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SECONDARY FLOWS IN ANRNULAR CASCADES AND EFFECTS ON FLOW IN
INLET GUIDE VARES

By Seymour Liéblein and Richerd H. Ackley

SUMMARY,

An analysis of the flow across an annular cascade of axiai-fliow
inlet guide vanes wes conducted in order to evaluate the role of sec-
ondary flows in causing discrepancles between design snd observed
veloclty dlagrams. A qualitative discusslon of the general nature of
the secondary flows withln the passages of stationary annuisr cas-
cades with radial design varistions of circuletion is presented for
both the end-wall boundary-layer reglons and the central potential-
flow regions of the blade pessage. Deviations from ideal mean outlet
flows (as determined on the basis of blade-element performance) were
shown to exist in the potentisl-flow reglon of the vanes because of
conditions imposed by the end-wall bounderies, the displacement of the
well boundary-layer surfaces, and the irrotationality requirement. As
& consequence of the existence of nonuniform radial flows across the
blade spacing in the actual flow through cascades, it may not generally
be possible to obtein any arbitrarily specifiled design variation of
turning angle along the radial height of a blade row.

Quantitative evalustions of the varistion of the actual mean flow
leaving a row of lnlet gulide vanes were obtained by the method of
slngulerities in which a distribution of vorticlity directly proportional
to the ideal circulation vaeriation of the design was superimposed on
the ideal blade-element flow. Induced turning-angle deflections were
calculated from the induced velocities of the superimposed vortex
system. With the use of an empirically determined correlation factor,
good agreement was obtalned between calculated and experimental radial
variations of turning angie for several conventional inlet guide vanes
Pfor which accurate blade-elemernt turning-angle design dsta were avail-
gble. :

IRTRODUCTION

The exlistence of secondsxry flows within the passages of blade
rows is recognized as having an Important effect on the performence of
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axial-flow compressors and turbines (references 1 and 2). The term
"secondary flow" is generally used to represent deviations of the
actual flow from distributions determined on the basis of the perform-
ance of Individusl blade elements. Secondary flows in a cascade of
blades arise primarily from the effects of blade twist and end-wall

boundery layers.

The effects of secondary flows on the performance of a series of
blade rows may be classifled into two general types: The first effect
appears as & direct or inherent loss due to the absorption of energy
from the through flow in order to produce the secondary motions and
due to the partlal dissipation of this energy by viscous action. The
second effect is an indirect or matching loss due to the deviations
from design values of the direction and magnitude of the velocities
leaving one blade row and entering the next. The magnitude of the
inherent loss depends on the strength of the secondary flows, as repre-
sented by the vorticlty of the motions, and upon the degree to which
the assoclated energy is recovered as useful energy. Total-pressure
losses arising from secondary flows in a two-dimensional cascade are
shown in reference 3; and in references 4 and 5 a considerable portion
of the losses in axial-flow compressors at design conditions is attri-

buted to induced drag.

The problem of secondary flows in rectanguler curved passages and
cascades of airfolls has been investigated on the basis of both airfoil
theory (references 3, 6, and 7) and chamnel theory (references 8 and 9).
In the alrfoll-theory approach, induced drag and anglie deflections are
calculated from considerations of the tralling vorticity assoclated with
spanwise variations of circulation (blade loading). References 3 and 6
present analyses of 1nduced effectes at the blade midspan on the basis
of the assumptlon that the blade 1ift falls off in the wall boundary-
layer regions snd glves rise to a tralling vortex system of the con-
ventional horseshoe form. In reference 7, a continuous solution and
a continuous vortex sheet expressed 1n terms of a Fourler series are
treated. All developments are based on rectangular cascade filow, and
no experimental verification of the accuracy of calculated induced
deflections along the length of the span of a blade is presented.

The airfoll-theory approach, which is based on the concept of
the similarity of the trailing vortex systems of isolated and cascade
airfoiles, can be recognized to contain seversl dlsadvantages. The
general nature and strength of the trailing vorticity in the blade
end reglons (wall boundary-layer regions) of cascade silrfolls are
not definitely known, and there exlsts some question concerning the
valldity of the usual relations among blade 1ift, circulation, and
trailing vorticity in the end regions of cascade sirfoils. The airfoil
approach, in addition, is incepable of presenting a detailed plcture
of the physical nature of the flow at points wilithin the passage between

blades.
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Solutions for the Plow within blade passages of cascades have been
obtained by means of the channel-theory approach. From considerations
of the flow in curved channels with large inlet boundary layers, it is
shown in references 8 and 9 that secondeary clirculations will occur in
the outlet flow because of a type of gyroscopic effect on the inlet
boundary-leyer vorticlity as the sir is turned by the passage. According
to the results of these references, this type of secondary flow is
restricted to the regions along the blade in which the entering velocity
is nonuniform in profile along the span. For cascades with relatively
thin wall boundary layers, however, no information concerning the flow
in the central region of the cascade where the inlet total pressure is
uniform is obtained from this approech.

Cascade configurations containing thin well boundary layers are
frequently found in axial-flow-compressor research and design; the
principal examples are the two-dlmensional blade-testing tunnels, the
inlet guide vanes of multistage units, and the first rotor row of com-
pressors without 1lnlet gulde vanes. An Investigetion of secondary flows
in inlet gulde vanes reported herein was made at the NACA Iewis labora-
tory to evaluate, by means of theoretical anslysls and experimental
correlation, the role played by secondary flows in causing discrepancies
between design and observed velocity dlagrams, and to present an spproxi-
mate method of predicting the variation of the actusl mean flow along
the span of conventlonsl axial-flow inlet guide vanes.

A qualitetive discussion of the general nature of the secondary
flows within the passages of stationary annular cascades is presented
for both the end-well boundery-lisyer regions and the central potential-
flow regione of the blade passage. From considerations of the con-
ditions imposed by the end-well or casing boundaries, the spanwlse
displacement of the wall boundary layers, and the irrotationality
requirement, it is shown that secondery flows must exist in the
potential-flow reglons of the blades. These deviations from the ideal
mean through flows (calculated on the basis of blade-element performance)
are due primarily to the effects of variations of spanwise velocity
across the spacing between blades.

Quantitative evaluations of the variation of the actual mean flow
along the span of cascade blades were cbtalned by the-method of singu-
larities, in which a distribution of vorticity related to the blade
design was superimposed on the ideal blade-element flow of the cascade
to correct for the effects of finite casing boundaries and wall
boundary layers. Induced turning-angle deflections were calculated
from the induced effects of the superimposed vortex system. Calcula-
tions were made for six sexial-flow guide venes in annular cascade. From
a comparison of the theoretlical ard experimental air burning angles, a
correlation factor was obtalned for the theoretical induced turning
angle that resulted in good agreement between the theoretical and experi~
mental turning angles slong the span of the blade for all cases.
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QUALITATIVE ARALYSIS

The fiow at the inlet to axial-flow inlet guide vanes 1s usually
characterized by relatively thin boundary layers at the end walls and
a reglon of substantially constant total pressure over the greater
portion of the blade height. TFor purposes of analysis, therefore, the
cascades considered will be divided into two regioms: & boundary-layer
reglon at the end walils end a potential-flow region over the remainder
of the blade height. Cascades with passages of constant inner and
outer radius and with no blade end clearance are assumed.

Boundary-layer Region

For an appraisal of the secondary circulations existing in the
wall boundary regions of cascades of airfoils, recourse is made to the
results of references 8 and 9. In these papers, the vorticlty perallel
to the flow at the outlet of cascades, to a first spproximaetion for
parallel inlet flow, 1s shown to be given by

E = - 2(8) & (2)

where AB is the air turning angle and dV/dx is the gradient of the
veloclty distribution along the span in the inlet boundery layer (inlet
vorticity) at the blade ends. (For convenience, all symbols used herein
are defined in appendix A.) The secondary circulation assoclated with
this vorticity appears as shown by the streamlineg of the secondary
flow in figure 1(a), where the circulstory velocity in the center

of the reglon is zero. Although equation (1) was derived for rectangular
cagcades and included the assumptions of negligible viscous forces (as
would be the case with large boundary layers) and fixed total-pressure
surfaces es the fluid passes through the cascade, this general type of.
motion must exist in the case of annular cascades with relatively thin
boundary layers and where some distortion of the boundary-layer surfaces
occurs. Becsuse of this circulatory flow, 4 marked variation in the
mean turning angle of the fluld would be expected across the boundary
layer with an underturning near the free stream and an overturnling near
the wall. This increasse in turning angie at the blade ends hes been
well established experimentally (references 1 and 3, for example), thus
confirming the direction of the secondary flows. A typical example of
an experimental turning-angle varlation in a two-dimensional cascade

is shown in figure 1(b).

In addition to the circulatory flow illustrated in figure 1(a),
considerations of the pressure gradlents between blade surfaces reveal
(references 10 and 11) that a deflection of the through-flow streamlines
in the boundary-layer regions will occur toward the wsall near the

.1
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bressure surface of the blade and away from the wall near the suction
surface. As shown in figure 1(c), this distortion of the boundary-
layer interface gives rise to g thickening of the boundary layer on
the suction surface and a thinning of the boundary layer on the
pressure surface.

The deflection of the streamlines in the boundary-layer regions
is explaeined by the following considerations: The centrifugal force
arising from the curved motion through the cascade passage creates a
difference in pressure from pressure to suction surface thet persists
across the relatively thin boundary layers to the end walls. The
bressure gradient normsl to the direction of the streamline ds is
very closely given by

i _ ¥ (2)

where V and r, are the free-stream velocity and radius of curvature,
respectively, in planes parallel to the side walls at the boundary-layer
interface (fig. 1(d)). As the velocity is decreased within the boundary
layer, tte reduced kinetic energy of the flow becomes insufficient to
balance .he imposed pressure gradient, and a deflection of the flow
toward the suction surface results; that is, r., must be reduced.

The streamline deflection is greatest, of course, adjacent to the walls
where the velocities are smallest. As & result of this deflection, the
turning angle increases as the wall is spproached and the boundary-
layer flow is displaced toward the blade suction surface. The same
result of an increase in turning angle in the boundasry layer et the
walls was obtained in reference 12,from an analysis of turbulent
boundaery leyers in three-dimensiondl flow.

The displacement phenomenon in snnular cascades is probably some-
what more complex then in rectangular cascades because of the addi-
tional effects of radial displacement of the main body of fluid due
to radial pressure equilibrium requirements, and of possible radial
displacement of the boundary leyers on the blade surfaces toward the
hub due to the radial centrifugal force field. Experimental evidence
of the wall boundary-layer displacement toward the blade suction
surfaces is given in references 3 and 13; typical examples are shown
in figures I{e) and 1(f) of this report. The principal general effects
of the secondary flow in the wall boundary-lsyer regions are thus
tendencles toward underturning nesr the free-stream side and over-
turning neer the end walls, and & thickening of the wall boundary
layers toward the suction surfaces.
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Potential-Flow Region ‘

Over the main portion of the cascade channel, the inlet vorticity
is zero (constant total pressure and temperature) and therefore no
complete circulatory motions occur in the outlet flow in this region;
that is, the fluld remains irrotational. Mathematically, for flow in
an annuliar passage, the irrotationality condition requires that in a
plane normel to the axis, ) _

8612

B(rVe) BVI.
3r 38

(3)

Although equation (5), strictly speaking, applies locally to a point in .
the fluld, the relation is used to obtain an estimate of the measn flow
between blades by considering equation (3) to represent cilrcumferen-

tially averaged conditions. Thus on the average, for any radial varia-

tion of whirl =rVg, a specific variation in radial velocity must exist

across the spacing from blade surface to blade surface.

Free-vortex blading. - For the case of perfect compresasible flow
across a free-vortex cascade (without wall boundary layers), radial
pressure equilibrium requires that & radial displacement of the flow
occur toward the tip across the blade row. Thus within the passage
between blades, radial components of veloclty outward toward the tip
casing generally exist. At the same time, boundary cornditions require
that the radial veloclty at the walls st hub and tip be zero. It is
poseible, however, for the radial velocity to vary slong the radius
with constant magnitudes across the spacing and thus meet the irro-
tationality requirement for this type of blading that the tangential
gradient of V_, be zero at all pointsy as shown in flgures Z(a) and
Z(b). Constan% circulation slong the radius mey therefore be obtained
from free-vortex blading in the absence of wall boundary layers. Radial
velocity outward toward the tip and tangential velocity from pressure
surface to suctlon surface are considered positive.

In an actual fluid where end-wall boundary layers are present,
however, the displacement of the boundary layer toward the blade suction
surface results in opposite radial displacements of the main body of
the fluid over the pressure and suction surfaces of the blade. As
iJlustrated in the exaggerated plan view of figure S(a) for the case
of equal average boundsry-layer thickness at inlet and outlet, the
radial motion 1s outward towerd the wells at the pressure surface and
inward away from the walls at the suctlon surface (see photographs in
reference 1). For cascades ‘in which the average boundary-layer thick- -
ness at the outlet is greater than that at the inlet, the radial
deflections introduced by the wall boundary layers will be more
promounced over the suction surface of the blades, as illustrated in

figure 3(b).
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In any particulaer cascade, the resultant radial motion at points
within the blade passages is the combinatlon of the radisl flows due
to the wall boundsary-layer displacement, the prevailing radial flows
arising from the requirements of radial pressure equilibrium, and the
possible radial motions of the blade surface boundary layers.

Because of the radial motion introduced by the well boundary
layers, V,. 1is not constant across the spacing as shown in figure 4(a),
and as & consequence the whirl rVg cannot remain constant along the

radius. With the tangential gradient of V,, Dpositive on the left
slde of the channel and negative on the right, rVé must decrease from

the midspan of the passage to the boundary layers (fig. 4(b)). The
blade circulation and air turning angle, being functions of the ocutlet
whirl, will likewise tend to decrease from the center of the passage

to the boundary layers compared with the variations for perfect blade-
element flow. The complete variation of mean air turning angle along
the radial height of a free-vortex cascade gppears as shown in fig-

ure 4(c). Figures 4(d) and 4(e) illustrate the radial velocity and
whirl components for a decelerating cascade. A similar radial variastion
of turning angle is to be expected for staggered cascades. A typlcal
example of ean experlimental radial veriation of ailr turning angle across
a conventional free-vortex turbine-inlet nozzle obtalned from refer-
ence 20 is illustrated in figure 4(£).

In general, the deviations of the actual flow from the idesl blade-
element flow in free-vortex cascades with wall boundary layers can be
obtained from the superposition of the ideal through flow a&nd an
apparent secondary flow of the type shown in figure 4(g). The second-
ary velocities are strongest along the boundary-layer interface and
adjacent to the walls, and & complete circulatory streamiine path of
the secondary flows exists only in the boundery-layer regions.

Varisble-circulatlon blading without wall boundery layers. - In
many cases, inlet guide vanes are designed to produce outlet rotations
involving a variastion of circulation along the radius (such as constant
turning, constant tangential veloclty, or wheel-type diagrams). For
such designs, according to equation (3), the radial velocity is no
longer constant across the spacing and the compatibility of prescribed
circulaticn verliations and corresponding raedisl velocities must be
investigated. _As an iJlustration of the secondary flows arising in
this type of blading, a gualitative analysis of the flow across a
cascade designed for redielly constant outlet tangential velocity will
be made. .

For a cascade with constent tangential velocity along the redius,
from equation (3), on the average
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o(xrVy) OV
(Bre = aer = constant (4)

and the radisl veloclty must vary epproximetely linearly across the
spacing. Inasmuch ag the whirl increases with radius, the absolute
magnitude of the radial velocity (which is negetive) on the pressure
surface will be greater than on the suctlion surface, and the required
varlation of radiel velocity will appear as in figure 5(a). The mean
radial displacement is toward the hub for thies type of blading. Con-
sider the case of no well boundary layers: Along the inner and outer

walls,

iastz

Vp.=0

and
ov,./36 = 0 .

Furthermore, inasmuch as the radial velocity must vary continuously

throughout the flow passage between blades, some radial distance is

required before the radial velocity can attain its required tangential -
variation. - There exists, therefore, a region near the walls in which

the clrcumferential variation of V, 1s less than the value required

for a linear increase in rV, (fig. 5(b)). 1In the blade end regions, '
therefore, the required circulation gradlent cannot be maintained and

the gradients will approach zerc values at the walls, as illustrated in

figure 5(c). In any particular cascade, the magnitude of the deviation

of the actual circulation will depend upon many factors, such as the

geometry of the cascade (blade shape, solidity, aspect ratio, and so

forth) and the blade loading. A three-dimensional analysis of the flow

throvugh cascade passages may be required for a complete point-to-point

solution across the passage.

The radial variation of sir turning angle across the cascade is
generally similar in form to the circulation variatlon, and, therefore,
an underturning in the tip region and an overturning ir the bub region L
of the blades would be expected (fig. 5(c)). This type of turning-
angle deviation applies generally to all forms of radislly increasing

deviations depend upon the cascade and the form and magnitude of the

design cilrculation gradient. Similarly, if a radislly decreasing

varlation of circulation were prescribed, an overturning in the tip

region and an underturning in the hub region would result, as shown in _ o
figure 5(d). Thus, as & consequence of the effects of the boundary -
conditions imposed by the end walls, it is not generally possible to
achieve any arbitrary design veriation of turning angle along the span
of cescade blades, evén-in the absence of wall boundary layers. In all
cases, the trend of the actual turning-angle variation is in the _

|
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direction of a decrease in the magnitudes of the turning-angle gradients
in the end regions of the blades.

Varlgble circulation blading with wall boundary layers. - When
boundary layers are present along the end walls of cascades with variable
circulation bleding, radial motiors in addition to those arising from
the requirements of radial pressure equilibrium are superimposed on
the main body of the flow. These additional radiasl motions arise from'
the distortion of the boundary-layer interface as the fluid passes
through the cascade. As previously indicated, these radisl displace-
ments are relatively outward toward the walls near the pressure surface
and inward away from the walls near the suction surface. The additional
radial flows introduced by the wall boundary-lasyer displaecement are
shown in figure 6(a) for the illustrative cascade with radially increas-
ing design circulstion. Rear the tip region of the blade, the radial
velocities imposed by the boundary-lsyer distortion will tend to
decresse the gradient of the radisl veloelty scross the passage
(fig. 6(b)). According to eguation (3), therefore, a smaller radial
gradient of whirl can be maintained In this region, snd a further reduc-
tion in circuletion and turning angle will result. In some cases, 1if
the boundary-layer displacement 1s pronounced and the radisl circula-
tion gradient is small, the sign of OVy/06 may be reversed and the
circulation may actuslly decrease as the boundsry leyer is approached
(as, for example, the limiting case of free-vortex flow, fig. 4(f)).

In the hub region of the blade, the radial veloclties associated
with the boundary-leyer displacement tend to increase the value of
OV,./06 across the spacing (fig. 6(c)) end permit & larger radisl
variation of whirl to be maintained. The turning angles in the hub
region will therefore decrease compared with the magnitudes without
wall boundary layers in the direction of the original design variation.
The complete radial variation of turning angle in a cascade with wall
boundary layers and redially increasing design circulation would there-
fore appear as shown in figure G(d) . For radially decreasing circu-
lation, the reverse trend would occur in the potential-flow region.

In an actusl cascade, the real flow is considerably more complex
than the somewhat simplified concept of the flow given here. TFor
exsmple, the existence of flow separation, shocks, blade-end clearance
with leakage flows, or radial displacements of the boundary layers along
the blade surfaces may impose further radisel motions on the main flow
that will to some extent alter the gualitetive results obtalned in the
preceding analyses. Although the existence of a tapering of the
anmulus passage in the axisl direction will increase the magnitude of
the mean radial motions, the blade-to-blade gradients of V, and the
general secondery-flow picture will not be materially affected by con-
ventional hub or shroud tapers. For conventional unstalled subsonic
inlet guide vanes with small end clearances, the secondary-flow effects
ag presented herein should predominate.
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In figure 7 are presented exemples of the experimenteal varlation
of air-turning angle slong the radius of typical inlet gulde veanes
designed for both radially increasing and radially decreessing circu-~
lation. For the vane wlth radially decreasing circulation, the turning
engles in the tip region are very small and therefore the tip boundary-
layer displacement is likewise small. The measured turning-angle .
variation in this region thus approaches the trend anticipated for the
case of a cascade without wall boundary layer (fig. 5(d)).

Tralling Vorticity

In the preceding sections, secondary flows were shown to exist
within the passages of annular cescades when veriations of radial
velocity exist across the blede spacing. When the flow leaves the blade
pessgages, these unequal radial velocities on the blade pressure and
suction surfaces form surfaces of discontimuity or shear surfaces in
the wakes; this formation corresponds to the formetion of a sheet of
trailing vortices. The strength of the tralling vorticity at any
radial position depends on the magnitude of the radial velocity dif-
ference across the blade wake at the trailing edge. The qualiltative
variations of trealling vorticity along the radial helght of a cascade
are estimated to appear as shown in figure 8 for the various types of
blading considered. Counter-~clockwise rotation is taken as positive
vorticity. In all cases, because of the vanishing of the radial
velocities at the walls, the trailing vorticity at the walls 1ls zero.
The potential induced losses will exhibit corresponding wveriatlons
(proportional to absclute magnitude of ), and will generally be
greatest near the hub region for blades with radially increasing design
cilrculations and near the tip region for blades with radlally decreasing
design circulations.

The boundary requirement of zero trailing vorticity and nonzero
values of 1ift (as determined by surface pressure distributions) at
the ends of casceade blades, constitutes a significant difference
between the end flows of isolated and cascade airfolls. The assumption
of the complete reduction of 1ift in the boundary-layer regions and the
subsequent formation of trailing vorticity based on this 1ift gradient
(as in references 3 and 6) is therefore not representative of the
actual flow in cascaedes. For example, according to the concepts of
references 3 and 6, the trailing vorticity in the boundsry-layer region .
attains its maximum magnitudes as the casling wall is approached, whereas
the true trailing vorticity tends to vanish. It is also apparent that
the usual relations among 1ift, circulatlon, and trailing vorticity are
no longer valid in thke end regions of cagcade blades when wall boundary
layers are present.

o
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QUANTITATIVE ANATYSIS
Method of Singularities

The problem of obtaining quantitative methods of evaluastion of the
secondary flows 1n cascades appears quite complex because of the three-
dimensionel neture of the phenomenon in both the potentisl-flow and
wall boundary-layer regions. As an approach to the problem, refer-
ences 3, 6, and 7 make use of the method of singutarities in which a
trailing vortex field (normally asgociated with the flow about isolated
airfoils) was employed to calculate the induced downwash behind the
cascade. This method contains an apperent anomsly, however, in that
the direction of the induced velocities must be reversed in order to
obtain the correct change in circulation and turning angle compared
with the two-dimensional or blade-element values.

The approach of this report presumes that actual radial variations
of air turning angle at the outlet of annulsr cascades can be satis-
factorily approximated by epplylng corrections to the ideal turning-
angle veariation as determined from considerations of the performance of
individual blade  elements. The method involves the superposition on
the ideal flow of a vortex system parallel to the flow in the plane of
the blades to correct for the effects of the casing boundaries and the
wall boundary layers.

Because of the approximate nature of the method, for simplicity
the entire outlet flow is assumed to leave the blade row axially and
the cascade blades are assumed to be replacesble by 1lifting lines of
varisble strength, as indicated 1in figure S(a). Corrections to the
ideal mean (ecircumferentially averaged) blade-element flow are
obtained from considerstion of the induced velocities associated with
the superimposed vorticity and are calculated in the plane of the blades.
It is also presupposed that empirical correction factors will be neces-
sary to correlate calculated and experimental results satisfactorily.

Flow without wall boundary layer. - The method is demonstrated by
considering the 1llustrative case of blading deslgned to produce a
linearly increasing circulation along the radius. At first, ideal
flow acrosa a finite number of blades in an anmulus of zero inner radius
and infinite outer radius is considered. For the case of radially
increasing circulation, a constant circumferential difference in radial
velocity 1s obtained over the blade surface as shown in figure 9(b).
The vorticity corresponding to this ideal radial-velocity difference is
designated the ideal infinite-flow vorticity of the blade. When the
blading is conflned between finite annuler bounderies, however, the
radial wvelocities at the bounderies must vanish. As previously indi-
cated, as a consequeénce of the vanishing of the radial velocities at.
the walls, the trailing vorticity at the bounderies wvanishes
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(fig. 8(b)); and in the sbsence of wall boundery layers, en overturning
in the hub region and an underturning in the iip region occur

(£ig. 5(c)).

The satlsfaction of the given conditions can be accomplished, to
a first approximation, by superimposing & distribution of vorticity on
the ideal infinite-flow vorticity of the blade between the casing
boundaries. A first type of superimposed vortex distribution might
attempt to duplicate the true trailing vorticity of the cascade, as
shown in figure 9(c). The superimposed vorticity is equal in magni-
tude but opposite in rotation to the ideal infinite-flow vorticity of
figure 9(b) at the walls and rapldly decreases 1in strength away from
the walls. The net vorticity will then eppear as in figure B(b). As
shown in figure 9(c), the induced velocities assoclated with the super-
imposed vortex distribution will tend to produce an overturning in the
hub region and an underturning in the tip region.

A superimposed vortex distribution of the type shown in figure 9(c)
will be very &ifficult to esteblish quantitatively as a general proce-
dure because of the absence of a usable relation between the particular
blade design and the vortex distribution. An alternate vortex distri-
bution schieving the equivalent induced effects can be obtained,
however, by relating the superimposed vorticity directly to the ideal
(blade-element) clrculation distribution along the entire radius; that
is, by employing a vortex distribution equal in strength but opposite
in rotationel direction to the ideal iunfinite-flow vorticity at all
points along the radius. The vortex system and its induced velocities
are shown in figure 9(d) for the illustrative case of linearly increasing
circulation. Thus, in a similar manner, the superimposed vortex system
can be readily determined for any type of design veloclty dlagrem and
corresponding induced velocities can be calculated.

Flow with well boundsry layers. - It was previously shown that
when well boundsry layers are present, a reductlon in turning angle
from midspen to the waell boundary layers and &n increase in turning
angle across the boundary layer toward the walls accur with respect to
the ideal turning-sngle veriation., This secondary-flow effect can be
approximated from the induced velocltles of a circular vortex located
in each boundary-layer region, as shown in figure 9(e). The dlameter
of the core of the circular vortex is roughly of the order of magnitude
of the thickness of the boundary layer., Inasmuch as the boundary-layer
secondary-flow effect was indicated to be a function of the turning
angle at the boundary-layer interface, for simplicity the atrength of
the superimposed boundary-layer vortex cores 1s taken to be proportional
to the magnisude of the circulatiaon at the boundary-layer Interface.
Thus, the complete superimposed vortex system for the annulus chammel
1g obtained from the addition of the vortices in Ffigures 9(d) and 9(e),
where as shown in figure 9(f) for an arbitrary radial varlation of
circulation of slope dIYdr (counterclockwise rotatlon taken as

positive),

"
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The corresponding trend of variation of the turning angles as obtained
from the induced velocities of the superimposed vortex system is
11lustrated in figure 9(g) for the case of radially increasing circu-
lation.

In order to completely satisfy the boundary conditions along the

linner and outer walls of the amnulus, a system of vortex images must

be established outside these walls so that the component of induced
velocity normal to the wall along the entire surfaces is reduced to
zeroc. For any line vortex at radius r on one side of a circular
boundeary of radius ry, the induced velocity normal to the surface

of the boundery will be zero if a vortex mirror image of equal strength
and opposite rotetion is imagined to exist on the opposite side of the
wall at a distance rwz/r (reference 14). For an asnmular passage, a
cyclic image system results with an infinite number of images extending
out toward infinity outside the annulus, and an infinite mumber of
images bunching up toward the center on the inside of the annulus
(reference 15). A partial view of the annulus and Image vortex system
for a guide-vane cascade as seen looking upstream from a point behind
the vane is shown in figure 10. The boundary-layer circular vortices
are indicated by the larger arcs end the main-span vortex sheets are
indicated by the smaller sarcs.

Induced Turning Angle

Basic equations. - The total induced velocity at a point along
the vene 1ifting line depends upon the contributions of the two types
of trailing vortex that have been established; nsmely, the boundary-
layer circular vortices and the main-span vortex sheet. The velocity
induced outside the core at a semi-infinite circular vortex st
radius r (fig. 11) at a point located at radius rp, in en annular
cascade is given by (reference 16)

<= om | (5)

and the component normsl to the plane of the vane is

An = -4'1;:—]1 sy {_ (6)
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or, for induced velocities directed downward in figure 11 (in the
direction of turning) as positive values,

rp - r.cos €
4x EZ - KZf)rp CoB € + rpﬂ

where € 1is the angle between the plane' of the vane containing the
vortex and the plane of the vane containling the point investigated.
Equation (7) is valid, to a first approximation, to compressible as
well &8 incompreseible flow (reference 17). For the vortex sheet,
between the boundary-layer limits

(M

Qn="

=g
ar
= (rP - r cos €)dr

(8)

U = = 7=
a 4x r2 - (21:')1'P cos € + r}?2
Th*dy

At a given point P along the span of a cascade vane (fig. 11),
the total normal indiced velocity is obtained by summing up the contri-
butions of all the annulus and image line and sheet vortices in the plane
of a vane for s8ll vanes in the cascade. Because of the spproximate nature
of the development, correction factors will be necéssary for experimental
correlation, so that, in general,

N-1 k=t
I
q__clg E Ph[rp‘dhkm(ﬁ"‘u]
n 4x 2 3 2
30 I P P N »
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where

C1,Cs arbitrary correction factors

-k represents kﬁh vortex image in inner wall
+k represents kﬁh vortex image in outer wall
J integer

N number of vanes in cascade

The vortices of the vanes within the annulus are designeted by k=0
and the vane containing the point P, called the primary vane, is
characterized by Jj=0.

Inasmuch as vanes equally spaced gbout the primary vane will
contribute equally to the induced veloclty at P, equation (9) can

be expressed as
1¢_
E (an)k, 320 + 2:2:: E :(qn)k, (10a)

J=1 k=-os"

for an odd number of vanes, and for an even number of vanes,

_ E &qn)k, j=0 + (qn)k,j?—:}"' 2 _;- E (qn)k P (10b)
k=-o0

J=1 k=-eo
The induced turning angle i then obtained (fig. 11) from

Ap; = tan™t ;—: (11)

where Vz 1s the ideal cascade outlet velocity determined from the

blade-element turning angles. For simplicity, equal correction factors
for the vortex cores and vortex sheet are assumed; furthermore, the
single correction factor now called the correlation factor is applied

directly to the turning angle so that

AB; = Ctem ™ 2 o (12)
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where q, is determined from equation (9) for C; = Cy = 1.

Approximete solution. - An exact solution of equation (9) or (10)
for an arbiltrary variation of circulation along the main span would be
extremely complex and lengthy. In view of the simplified nature of the
vortex system end the consideration that the induced velocity at a
point is affected principally by the vortex system of the primary vane
and the vortices close by, an approximate and relatively simple solution
of equation (9) was obtained by considering only the imasge vortices
immediately adjacent to the annulus walls and only a few vanes on both
sides of the primary vane. This procedure is equlvalent to the mathe-
matical condition that a series of the form of equation (9) converges
rapidly. In reference 15, a similar type of induced velocity summation
is found to be rapldly convergent. The reduced vortex system used in
the solution was taeken to comsist of: (1) the two boundary-layer vortex
cores and the main-span vortex sheet of the annulus vangs, and (2 the

first hub and tip image vortex cores (located at rp /dh and T, /dt’

respectively). The upper value of J in equation (lO) was arbitrarlly
set &t 3, gilving the inclusion of the effect of seven vanes. The error
involved in neglecting the remainder of the vortices, whose contribution
repldliy diminishes as the distence from P 1s increessed, will be
asgumed to be absorbed by the empiricsl correlation factor. From equa-
tion (9), therefore, with the correction factors equal to 1,

+3 | rhz ot
1 r rp- dy, cos (—-;—J) rP- (d?) cos (_;-) _} .
R

2
= — . rp -2y, T, cos (Zﬂ)"dhz i rpz'z(%i p <08 (?%é%(%:)j

Q
2]

|
'S
A

) (D))
Ty o) -

oo ()0 (), e () ()

=By _
(%) Fp~F COB NJ]
= - =~ rE] (13)
rp - I'P T cos8 (—N

Tty

[
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Inesmuch as the main-span circulation variation i1s determined from
design flow conditions in evalusting the integral term of equation (13) 3
it was assumed that the varistion of cilrculation along the radial height
of the vane can be represented by a persbolic relation, such that

-

T=2r2+br+c (14)

0|

%:Er/ +75) . (15)

Substituting equetion (15) in equation (13) and integrating yield,
2nj .

with cos T= £,

. NG

+3 [—_—— -
1 = i
QG = - I ﬂ-‘h 1:2'_2f'h'v_"2_'
T - dhrp-ﬁy,.
4 0L Lo
AP |
s\‘?&ll) /"‘-/\_Ahj ’
) rp-fd_t
Pt a ek if - 2~
rpl-aeagr e’
’ SR . N

=SS A 2 2

£eial ri -8;) -2r f{r.-8.)+r
—% l f(ngrp—!-b)-"_érP 1n (ry t)z pf(*e-8¢) PZ
N L S -2rp.f.‘_(rh+5h)+rp

g

(Zfarpﬂ:l_)_- 1-f
where again,

ap = (apd o + 22 (g, " @
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Inasmuch as the wall boundary-layer thickness generally varies
from blade inlet to outlet, the boundary-layer thickness used in the
calculation was obtained from both inlet and outlet values as

8=8, -3 (8 - ) (18)

The distance from the wall to the exis of the boundary-layer vortex
cores was set as )

1
e=%38 (19)

1
dp = Ty, + 7 B, (20=)
and
= <5 (20b)
Ay = Ty = 3 By

For a given inlet-guide-vane cascade with the radiel variation of
circulation approximated by a parabolic equation and the hub and tip
boundary layers known or prescribed, all quantities in equations (16)
and (17) are determined. Thus, the normal induced velocity at points
along the radial height of the vane can be calculated by means of
simple mmerical computations.: The actual turning angle is then
obtained from : :

OB = ABg + OBy (21)

vhere AP, 1s the blade-element turning angle at each vane section.

NUMERICAL EXAMPLES
Vane Deslgns

The induced veloclty analysils was conducted for two types of axial-
flow-compressor inlet-guide vane: (l) vanes with NACA 65-series camber
lines and with constant chord and hub radius, and (2) vanes with
circular-arc camber lines and with varying chord length and hub radius
across the vanes. Calculations were alsc made for a turbine-inlet
nozzle. Examples involving these three vane copfigurations were chosen
because of the avallabillty of design turning-angle data (references 18,
19, and 20, respectively). Detalled identification data for the various

8612
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vane designs investigated are presented in table I. Vanes A and B were
designed for supersonic-compressor application and vanes C, D, and E,
for conventional subsonlic-compressor designs.

Experimental turning-angle dsta for the compressor-inlet guide
vanes were obtained for the most part from unreported investigations.
The compressor guide vanes were Investigated as separate components
in induction-type snnular cascades of constant outer diameter and with
bellmouth inlet. The turbine-nozzle turning-angle data were obtained
from blades mounted in & sector of an annular cascade as reported in
reference 20. The axial distance from the inlet face of the bellmouth
and the nose of the inlet hub section to the gulde-vane leading edge
varied from approximetely 14 to 20 inches for all vanes.

The investigations were conducted with amblent Inlet air; the
flow at the inlet vanes was substantially uniform and axial in all
cases, and the angle of the air leaving the blade row was taken as the
air turning angle. Outlet-air angles were measured by claw-type
instruments for designs A through E and by a pitot-type instrument
for design F, and were circumferentially averaged at each radial posi-
tion. Absolute accuracy of the measured angle is estimated to be

i3/4 and the relative accuracy from point to point is believed to be
within +1/4°.

Calculations

Generel procedure. - The calculation of the induced and actual
turning angles for a given guide-vane cascade was based upon the
determination of blade-element flow conditions. Blade-element flow
conditions were obtained from comsideration of the cascade vane as &
series of individual elements, and represented the variation of
velocity and circuleation elong the radial heilght of the veane corre-
sponding to the blade-element turning angles. The blade-element
turning angles used in the analysis depended on the nature of the
available design date relating the air turning engle with the geometric.
characteristics of the particular type of gulde vane investigated.

For a given blade profile, in most cases the available design data had
to be corrected to take into account the differences between the cas-
cade configuration and flow conditlons of the wvane row lnvestigated,
and the cascade configuratlion end flow conditlons of the vanes from
which the original design deta were obtained. The element turning-
angle corrections consisted principally of angle adjustments for dif-
ferences in inlet Mach number (compressibility) and radial displacement

of the flow due to hub taper.
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The principal steps involved in the determination of the actual
mean flow across inlet gulde vanes were therefore associated with the
calculatlion of the following quantities:

{1} Corrected blade-element turning angle

8612

(2) Blade-element circulation and outlet velocity -

(3) Induced velocity end turning angle (from equations (12), (16),
and (17))

(4) Actual turning angle (from equation (21))

Details of the element corrections to the design date are glven 1ln the
sections for the different types of vane considered. Equations for the
calculation of outlet velocity and circulation for a given radiasl veri-
ation of turning angle are presented in appendix B.

The annulus boundary-leyer thicknesses at hub and tip were deter-
mined from experimental total-pressure distributions whenever availlable.
In cases where experimental boundary-layer date were unevalleble, the
average thickness at both hub and +ip was taken as 0.06 of the blade
height for the designs with low hub-tip ratio (0.5 to 0.6) and as 0.08
of the blade height for the designs with high hub-tip ratic (0.7 to ,
0.8). These approximate retio values were obtained from previous
surveys of the performence of conventional bellmouth inlet sections.

From the calculated variation of blade-element circulation and the
average boundary-layer thicknesses, the magnitudes of the cilrculations
at the limits of the boundary leyers (I'y and T';) were determined
(fig. 9(f)). The determination of the constants & and b for the
best parabolic curve representing the blade-element circulation then
completed the quantities required for the calculation of the induced
velocity (equations (16) and (17)).

Vanes with NACA 65-series camber lines. - Design turning-sngle data
for inlet guide vanes wilith NACA 65-series mean lines were obtalned from
reference 18. The design data were obtained for essentially incompres-
sible flow, and inasmuch as the design inlet Mach number of the subject
vanes was 0.6, a compressibility correction to the original deslgn data
was necessary. The compressibility correction was made according to
the method of reference 21. Inasmuch as the design data of reference 18
were obtalined for conditions of essentially incompressible flow and
constant axlal velocity across the cascade, equation {13) of refer-
ence 2] was used for the compressibllity correction. Values of axial-
velocity ratio V l/VZ 2 along the vene height at the given inlet Mach

number were calculated accordlng to the method of eppendix B uslng the .
design turning sesngles.
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Vanes with circular-arc camber lines. - Design turning-angle data
for the constent-thickness circular-arc guide vanes were obtained from
reference 19. Inasmuch as the vanes lnvestigated were set in convergent
passages, the straight-line rule for convergent annuli of reference 19
was used for the design data. The blade-element corrections for hub
taper and varisble chord length applied to the design rule are dis-
cussed in deteail in appendix C.

Turbine nozzle. - The blade-element turning-angie variation for
the turbine nozzle was taken directly from the design outlet angles as
glven in reference 20.

Examples. - The varilous turning angles calculated when
determining the mean sctual “turning angle of inlet guide vanes
(steps 1 to 4) are i1llustrated in figure 12, with vanes B and D as
exemples. The induced turning angles were celculated at six radiasl
positions rp glong the height of the vanes between the boundary
layers; at points 0.13 to 0.15 inch from the Ilimits of the boundary
layers, and at points measured from the vane mean radius at locatlions
epproximately 0.45 and 0.85 of the distance between the mean radius and
the outermost rP locetions. Induced turning angles at rP stations

closer than spproximately 0.13 inch from the boundary layers were not
believed to be realistic velues because of the tendency of the celcu-
lated induced velocities, as given by equations (16) and (17), to
epproach infinite magnitudes at the boundeary-layer limit. The actual
turning angles in the boundary-lsyer reglons were therefore extrapo-
lated to indicate the trend of the variation as determined from con-
siderations of the secondary flows and the directions of the induced
velocities in the boundary-layer regions. Theoretical induced turning
angles in the boundary-layer regions were celculated for vane F at the
axes of the clrculer vortices in order to substantiate the qualitative

trends.

RESULTS AND DISCUSSION

Experimental correlation. - Theoretical velues of induced turning
angle without a correction factor were first calculated for the various
guide vanes investigated. From a comparison of calculated and experl-
mental radial variations of mean turning angle, it was found that good
agreement between calculated and observed results could be obtained
with the use of & constant correletion factor of 0.42. The calculated
varistions of actual turning angle along the radisl height of the vane

-for the six guide-vane degigns lnvestigated are shown in comparison wilth

observed values in figure 13 for thls correction factor. The original
design data turning angles and Induced turning angles are also shown
in figure 13.


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

22 NACA RM ES1G27

An example of the radiel veriastions of theoretical axial and tan-
gential velocity resulting from the calculated actual turning angles
for vene C is shown in comparison with design and experimental values
in figure 14. The axlsl and tangential velocitles for the design and
actual cases were calculaeted according to the method of appendix B for
the same flow-area contraction and polytropic efficlency. Design and
theoretical total veloclties were practically the same.

With the use of the empirically determined correlation constant,
the induced. velocity analysis presented herein can be used wlth good
accuracy &g a method of calculating the actual mean flow across similar
inlet guide vanes when reliable turning-engle design data (two-
dimensional cascedes and so forth) are available. In all examples,
however, the radial variation of deslign axial velocity from hub to tip
was relatively emall (no greater than 17 percent). The method as pre-
sented therefore may not necessarily produce results of equivalent
accuracy for cases of large design axial-velocity gradients without
suitable modification of the blade-element turning angles.

Rotor-iniet conditions. - The theoretical effect of guide-vane
secondary deflections on the inlet flow relstive to a succeeding row
at deslgn tip speed was investigated for vanes C and E. Alr inlet
engles and velocities relative 4o the rotor were calculated on the
basls of guide-vane design data and actual turning angles are shown in
comparison with experimental values in figure 15. Despite the large
secondary deflectlions in the guide-vane outlet flow, the design and-
calculated relative Iinlet angles are very simllar in both trend and
negnitude. At high values of design relative inlet angle, if little
change occurs in the magnitude of the &bsolute Inlet veloclty, changes
in guide-vane outlet angle result in-very smell changes in rotor rela-
tive inlet angle. As can be seen from considerations of rotor velocity
diagrems, rotor relative ilnlet angles (and consequently rotor-blade
angle of attack) become more sensitive to guide-vene induced deflec-
tions as the magnltudes of the design relative inlet angles are
reduced. For exsmple, for vene E, if the rotor inlet angle is reduced
from 65° to 50° (by reducing the wheel speed), the maximum difference
between the relative inlet angle as calculated from design turning data
and the relative 1lnlet angle as obtained from calculated actual turning
angles increases from a value of somewhat less than 1° +to a value of 2°.
Thg corresponding maximum difference for vane C was increased to ..
2% at an average relative inlet angle of 27°. For relative inlet

engles near 0°, the magnitudes of the rotor induced inlet-angle deflec-
tion approach those of the guide vene Induced outlet-angle deflections.

The principal effect of the theoretical guilde vane secondary flows
on rotor-iniet conditions at design rotor speeds appears, as shown in
figure 14, as & change 1n the magnitudes of the design inlet velocities.

8612 ; .
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For large gulde-vane lnduced deflections, these velocity changes may
cause significant veriations in rotor-inlet Msch number and therefore
energy transfer and diffusion. In addition, the existence of trailing
vorticity shed downstream of the gulide vanes when secondary flows occur
mey have a significant effect on the flow distributions through She
rotor. Rotor-entrance conditions cannot be considered irrotational.

Correlation factor. - The induced-deflection correction factor of
0.42 found necessary to correlate satisfactorily the absolute magni-
tudes of calculated and cbserved turning angles of the various guide
vanes tested indicates an apparenily large degree of error in the
representation of the true secondary flows by means of a super-
imposed correction vortex system. Although the simplification of the
cascade configuration, the partiel summations, and the location of the
boundary-layer line vortices have some influence on the magnitude of
the calculated induced velocities (fig. 16, for example), the excessive
induced deflections obtained from the calculation are due primarily +o
the unknown proportionality relation between the true vorticity in the
boundery-layer regions and the vortlcity essumed by the method. In
the potential-flow region of the vanes, the induced velocities asso-
ciated with the vortex sheet as calculated epprosch infinite magnitudes
at the ends of the sheet (at the wall boundeary 1é5ers), and consequently
require some "principal-value" correction. For similar types of non-
exact vortex-theory analysis, therefore, it may be desirable to exercise
caution im applying the values of induced velocities obtained directiy
from the theoretical developments in the absence of experimental corre-
lation. The need for empirical correction factors for use with the
theoretical induced velocity expressions of the isolated airfoil
epproach is recognized in reference 22. It is quite probable that
the required correlation factor may vary for cascades with widely
different geometries (solidity, spacing, end aspect ratio) or for
different arrangements of the superimposed vortex system. Further
investigation would be necesssry to establish the limitations of the

method.

CONCLUDING REMARKS |,

Secondary flows or deviations of the actual flow from distri-
butions determined from considerations of blade-element flow were
shown to exist in conventlional anmulsr cascades of inlet guide vanes
with end-wall boundary layers. In the wall boundary-lsyer regions,
the secondary flows were characterized by a tendency toward under-
turning near the free-stream side of the boundasry layer, toward over-
turning near the end walls, and by a displacement of the wall boundery
layers toward the suction surfaces of the blades. Over the main portion
of the flow (potential-flow region), the secondary flows were explained
on the basis of the existence of radial varliations of the difference
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in radisl velocity from blade to blaede and the requirements of irro-
tationslity. Nonuniform radial velocities were shown to arise from the
boundary conditions imposed by the end walls and the thickening of the
wall boundary leyers over the suction surface.

When large radial gradients of circulation are prescribed, the
effects of the secondary flows, exclusive of considerations of the wall
boundary layers, are such as to cause a reduction in the megnitude of
the gradients near the blade ends; that is, the flow tends to approach
the free-vortex condition. The wall bourndery layers always tend to
reduce the magnitude of the circulastion and turning angle as the
boundary leyers are approached. For vane designs approaching wheel-
type outlet rotations, the induced deflections in the tip region of the
vanes become especlally pronounced. In ‘general, it is unlikely that any
arbitrarily specified design variation of turning angle can be obtained
along the entire radiel height of an annmular cascade.

Reductions in the secondary flows 1n inlet gulde vanes are always
desirable in compressor and turbine design in order to minimize the.
induced losses in the vane end regions. Secondary flows can be reduced
to a large extent through reductions in the thickness of the annulus-
wall boundary lsyers (fig 17) Reductions in boundary;layer thickness
can be accomplished by careful design of the esnnulus inlet section and
by boundary-layer removal. Methods of boundary-layer removal, however,
are costly and rather difficult for inlet gulde vanes. For designs with
large radiasl gradlemts of design circulation, wall boundary-leyer

removal will not be effective in eliminating the effects of the vorticity

in the centrel region of the vanes. For such cases, information con-
cerning the magnitudee of guide-vane induced losses is necessaxy in
order to evaluate properly the net benefit oObtained . fram the attempted
establisbment of such design gradients. : _

It is also probable that the geometry of the cascade configuration
selected to produce a given velocity diagram exerts an influence on
the megnitude of the secondary losses, for the megnitudes and gradients
of the radial veloclties will be affected by such factors as chord
length, camber, thickness, and spacing.: For example, an examination
of the terms for spenwise velocity in current boundary-layer secondary
flow theory reveals that (within.the assumptions of the theory) for
fixed flow conditions, the gradient of spanwise velocity across the
blede spacing decresses with increasing spacing. It is therefore con-
ceivable thet for a given blade helght and design velocity diegram,
there may exist an optimum combination of blade camber, solidity, and
aspect ratio that results in minimum over-all losses. '

The existence of trailing vorticity behind the gulde-vane row
when secondary flows are present means that the flow entering the
succeeding rotor row cannot truly be considered .irrotational.

B6TZ
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However, it 1s not known to what extent the usual velues of guide-
vane trailing vorticity will affect the flow and vorticlity distribu-

tions through the rotor and succeeding stages.

As far as blade-row mismatching due to secondary-flow deflections
is concerned, in general, the effects of inlet-guide-vane induced flows
on the inlet velocity diagrams relative to a succeeding rotor row,at
design conditions do not appear to be as marked as the induced effects
on the guide-vane-outlet flow itself. For conventional conservative
compressor and turbine designs, the relative Induced deflections may
not be sufficiently serious to warrant adjustments in the design of the
rotor row. For high-performence stages operating at high levels of
blade loading and Mach mmber or for rotors with reletively low stagger
angles, however, the secondary flow deflectione in the blade end regions
mey approech significant magnitudes. In such cases, when the inlet-
guide-vane design involves elther relatively large msgnitudes or large
radial gradients of turning or hoth, it may be desirable to affect
adjustments in the guide-vane or rotor design 1n order to account for
the velocity diegrem distoritions.

A relastively simple method of correction, so far as a design pro-
cedure is concerned, is to adjust the guide-vane design to compensate
for overturning or underturning - as the case may be - in the regilons
of the vane where such deviations are anticipated. For guide-vane
designs similar to those investigeted, the calculstion method presented
can be religbly used to obtain an evaluation of the induced deflections
and required adjustments. Adjustments of this nature, however, further
increase the magnitudes and gradients of the design circulation, which
result in further increases in the secondary flows and losses. The net
gain involved in the adjustment is therefore questionsble and cannot be
evaluated untll an indication of the induced losses 1s obtained. In
addition, alteration of the design circulation in one region of a vane
will affect the induced velocities In a1l regions of the vane. The
problem therefore is quite complex and would require further investi-
gation before any relisble recommendations could be made.

Lewie Flight Propulsion laboratory,
National Advisory Committee for:Aeronautics,
Cleveland, Ohijo.
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A
a,b,c
C,Cl,C
d

e

2

annulus ares,
constants

correlation or correction factor

radial distance to axis of boundary-layer vortex core

distance from annulus wall to axls of boundary-layer
vortex core

cos € = cos8 g%]-

total enthalpy

normal distance between point and vortex axis
integers .-

contraction coefficient

Mach number

number of vanes in cascade

polytroplic exponent

point at which induced wveloclty is calculated
static pressure . e
induced velocity

radius

entropy

direction normal to streasmline

gbsolute temperature
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v velocity

b 4 distance along span

z axial direction

B alr exit angle

T circulation

A changes in

AB  alr bturning angle

ts] boundary-layer thickness

€ angle between plane of reference vane and plane of vane containing
‘vortlices In question, ,j%q

e clrcumferential direction

v angle between line from axis of rectilinear vortex to point in
plene of vane and line normel to plane of vane

¢ vorticity parallel to flow

p density

g camber angle for circular-arc camber-line vane-

Subscripts:

1 cascade inlet

2 cascade outlet (measuring station)

b  ‘stresmline across vane

c curvature

d design datsa

e blade element

h hub (inner wall)

induced
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Jsk integers

m mean radlus

n normal to plane of tralling vorticity E
he) point &t which induced veloclty is calculated _g_
T radial

t tip (outer wsall)

w boundary

b axial

e tangential L
Superscript:

! vortex images or vane tralling edge
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APPENDIX B
CALCULATION QF OUTLET VELOCITY AND CIRCULATTION

The radial varietion of axial end tangential velocity leaving an
ammuilar row of blades was obtalned from the radisl component of the
equation of motion given in reference 23 (equation (7d)) for steady
axially symmetric flow neglecting terms involving viscoslty, or

v, v V.
%5 Tgﬁ eE"‘*Vzr”'i‘vza“‘ (B1)

For flow across inlet guide vanes, total enthalpy and entropy varia-
tions along the radiel height can be considered negligible, making

J3Edr = 0 and T gg = 0. In addition, the effect of radial accelera-

tions due to variastions of the radial velocity component can be
neglected with little error (simple radiel pressure equilibrium).
Equation (Bl) then becomes

v oV, vy Vg©
237 ~ " Ves T

For guide vanes wilth exial alr inlet, the axial and tangential veloci-
ties are related through the turning (outlet) angle where

(B2)

Vg =V, tan B (B3)
Substituting in equation (B2), rearranging, and reducing give

ov 2
e --tmp@-Sr P (B4)
z

Integrating along the radius in terms of the hub reference radial posi-
tion gives, at fixed axiel position,

v 2
1n z__ 1n CO8 B _ sin B ar
Vz,n cos By r

or
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- .
2
_ sin B ar
r 0o
]
V2 _cos B . . 2
v ~ Cos By © (B5)
z,h h
From continulty, across the vane row
r r
1,t t
f V,,1 f1 7y &) = K f V, prdr (86)
T1,n h

where K 1is a contraction coefficient that accounts for the change in
effective flow area from inlet to outlet due to vane wekes and change
in wall boundary-layer displacement thickness. For essentially uniform
inlet conditions, equation (B6) can be expressed as

I

t
2 2 -
r - v
1,t 1l,h )= zZ p .
Va,1 ( 5 KV, n Y, 1 -—pl rdr . (B7)

'y -

The density ratio can be derived from the energy equation and polybtropic
relation between pressure and density as

1
12 /R -1 .
2- E,o -Gl (“5 - 1.0)} u (28)

vy

where n is the polytropic exponent for expansion.

Thus, from equations (BS) and (B7), when VZ n 1s determined, ell

velocity components can be calculated. The outle% velocity and vane
circulation are then obtained from :

v = vz,h Vz )

o B9
cos E Vz,h ( )

and.

T —2-;-3 Vseing (B10)
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For given inlet conditions and radial varietion of turning angle,
equations EBS) and (B7) were first solved using X = 0.97 and
n=1.39 corresponding to a polytropic efficiency of approximately
0.98), and assumed values of p/pl. Values of p/pl were then com-~
puted from equation (BS) for the calculated values of velocity obtained
from the assumed density ratios in equation (B7). The resulting values
of - p/pl were then inserted in eguation (B7) and new values of velocity

were obtained. In all cases, it was unnecessary to compute V
. zZ,h
more than twice.
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APPERDIX C
BLADE-ELEMENT TURNING-ANGLE CORRECTION FOR CIRCULAR-ARC
VANES WITH HUB TAPER

The veanes with circular-arc camber lines used in the investigation
had variable chord length and were set in convergent annuli. Blade-
element turning angles along the radlal height of the vanes were obtained
from the gtraight-line rule of reference 19. The design rule of refer-
ence 19 was deduced from experimental data obtained primerily from the
central (mean radius) region of venes set in convergent ammuli. As such,
the design dats represent turning engles for given vane cambers for
conditions of radial displacement and the distance to the measuring
station characteristic of the mean-radius reglion of this type of vane.
Because of the variation along the vane helght of radial deflection of
the streasmlines and of distance from trailing edge to measuring sta-
tion (fig. 18), however, the design rule will not be entirely repre-
gentative of the flow conditions across elements in the hub and tip
regilons of the vanes lnvestigated.

If the design rule is considered to represent correctly the turning
angle at the mean radius of a vane; for an element of given camber at a
given radius, the streamline configuration represented by the design-
rule data wlll appear as Indicated by the parallel dashed lines in fig-
ure 18. TFor locations other than the mean radius, at the measuring
station C¢-C angle deviations from design-deta values will occur because
of differences in: (1) the effective camber across the vane, (2) the
change in anguler momentum from trailing edge to measuring station,
and (3) the change in everage axiel velocity from trailing edge to
measuring station. An spproximete correction to the design-rule data
was therefore made to take these differences into account. '

For a given vane section E-E at rasdius r near the hub (fig. 18),
the design rule predicte the value of turning angle at approximetely
point d for streamline flow corresponding to D-D. In terms of
veloclty components, this design-data turning angle can be expressed
as .

v
6,d
= 2=
tan.Aﬁd vz 5
J

At point b in the messuring plane st the same radius, however, a
gomewhat different turning angle will be obtained because of the stresm-
line path B-B of the actual flow, where

v
8,b
t&nAﬁb=—‘-r-;2-;
2

8612
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Thus,
v '}
z,4 é,b
tan AR, = _’) __L)ta.n AB (c1)
<vz,b Vo,a d

From considerations of conservation of angular momentum from the
vane trailing edge to the measuring station, along the design-rule
streamline D-D,

1 1
rq Ve,d = rve,d
and along the application streamline B-B,

' Vo, = TVg,b

Thus

(%) &)

Vo,b =/ Vo,u' \Ta'/ Va,p' ten (MB')y

Vo,a (_T_i) Vg,a' (L,) Vs,a° ten (BB
r rb

(c2)

Inasmuch ae the trailing-edge slant angle and the difference rd'—rb‘
are small, Vz,b‘ can be essumed equal to Vz,d' and by use of the

equivalent design-rule streamline at the mean radius, equation (C2)
can be expressged as

Y9,b (;r'-)m tan (AB')4, (ri‘)m tan (AB')y
Vo,a (3_) tan (ABT)q &) *== (@87, + ABB™T]
b b

(c3)

t

where A(AB') 1s the difference in turning angle at 4d' and b!.

A difference in the turning angles at rb’ and rd‘ occurs because
of: (1) the difference in the cylindrical-surface camber of the vane
corresponding to the two trailing-edge radii and (2) the difference in
the effective camber due to the angle of the stresemline displacement
across the vane. The dlfference in turning angle due to the difference
in cylindrical-surface camber is given by

) = 3480 - 20 89,

which, with the turning-angle slope of the stralght-line rule (refer-
ence 19), becomes
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A(AB1)=0.985 ST (rg' - ry') (c4)

The theoretical correction for change in effective camber was negligible
for the gulde vanes investigated.

Inasmuch as A(AB) is generally small compared with AB', an

equivalent expression for the tangential-velocity ratio can then be
obtained, with negligible error as far as the tangent ratio is con-

cerned, as
(r)
!
Ve,b

~ m tan ABd (cs)
Vé,d'—-éﬁ) tan.[ABd + AQABX]
b
vhere A(AB) 1is teken as
A(AB) = 0.985 %P r—r')b - (r-r‘)!;] (ce)

The axial-velocity ratio between pointse d and b can be
represented by the ratioc of the average axisl velocities at the points;
hence, from continuity,

Va,d _ Po'p
VZ:b B DCIAG. (e7)

where A’b and Ad. are the annulus areas at polnts b and d, res-

pectively. The annuius-area ratio of equation (CT) can be related to
points along the vane trailing edge where, assuming small change in
passage taper between measuring station and tralling edge,

Prby  Pm'Ap’
paha  Pa'Ag' .
For simpliclty, the effect of the density ratio can be replaced approxi-

mately by considering the right member of eguation (C8) to be equivalent
to the annulus-area ratio A '/A,'. Thus, equation (C7) becomes

(c8)

2 2
V2,4 ____(rt Ty '
vz,b (rtZ_th)_bl

(co)

96T2
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After equations (C5) and (C9) are substituted into equation (Cl), the
corrected blade-element turning-angle relation is obtained as

(c10)

tan A8

2 2 r

(rt Ty )m' (r_‘ m { tan ABg

b T T
(rtz-rhz)b' (r—l)b

an [58, + A(AB)] tan ARy

where A(AB) is glven by equation (C6).
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TABLE I - BLADE DESIGN AND ANNULUS DATA

_ L NAC
Gulde Type Mean line |Thick- tverage Chord |Average |Radlus (Radius|Radius|Aspect [Location|Inlet
vane ness (In.) [solidity|at tip|at hub|at hub|ratio |of meas- [Mech
deslgn dlistri- [thickness {in.) |inlet |outlet uring number
butien [ratio (in.) |(in,) station
: (percent (in.)
_ chord) Hub | Tip
A |[Compressor|Cireular arc|Constant 3.7 [1.23|2.00| 1.65 | 7.00 | 3.64 | 4.07 | 2.09 | 0.25 0.28
B’ |Compressor|Circular arc|Conetent 3.7 [1.23|2.00| 1.65 | 7.00 | 3.64 | 4.07 | 2.09 | .85 .28
Cl |Campressor|Circular arciConstent| 3.7 [2.79(3.76| 1.55 |15.00 [11.48 [11.98 | .04 | .25 .29
D% |Capressor| 85-series |Varlable] 10.Q |1.75|t.75| 1.3 | 6.59 {5.10 | 5.10 | .85 | .82 .60
E |Compresser| 85-series |Comstant{ 3.1 [1.85|2.19| 1.0 8.00 | 6.00 | 6.00 | 1.04 | .30 .6Q
F3 |Turbine - Varisbld 13.8 |2.05/2.10| 1.56 [11.70 | 9.00 | ¢.00 | 1.30 | .20 .20

lDeaign data obtained from Fredric Fladar, Ine.
2Design date cbtained from reference 20.
SDesign drta obtained from reference 24.
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(a) Btreamlines of pecondary circulation (b) Experimental variation of turning angle
according to raference 8. along gpan In two-dimensional. cascade.

LN

(c) Displacement of boundary layers toward (d) Effect of epacing pressure gradient.
suction surface.

¥igure 1. - Secondary flows 1n wall boundary-layer regions of cascades.
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40
2
1
Pressure surface o]
s —
R Suction surface
-1
Lines of constant total- 50
pressure difference (in 40
percent of initial totel 30 -2
pressure) 20
lo_/
N I I { ] Z .3
5 4 3 2 1 0
Span, 1n.
{e) Wall boundary-layer displacement for two-dimensional
cascade (reference 13). 18
0.5
2 14
12
10
Lines of constant total-
pressure difference (in 8
in. of acetylene
tetrabromide)
8

(f) Wall boundary-laeyer displacement for inlet
guide vanes.

Filgure 1. - Concluded. BSecondary flows in wall boundsry-
layer reglons of cascades.
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Figure 2. - Radial flows in amvular cascades with free-vortex btlading and without wall boundary layers.
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Figure 3. - Displacemen* of gtresalines over hisde surfaces due to mecondary flow in wall boundaxy layer.
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——Radiel equilibrium displacement
— ~Boundary-layer displacement

{a) Radisl velocitles for accelerating flow.

| Actusl :

{ -— ——TJdeal |

o2 : |
o e o e e —— . — L —g

- r i

| ]
-~ 8 - -8 —

§ |

0 ] ya ™Vg,1 ]
Hub Tip

Redius, r

(b} Radial variation of whirl for accelerating flow.

Turning angle, AR

Radius, r

(¢) Redisl varistion of turning angle for accelerating flow.

Figure 4. - Secondary flows in annular cascades with
free~-vortex blading.
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(£) Experimental veristion of turning angle
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(referaence 20).

Figure 4. - Concluded. BSecondary flows in annviar cascades with free-vortex blading.

L2DTCH WY VOVN -


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

0 At walls
;>h
L)
EL)
o
[4]
0
'?
Y
g Mean-radius region
8 (required gradient)
Pressure Buetion
Spacing, 6
(a) Redinl velocities alomg span for redially (v) Radial velocities across spacing for
increaeing cilrculation. radially increaaing circulation. -
7 <
& - ~
~
8 : — ~.
.
)
1
" &
oy
CE|
§ g Actual
b - — — Ideal ~3
-~ ~
L~ ~
Hub Pip Hub Tip
Radius, r
(e) Turning angle and whir! for radially (@) Turning angle and whirl for radially
inereasing circulation. decreanaing cirmﬂation-‘t@j’

Figure 5. - Becondary flows in annular cascadea with radial circulaticn gradients snd without wall boundary layers.
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Figure 6. - Secondary flows in amnular cascades with radial cironlstion gradients and with wall boundary
layers. Redimlly increasing circulation (constant tangentis) velocity).
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Figure 7. - Experimentel variation of air turning angle for inlet gulde vanes.
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Fligure 8. - Qualitative variation of tralling vorticity along spen of Pbledes in ammular cascade,
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(a) Assumed cascade and flow configuration. (b) Rsdisl flows in ideal infinite annulazr flow and
corresponding tralling vorticity. Linearly increes-
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Pigure 9. - Development of superimposed vortex system for induced turning-angle correction.
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(e) Buperimposed circular vortices in wall
boundary-layer regions and corresponding
Induced velcelties to approximate
gecondary-flow effect of wall boundary

layers.

Circulation, I

—~———— With boundary layer |

Hub ’ Tip
Radlus, r

Circenlar vortex Vortex sheet Cilrculsr vortex

d .
En ™ Iy i”Er"l’ by ® Tt

{£) Determinetion of strenghh of superimpossd
vorticity from btlade-slement (dasign)

Radius, r varietion of circulation.
(8) Varietion of twrning angle cbtained
from induced velocitiea of superimposed
vortex systemn, BRadially increcsing SLNACA
circulation. M’r’

Fraure 9. - Concluded. Development of superimpesed vortex system for induced turning-angle
correction.
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Figure 10. - Partial view of complete superimposed vortex system for induced turning-engle correction.
y increasing circulation. ) } : ,
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