined as representative
of the circumferential average from previous investigations. Only
date velues at inlet Mach numbers greater than 0.25 corresponding to
a Reynolds number of approximately 2.8 X 10° for standard conditions
and a blade chord of 2 inches were included. This lower Mach number
limit was esteblished in order to limit the comparison to minimum
values of Reynolds mumber equivalent to the average Reynolds number of
the reference low Mach number design data (references 1 and 2). The
upper limit of the twrning-angle variation was attained when the flow
became choked. ‘

1408

Comparison. - The measured turning angles of -figure 7 were cor-
rected to constant axial velocity according to equation (11). The
comparison of the compressibility varlation of experimental corrected
turning angle for vanes in annular cascade with the theoretical cor-~ '
rected turning angles obtalined from two-dimensional flow corresponding
to figure 5 is shown in figure 8. Corrected turning angles for vene E .
could not be calculated because of insufficient velocity data. The
correlation between the calculated and experimental turning angles is,
in general, good; the best agreement is obtained from the vanes with -
constant thickness. On the basis of the correlation with the limited
available date of figure 8, it is felt that the theoretical compress-
ibility veriation of figure 5 can be used to predict the effect of -
compressibility on the turning angle of inlet guide vanes in an annular
cascade for the range of solidities and axial-velotity ratios
investigated.

Design Application

The design of a particular type of inlet gulde vene primarily
involves the determination of the section cambers and the angle settings
necessary to produce & reguired velocity diagram at a given inlet Mach
number. When the inlet Mach number -of the available design data is
different fyom the inlet Mach number of the design application, the
correct turning angle to be used for selecting the vane section from
the design data cen be obtelined from the following procedure:
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If twrning angles corrected to constant axial. velocity based on
inlet axial velocity are used, figure 5 can be directly applied. If
actual (uncorrected) turning angles are used, the effects of the axial-
veloclty ratio should be considered. Fram equation (1l), for a given
vane section, the relation between the compressible twrning angle of
the required velocity dilagram at a given inlet Mach number and ‘the
incompressible turning angle is given by :

(72)

tani _ a, tan 9.v.
tan 6% ’(va- 1)* tan 6,

22
Va,2

Similarly, for the turning angle and the inlet Mach number of the
avallable design data for the same vene section,

v'azl
tan 63 \Va,2/3 (ten 6y
tan 6g% [ Vg 17 tan 6% A
Va,z a

It therefore follows that the twrning angle to be used for selecting
the proper vane section is given by

(va 1) ( tan 9:)
= va’z a tan G'V' d tan @

Va l tan 9v
Va,2 tan 6¢*

where the corrected tangent ratios are obtained from figure 5 for the
respective inlet Mach numbers. For design date obtained for essentially
incompressible flow and constant axial velocity (two-dimensicnal data) ’
equation (12) reduces to :

(12)

v, tan 0%
tan g3 = [ 222 Y ) tan o (13)

Va’l tan Gv

-

e e e e« N A = e A ————-—— = —pm on. —— ——— e mmme oo
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In determining the axial-veloclty ratio across a vans section, the
effect of vane wakes and of change in displacement thickmness of the
ammular boundary layer in reducing the real-flow area should. be
included.

The limiting values of compressible turning angle for a given
value of Iincompressible turning engle in figure S have been determined
from considerations of two-dimensiomal flow with zero vane and vene-
wake thickness and may therefore not be representative of the corre-
sponding limiting values in annular flow., For cases in which the
design inlet Mach number for a given turning angle is greater than
the limiting inlet Mach number for that angle given in figure S5, it
is suggested that the compressibility ratio be taken as the ma.ximum
value for that angle, Because of the limitations of the correlation
and the assumption involved in the angle adjustment for wariable
axial veloclity, the compressibility correction of figure 5 is con~-
sidered to be limited for good accuracy to twrning angles up to
approximately 30° and increases in axial velocity across the vane
from about 0 to 20 percent,

SUMMARY OF RESULTS

From an investigation of the effects of compressibility on the
flow across inlet gulde vanes at moderate values of camber and solidity
based on an hypothesis and a simplified extension of the Prandtl-
Glavert compressibility correction for isolated airfolils to alrfoils
in cascade, the following result was obtained for cascades with an
axial air inlet (accelerating flow) in two-dimensional flow.

¥When the turning angles derived from two-dimensional flow were
corrected to constant axial veloclty, the theoretical varisation of
corrocted turning angle was in agreement up to 29° with available
" experimental turning-angle date obtained from investigations of several
axlal-flow-compressor inlet-guide-vane designs in an annular cascade,
and. were presented as compressibility corrections for unse in the design
and the analysis of axial-flow~compressor inlet guide vanes.

Lewls Flight Propulsion Isgboratory,
National Advisory Committee for Aeronautics,

Cleveland, Ohio, August 15, 1950.
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APPENDIX A
LIFT COEFFICIENT

The 1ift coefficient of an ailrfoil section in cascade is the ratio
of the 1lift force per unit area of the element to the inlet dynemic
pressure, or ) .

L (a1)

For two-dimensionel compressible flow with losses, the 1ift force’ per
wnit vane length (fig. 1l(c)) is given by
L =28
cos BL
in which the 1lift angle is not necessarily given by the angle of the
vector mean of the inlet and outlet velocities. In terms of the -drag-
1ift ratio,

(a2)

-DtanBL

L=cosaL-L(%)tanﬂL.

or

(a3)

L = _ T
cos By E.+(%)tanBLj-

From momentum considerastions for flow with an axial inlet, in unit time,

Fg =Wg,2 =P175,18179,2
Substituting this equation in equation (A3) yields

P1%..,1%179,2 (ad)

cosBLE ()tanBI]

et el S —


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

16

NACA TN 2215

Substitution of equation (A4) in equation (Al) results, for an axial

air inlet, in

P1Va,181V6,2

GL zpl l ccoaﬂL[ (jtanBI:[

from which is ohtgined

v

6,2, 1 D
v-—-——al =3 0cos B |1 +(L) tan BL:I Cy,
2

=

(2)

L4

1408
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APPENDIX B
SOLUTION OF TURNING ANGLE EQUATION

The solution of the compressible turning angle for given values
of incompressible turning angle, inlet Mach number, and efficiency
given by equation (10) requires the evalustion of the quantities,
outlet Mach number, both compressible and incompressible 1lift angle,
and axial-velocity ratio.

For two-dimensional incompressible flow, the axial-velocity ratio
is 1, end the resultant force angle (fig. 1(c)) is given by the direc-
tion of the vector mean of the inlet and outlet velocities (reference
9). Thus, for the incompressible state, the 1ift angle is given by

BL* = tan T (;—' tan 9’) re (B1)

For compressible flow, the followlng expressions are derived:

Outlet Mach mmber. - For two-dimensional flow across a cescade,
the continulty equation is ’

plva.,l = pzvz cos 6
or, in terms of Mach number for an axial inlet,

P18qM, = poe, cos 6 (B2)

From the energy equation,

T mrr e el e = el e e ——— —— ——— —

1
T e - v ————— ———— e — = ——— .~ — -
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end the equation for sonic velocity,

ca = /7gR'b
it can be shown thab '

1

T 7-1 22
= -
a (51 N e (83)

|
]

2

Substituting equation (B3) in equation (B2) yields

. n+l
cos 6 = — ——2——-——2- (B4)
Mo\l s 1;;-}-1»1l

The polytropic expoment "n was evaluated from the polytropic efficiency
for an expeansion process according to the egquation

1
T ———— (35)
-1 .
1 - Z;_'np .

n

Axiel-velocity ratio. - From the contimmity equation,

w2 2 ' (B6)
Va,1 Pz

[y

From the ensrgy and the sonic equations,

2 .2 _2 o2
i N N T
y1*Z Tyt e
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or

Using the polytropic relation for an axlal inlet ylelds

L
n-1
2. 1-7—-1-M1 22} g9 -1 (B7)
o 2 7
J

When substituted in equation (B6), the axial-velocity ratio in terms of
turning engle and inlet Mach number becomes

<
v v 2 n~-1
- 2 "2
va.,Z - 721 M, F%—Z- sec” 6 - =1 (B8)
a,l _ a,

Resultant force angle. - The angle between the resultant blade
force end the normal to the cascade axis (fig. 1(c¢)) in compressible

flow is given by

F
Bp = tan fﬁ (B9)
0

Evaluating the force components from momentum considerations yields:

In the exial direction,

s(p.-p.) - F = -18p.V 2+spv v
1-2 a la,l la,l a,2
F P ‘sz v
_E_=l.._._2.. +..]£..:!'_. 1-%_22.% ’ (B10)
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In the tangential direction,

Fg =017, 15,2
Fo - PV 17,2 ' (a1)
e B -

Substituting equations (B1O0) and (Bll) into eguation (B9) and meking
use of the sonic relation give

1’2
1-22 o -1
By = ten™ = , (B12)
i 21%,2
7M.l. .-v.-—'— tan ©
a,l

From equation (B7), the pressure ratio is obtained as

Lt

B
P v J\? At
- 2 2
pl 2 Va
2

Substituting this equation in equation (Bl2) yields

n-l
1- Z—-Ml<1)secel g—-’—l
B ='l:an.'-:L
F
( jtane

The 1ift angle B is then given by the sum of egquation (Bl3) and the
drag angle €. .

(B13)
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From equations (B4), (B8), and (Bl3), it is seen that M,,
va,zlva’l, end B eall depend on the magnitude of the compressible

turning engle. The solution for the compressible turning angle given
by equation (10) therefore could not be obtained directly, and a
trial -and~error solution was made necessary In order to facilitate
the solution, general curves of M2 3 a. Z/Va 17 and ﬂL-' ageainst

turning angle over a range of inlet Mach numbers were Tirst computed.
A value of drag-1ift ratio equal to 0.07 corresponding to a dreg angle
of 4° and a polytroplc efficlency of 0.95 were assumed in all calcula-
tions. .

For a given value of inlet Mach number and incompressible turning
angle, three velues of compressible turning angle were first assumed.

For each assumed value. of 6, corresponding values of M,, Va,zfva 17

and BL were obtained from the previously plotted gemeral curves o
equations (B4), (B8), and (313) These values-and the value of B

obtained from equetion (Bl) were then substituted into equation (10) ,
from which three corresponding velues of 8 were celculated. The
solution was then obtalned by plotting the values of the tangent of
the assumed € eand the tangent of the calculated 6 egainst assumed
6, and determining the value of tan 6 at the inbersection of the
two curves. )

The solution for the Iift cgefficlent ratio’ (egmuation (9)) was
obtained directly for & given 6 and Ml by first determining the

compressible € corresponding to 9* and Ml and then evaluating the
M2 corresponding to Ml and the compressible 0.

o e e ey . —— i ———————t 2= n o - —— =
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TABLE I - HLATE DESIGN AND ANNULUS DATA
[Bee figs. 1 end 8 for no‘ba.tion]

A

Blade | . Mean Thick- | Averege Redips| Redius| Radius| Chord, c¢ | Design turn-| Locetion |Range of | Range of

design| 1line nessy maximup~ | at tip| at hub| at hubd (:Ln.s ing angle, 6| of meas- |[Bolidity| exisl
. d4stri- | thickness |r inlet | outletim—Tmo (deg) wring sta-|of data | velocity

bution | ratio T N ~ |tion, d |points ratic

{in.) | b1 h,2 Cyp | mad
. (percent (1n.) (1) (in.) V.o

Ohord-_)_ De . &y &;1
A% " |g5-series| verisblel 10.00 | 6.63 | 5.10 | 5.10 |1.75[1.75] o© | 2s.9 | o.92  |1.2-1.40) 1.08-1.12
B |PIrowla |oongtamt] 3.2 | 8.00 ) 6.00 | 8.00 [2.18|1.85| O | 25.2 | .30 1.00 |1.04-1.21
C [orodar Yoongtant| 3.70 | 7.00 | 3.64 | 4.07 [2.00[1.25|26.8 |12.1 | 0.5 1.60 |1.01-1.12
D 65 ~geries| Constant 1.75 12.00 | 9.00 | 8.00 |5.93(|2.95) 6.0 | 33.4 0. 75 1.20 0.94-1.04
E _ |85-series|Qonstant| 2.78 8.00 | 6.00 | 8.00 [2,00(2.34[12.0 | 15.2 | 0.30 1.17  [ss-ew——mm

abeaign d.a.ta cbtained from Fredric Flader, Inc.
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(a) Blade diagram. - (b) Velocity diagram. (¢) TForce diegram.

Figure 1. - Blede, velocity, and force dlagrams for two-dimensional flow across cascade vanes with axial

alir inlet (accelsrating flow).
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VZ_\

! Vg,2 A
2
Figure 2. - Compressible-flow velocity diagram for
determination of turqing angles of inlet-gulde-
vane sections.
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Inlet Mech mumber, My

Figure 3. - Variation of ratio of compressible to incompressible
11ift coefficient with inlet Mach mmber for two-dimemsional
cascade flow. Curve for 6% = 0 indicates limiting ratio as
1ift coefficient approaches zero.
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Incompressible turning angle, 0%
(deg)
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Tangent ratio, tan 6/tan 6%

7"=$
é/ \\ 30
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Inlet Mach mumber, My

Figure 4. - Variation of ratio of tangent- of compressible and
incompressible turning angle with inlet Mach mumber for two-
dimensional cascade flow. Curve for 6% = 0 indicates limiting
ratio as incompressible turning angle aspproaches 0°,
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Corrected tangent ratio, tan 6y/tan 6y*

NACA TN 2215
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lInt:omp'ress:l.'t:lil.e
turning angle, 6%
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Inlet Mach number, My
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Figure 5. - Variation of ratio of tengent of compressible and

incompressible turning engle with inlet Mach number. Two-

- dimensional turning angles corrected to constant axial

velocity. Curves for 6% = O indicates limiting ratio as -
incompressible turning angle approaches 0°.
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Flgure 6. - Schematic diagram of typical inlet-guide~vane annulai‘-cascade setup,
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Figure 7. - Experimental variation of uncorrected
turning angle with inlet Mach-number at fixed
radial station for severel axiasl-flow-compressor
inlet-guide-véne designs in annular cascade.
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Corrected turning angle, 6y, deg
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35 Experimental
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. Inlet Mach number, My

Figure 8. - Comparison of compressibility variation of cor-
rected turning angles obtained from two-dimensional flow with
experimental corrected turning angles obtained from inlet
guide venes in annular cascade. All engles corrected to con-
stant axial velocity based on inlet axial velocity and assump-
tion of constant circulation,
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