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SECTION I

INTRODUCT iON

Design point performance levels for axial—flow fan and compressor

stages in aircraft propulsion systems have increased significantly

during the past several years. To reach these performance objectives

it has been necessary to control the flow field in the entrance , inter-

nal flow path and exit regions of compressor configurations. This

design control calls for the continuous development of realistic

aerodynamic models and corresponding solutions of the equations

describing the flow.

In the pas t , and at present , compressor flow field solutions have

used substantial input from experimental research in which measurements

have been made in actual fan and compressor flow passages or in flows

simulating real compressor conditions. For example , almost total

reliance has been placed on experimentally—supported methods for

prediction of fluid turning angles and total—pressure losses in

individual blade rows. Compressor design is, as a result , he avi l y

dependen t on the quali ty of the experimen ts and da ta correla t ions

associated with these methods.

In the case of flow turning angles in compr essor blade rows , the

three principal cu rrently—used pred iction methods were developed

during the period 1945 to 1960. One of these methods directly predicts

f l uid turn ing ang les in terms of cascade geometry and aerodynamic

parameters. The others predict the exit flow deviation angle , de f ined

as the angle between the average cxit flow direction and the direction

~ 
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of a line tangent to the blade section camber line at the trailing

edge. There has been no substantial modernization of these deviation !

turning angle procedures since 1960 , while during this time the

methods have been widely applied to ai rfoil  section profi les and in

aerod ynamic regimes fa r outside the limits suggested by the orig inal

derivations and data correlations.

The present study was initiated with three objectives in mind .

Firs t , recent trends in axial—flow compressor design systems should be

examined in order to set reasonable qualitative requirements for esti—

mation of rela tive flow angles. Second , the existing deviation/turning

angle correlations should be reexamined to define the areas in which

they fail and the reasons for failure . ‘Finally, specific recommenda-

tions for improvement in deviation/turning angle predic tion me thods

should be made . These methods should be useful for the ranges of

geometric and flow field parameters expected to occur in advanced

axial—flow compressor configurations during the foreseeable future.

Fur thermo re, they should produce results which are compatible with

contemporary design system flow models.

4
2
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S E CT ION I l

AXIAL—FLOW FAN AND COMPRES SOR DESIGN/ANALYSIS  SYSTEMS

1. CURRENT FLOW MODEL--STEADY RELATIVE FLOW
OF A LOCALLY INVISCLD CONTINUOUS MEDIUM

Flow field computation in axial—flow compressors must be based

on aerodynamic models much less complex than the real flow. It is

necessary in evaluation and applica tion of possible flow models to

consider not only what realistically can be comp uted but also the

nature of the flow field measurements available for verification of

results. The intent in this section is to describe a compressor flow

model useful in the main stream of an aerod ynamic d s ign system for

research and development , and to discuss the qualitative requirements

of such a flow model in terms of estimation of blade row flow turning.

Contemporary design and analysis computation of axial—flow com-

pressor flow fields is based on the assumption of a continuous

medium , and on definition of the paths followed by f l uid par ticles

supposedl y representing a valid average of the real flow . To deter-

mine these paths the flow relative to all blade rows Is assumed to

be steady ,  so that the average particle paths defii~e st reamlines.

stream surfaces and stream tubes in the compressor flow path. The

physical princip les governing the flow include the laws of motion

and of conservat ion of angular momen tum and mass , as well as the laws

and relationships of classica l thermodynamics.

In appl ying these principles to the comp ressor flow field , the

terms directly accounting for local shear stress effects have almost 



I,
always been omitted from the equations representing the laws of motion.

The flow then is described as inviscid. However , the viscous effects

in the flow are taken into account by entering the accumulated effects

of thermodynamic irreversibility as an increase in entropy between the

entrance condition and downstream locations in the flow field. While

this is an ar tificial procedure , it is technically satisfactory except

in regions where the local fluid shear stresses make an important

numerical contribution in the equations of motion .

The conceptual development and refinement of the continuous ,

locally inviscid , steady relative flow model has occurred over a con-

siderable period of time , and includes , for  example , contributions by

Lorena (Ref. 1), Traupel (Ref.2) , Wu and Wolfenstein (Ref. 3 and 4 ) ,

Hatch , Giamati and Jackson (Ref. 5), Giamati and Finger (Ref. 6),

Smith (Ref. 7), Novak (Ref. 8), Marsh (Ref. 9), Borlock (Ref. 10),

Horlock and Marsh (Ref. 11), Wennerstrom (Ref. 12), Fros t (Ref .  13) ,

Stuart and Hetherington (Ref. 14), and Novak and Hearsey (Ref. 15).

Examination of these references shows that the model itself , in

genera l for m , would permit a very detailed definition of the h o w

fie Ld . However , up to the present time , there have been no reported

cases in which the flow field has been determined withou t additional

assumptions concerning the character of the flow . Furthermore , the

validit~’ of the computed flow field is at present total ly dependent

on emp irical input , a fact discussed in more depth in the following

subsection .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



2. CURRENT DESIGN /ANAL YSIS FLOW FIELD COMPUTATION PROGRAMS

If the flow in an axial—flow compressor configuration is assumed

to be continuous and steady relative to each blade row , it is possible

to generate a schematic p ic ture  of the f low like that  proposed by Wu

(Ref. 4) using hub— to—tip (S
2
) and blade— to—blade (S

1
) stream surfaces.

Figure 1 shows sets of these surfaces  as they might appear if determined

for one blade row. For an axisyrnmetric entrance region flow , these

surfaces would have a periodic character , repeating exactly in each

blade— to—blade passage in a given blade row.

It is evident from examination of Figure 1 that the flows on S
2

and 
~l 

stream surfaces interact , and that a change in the flow distri-

bution on one set of surfaces will , in both a mathematical and physical

sense, influence the flow field on the other set . It appears

attrac tive and possible to set up the equations governing the flow on

each se t of surf aces , and to solve these equations in an iterative

process to determine the shapes of the S
2 and S 1 sur faces . Spec i f ic

c o m p u t a t i o n a l  t r i a l s  of this  na tu re  have been nade , b u t  success has

been l imited at best ( Re f s .  14 and 15) .

ln cu rre nt design/anaiysis systems for axial—flow compressors the

f low f i e ld  is p red i c t ed  on both  h u b — t o — t i p and b l a d e — t o — b l a d e  su r faces .

The t ,~t~~I ’a c t l o u  between these fl ows  is recognized , bu t  the  s u r f a c e s

ar L not t rue  s t r eam s u r f a c e s  and onl y a p p r o x i mat e  
~2 and S~ surfaces

in shape.  Fluid veloci t ies  and p r o p e r t i e s  are  computed  on a d e s i g n a t e d

h u b — t o — t i p  s u r f a c e , and this information is used to loca te  the  in te r-

s e c tion s  w i t h  a r a d i a l — a x i a l  plane ( m e r i d i o n a l  p l a ne )  of a set of

-.
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axisyinmetric blade—to—blade surfaces of revolution . These surface are

formed by rotation about the compressor axis of streamline approxima— -
‘

tions computed on the hub—to—tip solu tion sur fac e.

A sample set of computed surface intersections is shown in

Figure 2 , replo tted f rom Refere nce 16, in which the hub—to—tip solution

was obtained by the method outlined in References 7 and 17. In design/

analysis computation these intersections and the corresponding surfaces

of revolution are thought of as control surfaces bounding specified

fractions of the total compressor flow. They also locate the blade—to—

blade surfaces for design/analysis , but the actual prediction of blade—

to—blade flow patterns may not occur on the surfaces of revolution for

reasons which are outlined later.

Hub—to—tip surface solutions for compressors usually assume that

the continuous , steady relative flow is also locally inviscid and

adiabatic. Determinations of the velocity and fluid property distribu-

tions are made at computing stations which are in reality control

surfaces spanning the flow path from hub to tip. These control surfaces

may be planes normal to the axis as in Figure 2 or they may be non-

radial sur faces , possibly matched to the leading— or trailing—edEe

contour of a row of blades. Computing stations are in some design

systems located only in the spaces between blade rows, and th e  h u b — t o —

t i p  computa t ion  is then made on a radial—axial surface (meridional

plane). Alternatively , there may also be computing stations located

in regions within the blade rows . In this case the equations used in

computing are related to the flow on a hub—to—ti p surface located in

~ 
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the blade—to—blade channel. This surface is often described as a mean

st ream surface (see Figure 1), but in prac tical design computation it

is onl y an approximation to a true mean stream surface .  The real flow

within a blade channel which turns the flow cannot be axisymmetric ,

but computatio ns within blade rows are o f ten  described as axisymmetric

becau se certain circumferential  derivatives of velocity in the equations

of motion are dropped. However , at the same time ci rcumferent ia l

variations in pressure are accounted for  by distributed “body ” force

terms . In any event, current design/analysis computation within com-

pressor blade rows is not genuinely axisyinmetric , and it is not per-

formed on a mean S
2 stream surface.

No matter how the hub—to—tip solution is computed , it requires

input which in effect defines the direction of the relative flow at the

ent rance and exit to each blade row , and for  computat ion within the row

the pattern of change in direction through the row must be estimated .

There must also be some description of increases in entropy due to

f low irrevers ibil ity across and through the blade row . However ,

relative flow angle and entropy increase can only be predicted for

known flow paths through the blade row and these are the flow paths

which are being approximated in the hub—to—tip solution procedure.

Understanding this paradoxical situation is equivalent to re- ognit ion

of the interaction of the S
2 

and S
1 

stream surface flows me~...ioaed

earlier as well as to understanding of the importance of mechanisms

for predicting the flow on blade—to—blade surfaces.

9
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In contemporary design systems , blade—to—blade flow field solutions

are usually computed as an aid in optimizing the blade section shape and

cascade geometry . However , the inputs found most critical to the

quality of the blade—to—blade solution are the exit region flow ang les

and the stream tube area variation between the blade row entrance and

exit. These are results that could only emerge from interactive hub—

to—tip and blade—to—blade solutions.

The dependence of both hub—to—tip and blade—to—blade solutions on

input which includes direct or indirect specification of the direction

of flow at the computing stations is the basis for this investigation .

Until workable interactive compressor flow field solutions appear which

direc tly and in ternally account for  the real fluid influences of

compressibility and viscosity on flow angles and losses , some ex ternal

mechanism will have to exist to allow for these influences. At present

these external mechanisms are in the form of relative flow angle and

low estimation methods primarily based on analysis and correlation of

experimental data from real or simulated compressor blade rows.

To summarize , typical current design/analysis progr ams a~ e ba sed

on the assumption of a steady relative flow of a continuous medium .

The flow is also assumed to be locally inviscid and adiabatic , but

cumulative e f f e c t s  of viscosity are included by allowing the entropy

level to change in the direction of flow . The flow field is estimated

by computation using a single hub—to—tip solution surface and multip le

axisymmetric blade—to—blade surfaces. These surfaces are intersected

by arbitrary computing stations (control surfaces) where the fluid

J O
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properties and velocity vectors are numerically determined. The hub—to—

tip surface is an approximation to a mean stream surface , and it is

assumed to l~e a surface on which correct blade—to—blade averages of

velocit y and fluid properties exist. Tue axisymmetric surfaces of

revolution are approximations to blade—to—blade stream surf~ c o , and

they are assumed to be surfaces which can be used to t r a c e  fluid

par t ic le  paths  through the compressor flow passage.

Some example aerodynamic design/ anal ysis  sys tem s  a t e  des r ib~ d in

Refs. 17 to 25. All of the hub—to—tip solution procedures fil l  into

the class called streamline curvature methods. All of the s s t e n .~ in—

d ude mechanisms for estimation of relative flow angles and tlo-rrno ’-

dynamic  losses , and the mechanisms are basi ca ll y prediction quat ions

d er i v e d  f r o m  exper imentat ion .

3. DES IGN/ANALYSIS SYSTEM TRENDS

a. Flow Model

The p o t e n t i a l  fo r  a major  b r eak th rough  in t h e  basi- f l w  mc Jcl

must a l w a y s  he considered , and the  most o b v i o u s  o p p o r t u n i t y  f e i  d~~v c T o p —

mont in this ar e a  is in the c o m p u t . i t i o n  e l  uns t e id ~’ f l ow e f r  ~ C t  a

in e tu d i n g  blade row i n ter a c t i o n . In o r d e r  t o  do t h i s  the o c - i d i n a t  i - i n

bcLween nub—to—tip end blade—to—bl ade solutions would 1I aV C to  be in—

p i o v e d , ,iiid t , l i ~’r e i~; a strong possibi it ; ihat t he  cO n c~~t o l  ~ t r - -1 r l l  i i

i i t r v a t i i r c  s o l u t i o n s  fo r  s et s  of S ., and S . s u r f a c e  . i p p r e > ~in ’ i t  I I  is  weu kd

~I 1Ve to be discard ed . h e r e  have  hecu some report d computat i°~ p rr --

c u r e s  which could be developed  in the  d i r e c t i o n  of  a vL r \  genera I t l ow

m i d .  I , i or examp le Refe r i n - ~ 2h , bu t  the ai r  r en t  s t a t e  of t h i s  work i s

H
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such that much more exploratory effort will be required . However ,

considering the substantial evidence that the assumption of steady

relative flow is questionable (Refs. 27—29), the influence of this

assumption on aerodynamic design quality should continue to be investi—

4 gated.

b. Hub— to—Tip Surface Solution

Recent trends in design system development have emphasized im-

provement in the quality of the hub—to—tip surface solution . There are

additional areas in which these solutions may be developed , but the

most important potential for improving solution agreement with experi-

men tal evidence is in find ing be tter and more reliable means for

obtaining the blade—to—blade performance used as input to the hub—to—

tip solution iterations. Discussion of this possibility is the subject

of the subsection (II.3.c).

The end wall regions in compressor blade rows, near the hub and

tip passage boundar ies , have been inadequately handled in hub—to—tip

flow field computation. The problem is in part a consequence of the

fact that the hub—to—tip flow is assumed to be locally inviscid . These

regions were initially taken into account by introduction of empirically

established annulus effective area blockage factors with possible

additional adjustments to energy transfer within the end wall reg ion

(Ref. 6). Subsequent accounting has included rep lacemen t of emp ir ical

area blockage by computed effective area blockage (Ref s.24, 30 , 31) and

more detailed analyses (Refs. 32,33) which have no t given ent irely

satisfactory results (Ref. 34).

12
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The complex three—dime nsional wall flows in comp ressors are

evidence of the non—negligible influence of shear stress terms in those

regions. Additional progress should be made in t he near future by pro—

viding new experimental and analytical input to hub—to—tip solutions.

Considera tion mus t also be given to limits on the validity of axisym—

metric or quasi—axisymmetric solutions . Some time ago , Smith (Ref .  7)

showed that the assumption of axisymmetric flow becomes weaker for

high blade row loading levels. This conclusion has been supported by

other analyses. However , until the present time there has been no

criterion suggested for prediction of a loading limit for axisyinmetry,

while practical considerations have allowed few real trials in the field

of nonaxisymmetric computing (Refs. 15, 35) .

c. Blade— to—Blade Surface Solution

It has already been noted that  most compressor des ign/analys is

systems include blade—to—blade flow field computation to aid in

optimizing blade section shapes and their orientation in the blade row,

but it must be remembered that the optimization is carried out in an

iterative procedure in which the hub—to—tip distribution of flow is

used to set the upstream and downstream boundary conditions for the

blad e—to—blade solution . These boundary conditions include the upstream

and downstream relative flow angles and stream tube areas . However ,

even under these conditions a complete capability to compute the viscous

and compressible blade—to—blade surface flow field in axial—flow corn—

pressor blade row geometries has not been demonstrated up to the

13
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present , because this complete capability would include satisfactory

direc t prediction of flow angles and losses within the blade rows .

Many partial computation procedures do exist for blade—to—blade

flows and these are the procedures used in optimization . Nearly all ,

f o r  example Refs. 36—40, begin compu tation by working with an inviscid

flow , and viscous influences are introduced in an iterative sequence if

at all. References 36, 41 and 42 represent some specific attempts to

predict exit flow angles and/or losses for compressor blade rows by

blade— to—blade flow field computation . These were constructive attempts

but there is little evidence of regular use of these or other methods

to replace experimental turning angle and loss correlations in the

iterative hub—to—tip calculations of an overall design system. Increased

util ization of high relative Mach numbers combined with high loading

levels has made the task of prediction even more difficult (Refs. 43

and 44).

The current overall trend in blade—to—blade flow field computation

appears to emphasize development of ability to control and optimize the

flow patterns in the blade row rather than to predict the flow d e f l e c t i o n s

and losses produced. Under these circumstances the continuation of both

qualitative and quantitative improvement of experimental correlations

for turning angle and loss is essential , but the possibility of improve—

mont exists onl y if a basic conceptual model of the  blade—to—blade flow

is established and understood . There are now differences in the models

used in va r ious desi gn systems , and one of the funct ions  of the  fol low-

ing two sections is to desc ribe these d i f ferences  and f ix  on a p r e f e r r e d

base for  the p resent stud y.



SECTION III

TERMINOLOGY , DEFINITIONS AI’~D EQUATIONS FOR AIRFOIL SECTIONS

IN CASCADE AR RANGEMENT

I. LINEAR AND ANNULAR AIRFOIL CASCADES

Substantial differences exist in conventions and methods used in

description of compressor blade row geometry and in reporting of aero-

dynamic performance . These differences contribute to problems en-

countered in comparison of sets of experimental data and in comparison

of compressor geometries originating in different organizations. While

it mig ht be construct ive  to establ ish a standard set of d e f i n i t i o n s  and

proc edu res , it is not likely that a consistent ari d acceptable  scheme

can be def ined for  all users and appl ica t ions .  The function of this

section is to set up a basic system for this report and to call

attention to situations where questions may occur. It may a lso suggest

that some uniformity could be developed in the future.

Fh~ remainder  of the repor t  concerns  e s t i m a t ion  of t c - - q u a n t i t  ~ lye

f low t u r n i n g  c h a rac t e r i s t i c s  of rows of b l ade  as a c t u a l l y ~ t l i i z ed  in

a x i a l — f l o w  compressors.  Discussion he re , first relates to the row

geomeri lea found in research , development and p r o d u c t i o n  c o m p re s so t s ,

bu t ,  mus t  also consider  linear or p lane  row geomet r ie s  used t o  exper i -

m e n t a l l y simulate some of the features of flow in compressor rows.

or e s  3a and 3h represent these cases.

S e c t i o n  11. d i scussed  f low on a x i  sy m m e t r i c  b l a d e — t o — b l a d e  S t  i e a r n

s ur f , ~~- e i p ~i z  ox l in t ions and t h r ou g li ax i sy rn rn et  n c  St ream t u b e  a p p r o x i—

m ; i t i u i s w I i i ~~l~ i n t e r s e c t  a x i a l — f  l ow compressor  b l a d e  rows and t I ~ r e l y

l c f i , ~ :1 se r i e s  of bl id ~ se c t  ion I~~ - I i l c i - ;  i n  a n n u i j i  ca sc ade  a r r a , l ~~ - ;. cn t
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Figu re 3a. Def in i t ion  of A n n u l a r  Cascade Arrangemen t .
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Figu re 3b. Def in i t ion  of Linear Cascade Arrangement.
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Linear or plane rows of blades in a rec tangular channel represen t

a conven tional but con troversial way to study flow in a geometry some-

what similar to that of a compressor blade row. A model of the flow

through a linear blade row could also involve in terac ting sets of

stream surface approxima tions with nearly plane blade—to—blade stream

surface/stream tube approximations intersecting the row to define a

plane cascade arrangement. Annular and plane cascade arrangements

corresponding to Figures 3a and 3b are shown in Fi gures 4a and 4b as

they appear when laid out on a plane surface. The term cascade is used

in this repor t to describe either annular or p lane a i r foil sec tion

arrays.

In a plane cascade the blades almost invariably have the same

section profile at all spanwise locations. The p lane s tream sur fa ce

approx imation is sa tisfac tory for the mid—span region of con tempora ry

linear cascade test facilities. This means that a blade—to—blade stream

tube near the cen ter of the cascade span as in Figure 3h ha s the same z

location at all values of x and y ,  and that thickness dz is constant

from blade to blade at a given x. The thickness dz may vary with x.

depend ing on the cascade faci l ity aspec t ra tio , the shape of the sid e

walls and the removal or recircula tion of flow thr oug h slotted or

porous side walls.

In nearly all compressor blade rows the ind iv idual blad es are

twisted and have differen t section shapes along the span . This contin—

uous variation in section and variation in radial coordinate of the

ax i symmet r i c  stream surface approximations with x as shown in Figure 3a

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~——--- -—-~~~~~~~~~~~ ~~~~~ -~~~~~~~~~~~ -~~~- - - ——



~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~~
— -

~~~~~~
—

~~~~

I
DEV ELOPED AXISYMMETR I C SECT ION

\ \  -

I -

/
N i

- N I
NI I

‘
~~~~~ I - ~

‘N AXISYMMETR IC CON I CAL
- N _/ STREAMSURF ACE. . N - APPROXIM.AT~ON

N -
N I  _

~ PROJECTIO N
iN - SURFACE

6

cASCADE PROJECTION

Figu re 4a. Annular Cascade Arrangements.

FLOW
D I R E C T I O N  OF

ROTAT WN 

/
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are primary reasons for  d i f f i cu l ty in describing e f f e ctive cascade

geomet ries in compressors. It should be noted that in a fashion

analogous to the linear cascade , the axisymniet r ic  s t r eam s u r f a c e / s t r e a m

tube approximation means not only that  each stream su r f ace  has the

same r coordina te for  all 0 values at a given x , but that each stream

tube has the same thickness dr for all 0 values at a given x.  Each

stream tube approximation may have both variable radius and thickness

as x changes.

There are three common methods for d e f i n i t i o n  of e f f ec t i v e  cascade

geometry fo r  compressor design and analysis purposes when the axisymmetr ic

stream surface model is used:

(a) The flow follows the computed stream surface  approximat ion

through each blade row and is inf luenced by the exact blade

surface shape intersected by the stream surface (Refs. 24,

45 , 46 , 47 ) .

(b) The f low follows the computed s t ream sur face  approx ima t ion

th roug h each blade row but  is i n f lu e n c e d  by an e f f e c t i v e

cascade def ined by the intersection of a con~ ca1 surface

with the row . This surface passes through the l ead ing  and

t r a i l i ng  edges of each blade at the same r adia l  l oca t i ons  as

the computed stream surface (Ref. 48). This simplifi e s

the layou t process for the case ide b ocaus i  t i n -  conica l  in ter -

s e c t i o n  s u r fa c e  - al ;  be r e a d i  H dev e lop ed on a p i sie . Figure

4a shows t h i s  type  of dove lopment .
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(c) The flow follows the computed stream surface approximation

through each blade row but is influenced by an effective cas-

cade geometry which is determined by projecting radially onto

a cylinder the stream surface intersection with the blade row .

This effective cascade is called the spanwise cascade projec-

tion and in situations where the change in stream surface radi—

us is signif icant  the effective cascade is substantially dif-

ferent from those which would result from procedures such as

(a) and (b). The fluid velocities influenced by the cascade

plane projection are the resultant of the local axial and

circumferential components and therefore neg lect the radial

componen t (Refs 17 , 49). The radius of the cylinder for pro-

jection is usually taken as the average of the corresponding

st ream surface radii at blade row leading and trailing edges.

Fi gure 4a also shows this development.

2. BLADE SECTION PROFILE GEOMETRY

In linear and annular cascades , the stream surface approximation inter-

section and the effective cascade geometry concept applied combine to

give a blade section p rofi le for the individual airfoils expected to in-

fluence the flow. Obviously the blade section profile must have a

significant effect on cascade aerodynamic behavior . One of the major

continuing problems in compressor design has been the determination of

the most important profile geometric variables from the point of view of

performance optimization .

For compr essor blade sec tion prof ile desc ription as for all air-

fo i l s , i t is necessary to define a r e f e r ence lin e and an in iti al

20



coordinate point on r’~at line. The recommended line in this study is

the section chord line. The base p o i n t  f o r  p r o f i l e  cons t ruc t ion  is at

X = 0, Y = 0 as shown on Figure 5. The base point (0,0) is the ini tial -:

point on the section camber line , which is the skeleton of the blade

section and describes its basic curvature. The camber line beg ins and

ends on the chord line and the dis tance be tween the ini tial and f inal

points is the section chord length c. The X, Y coordinates of the

camber line are given as fractions of chord length. The camber line

shape can be par tially described by the position of the maximum camber

point a and the maximum camber b. These variables are shown in Figure 5

for a blade section camber line with continuous positive camber . For

many camber line shapes lines drawn tangent to the camber line at the

initial (leading) and final (trailing) points are used as reference

lines for  flow angle measurement. These lines intersect to def ine  a

blade section camber angle cp as shown on Figure 6. It must he possible

to construct camber lines with camber angles ranging from negative

values to large positive values for a given value of a/c. Several

methods exist for doing this and they are discussed in references

associated with Section IV and Appendices A , B, C and D.
t

1
Camber line shapes may be generated which have a negative camber seg-
ment and an inflection point. In these cases the leading and trai1in~.
poin t tangent lines are used as reference lines fo r  f l ow angle  measure—
men t bu t  an e f f e c t i v e  camber ang le is recommended fo r  use i.n turning
ang le p red i c t i on  in this  repor t .  See Section I V . 2 .  ~aric camber  l ines
such as the NACA a = 1.0 shape have leading and tr aiii n~. po int t a n ge n t
lin e slopes giving an indeterminate or erroneous c~rnber angle. In
these cases an equivalen t camber line may be u sed to define camber line
slopes and an equivalen t camber angle.  See Appendix B for an example
of this approach.
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Figure 6. Recommended Cascade Terminology .
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The construction of a typical blade section profile is completed by

the addition of a profile thickness distribution to the camber line shape .

The thickness distribution characteristics most frequently used in pro-

f ile classif ica tion are the max imum th ickness , the location of maximum

thickness, and the radii or other describing dimensions for the leading

edge and trailing edge of the profile . The location and value of

maxi mum thickness may be given as fractions of chord line length (t/c ,

d/c) or of the length of the camber line (t/l , d/1). The standard

thickness distribution variables are shown on Figure 5 for circular—arc

leading—and trailing—edge shapes.

Until recen t years almos t all compressor blading was based on a f ew

related sets of airfoil section profiles. A specific blade section pro—

f ile combined an analytically defined camber line shape with a standard

distribution of section profile thickness , supplemented by designated

lead ing and trailing edge geometries. Some frequently—mentioned combin-

ations are listed in Appendix D with references given for construction

( and layout details. Additional details on some combinations may be

found in Appendices A , B and C. Not all of the combinations of Ap p e n d i x

D have been extensively used in compressor design , and onl y a f ew  have

been systematically evaluated to determine aerodynamic performance ,

either in compressor (annular cascade) or linear cascade arrangements.

Development of advanced fan and compressors has shown that improved

per fo r mance can be o b t a i n e d  by design techniques which use arbitrary

camber line shapes to optimize the b l a d e — t o — b l a d e  f l o w  f i e l d .  These

camber lines do not have an established analytical shape , and may

~ 
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exhibit camber line angle variations and maximum camber locations out—

side the conventional regimes used in the past. As a result , att ention

was focused in this investigat ion on the spe cial problem of selecting

or redefining geometric variables for classification and data correla-

tion purposes when the blade section profiles are essentially arbitrary.

These cases include the last two listed in Appendix D.

3. CASCADE GEOMETRY

Additional geometric variables are required to define a cascade

arrangement of blade section profiles in a compressor blade row or in a

linear cascade. In the linear cascade two variables are necessary and

these are shown in Figure 6 as the b lad e chord angle or stagge r ang le

~ and the blade tangential spacing s. The stagge r angle is measured

from the axial direction and the spacing is combined with the chord

length to form the parameter solidity a c/s. Figure 6 also shows

and K 2 ,  the cascade entrance and cascade exit camber line angles.

For the annular  cascade arrangemen t in a compr esso r bl ade row the

comp lexity of cascade geometry description increases considerably.

There are problems in definition of both stagger in~~1e or camber l i ne

angle and solidity. As shown in Fi gure 3a tht blade—to—bl ade stream

surface approximation r a y  have both variable radius and  slope throug h

the b’ade row . The definitions of camber line or chord l i n e  d ir e c t i o n

and solid ity then depend on the effe tive cascade g e o m e t ry  s e l e c t io n

discussed in Section III.!. Some alternate procedures for c a n b ~~r l ine

~~~~~~~~ _ _  _ _ _ _  _ _ _



and chord line are described in Refs. 47 and 48. The numerical value

of solidity depends on both the chord length of the effective blade

section and the radius used to determine the tangential spacing. The

average of the leading—and trailing edge stream surface radii is fre-

quently used so that

c 
(‘)

a(r
1 

+ r 2)
N

4. AERODYNAMIC PARAMETERS

Following the selection of effective blade section profile and

cascade geometries , and specifically the parameters needed to describe

these geometries correc tly for performance prediction , bo th indep endent

and dependen t aerodynamic variables must be defined . Again in this

area there are questions and alternative possibilities.

In the region of the flow field immediately upstream from the

cascade the significant independent variables are th e fluid therino—

dynamic properties and the velocity magnitude and direction . These

set the effecii~~ cascath fluid entrance angle on the stream surt tce

approximation. This angle for a linear cascade is shown as f-~ on

Figure C . The inlet conditions also establish the entrance Mach

number  H1, the flow tield dynamic variable Reynolds Number Re , and the

appropriate parameters desc r ib ing  the t u r b u l e n ~ e (-C ra ct er i s t ic s  of the

entrance flow. Alt of these parameters require L i r e f u t  definition

because of the non—uniformit y whi~ h exists in most entrance region fields. 

_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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References 44 and 50 give some options on averaging methods and on

questions related to measuring correct values of entrance flow

variables.

The entrance flow angle 8~ def ines a subsidiary set of angles

giving the inlet direction measured from a reference line fixed in the

blade section profile geometry . The angles mos t f r eq uen t ly used in

recent times have been the incidence ang le measured from the camber

line direction at the leading edge i and the inciden ce measured f ro m

a line tangent to the suction surface at the point where the leading

edge shape fairs into the profile thickness distribution i .  However ,

the ang le of attack ~~ , referencing the entrance flow direction to the

chord line direc tion in the cascade geome try ,  was the inlet flow para-

meter used in mos t systematic linear cascade experiments for reporting

purposes (see Appendix B) and has been occasionally used in more recent

experimental work . Figure 6 shows the incidence angle referenced to the

camber line direction .

In both linear and annular cascade arrangements geometric and aero-

dynamics conditions set a final independent variable which represents a

s t reamtube  area ratio. The variable is commontv fixed by setting t he

rat io of the axiaL velo:ity—density products across the cascade. In this

report the ratio is

~ ~x 2 ( 2 )
1 x ,l

27



The variable ~ has an important influence on both subsonic and

supersonic cascade flows and its components must be determined on a

rational and comparable basis for use in compressor design . The

averaging of data at cascade entrance and exit for computation of axial

velocity and density (Ref. 50) should be done in a consistent manner as

is discussed in connection with the evaluation of independent cascade

performance parameters in the following paragraphs.

A schematic repres~ntation of the velocity distribution at the exit

of a cascade of blade section profiles is shown in Figure 7. Although

this Figure shows only a possible distribution of velocity, the real

flow field involves variations with the tangential or circumferential

coordinate of total and static pressure , and of flow angle. For com-

pressor cascade arrangements , the total temperature will va ry as well ,

although in linear cascade experiment the total temperature is generally

constant in the flow field . From the variable propert\’ and ang le values ,

velocity averages must be found which are used in the determination of

exit flow field parameters. lh~~ e parameters i r c  requi red  to be sat  i s —

f actory for the input to a design system computation for the hub—to—

tip flow on a specified surfac e , and this means t h a t  the  ave rages

specified must have a real physical significance in r ep re sen t ing  an

effective entrance condition for downstream blade rows .

An alysis of e x i s t i n g  sets  of e x p e r i m e n t a l  d a t a  f o r  i iueoi ;~scades

and stationary annular cis 1Jes is diffi cult bt ause , e;.:cept for veiv

recent data , the locations of ii~~ s w i n g u t i t  ion s , c h u a t e r i  s t  i r s  01

instrumentation and details of data reduction are insu ftici . - nt to allow

~ 
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conversion to a standard basis . In the cisc of measurement at the exit

of rotating cascades these factors are compounded by a lack of under-

stand ing of the averaging behavior of stationary instruments exposed

to the unsteady flow due to the rotating row.

Equations for computation of several possible cascade blade—to—

blade averages of measured conditions are given in Ref. 50, with more

details available in Ref. 51. Many sets of data for cascades have been

reduced by a simple area—averaging method applied to variable values in

the flow at cascade entrance and exit measurement stations . Tl;e use

of mass—flow—weighted average variable values appears to be more

reasonable. However , averag ing all measured var iables by eithe r of

these methods leads to inconsistent computed values of velocit” and per-

formance variables. This feature of data reducticn was noted in 1956

in Refs. 52, 53 and 54. The idea of what are currentl y cal led two’-

dimensional momentum values, consistent mean values or mixed-out values

of performance—determining variables was developed for incompressible

flow in Refs. 52—54 , and for compressible flow in Ref. 55. A similar

data reduction method was dot ived in it- f. 56, in Ref. 57 as the ~
- n—

slstcnt mean value method , and in Ref. 51 as the two-dimensionai momen—

turn method . Simitir techniques are used in Re~ s. 58 and Yl to obtai ne d

m i x e d — o u t  values.  All  of these procedures  are  bared on t h e  idea of

computing the values of flow field variables (for examp le , t o t a l

pressure)  tha t  would be r e a l i z e d  i t  a iì n—un iforni b l a d e — t o -b l a d e  d i s t ri  -

bu tion of the variables could be converted to i u n i f o r m  s it  of the ~ uat

variables in - in a d i a b a t i c  pr o t eus  obey i ig  the conservation l aws for

C)
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tangential and axial momentum as well as mass. When the terms fully—

mixed or mixed—out are used there might be some confusion about the

mixing process , but it is certain that the basic concept underlying

the methods of Refs. 50—59 is the same .

The dependent performance variables determined from any selected

averaging method are the cascade exit flow velocity, total pressure

and static pressure . Each of these average values depends on the loca—

tion of the exi t ref erence plane , but for design /anal ysis purposes the

location of the prediction station of most significance is at the line

connecting the cascade blade section trailing edges. The usual perfor—

mance parameters computed from the average values and used for prediction

are the deviation angle , defined as the angle between the average flow

direction at the trailing edge location and the camber line direction

at th e trailing edge, and a total—pressure loss coefficient , defined

as

P -2 ,__id~~ 1~~_~ 2 - - - (3)
P
1 p1

The deviation 6 is shown for the linear cascade case in Figure 6

and f o r  ti-IL annular cascade is referenced to the camber l ine direction

ott the ax i s y nim e t r i c  s t r eam  sur f~t co a p p r o x im a t i o n . For the l inear

cascade and fo r  n o n — r o t a t i n g  a n n u l a r  r a s r i l e s

2 , ideal I 
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but for the rotating annular cascade the definition uses total pressures

measured relative to the rotating blade row so that

— 
— 

2, ideal rel 2 ret
— 

- 
(4 )

l,rel 1

with (Ref. 60)

ideal rel ~l , rel
tl 

+ _ ~~~~
[
~ -~)]~

U2
2

o,l

Some alternative and additional cascade dependent variables for

describing the cascade exit flow direction have been used or proposed.

The grea te r  par t  of the sys temat ic  l i n e a r  cascade  d a t a  w~is or i g i n a l l y

co r re l a t ed  in te rms  of f l ow t u r n i n g  angle  ( f o r  e s a r i p i L s , see Ap p e n d i c e s

B and C), and various parametc~ s including the cascade bladc - section

c i r c ul at i o n

= 

2ir ( r
1 ~~~~~~~~~~~~~~~~~

N ( C t

have been suggested f o r  c o r r e l a t i o n  of t u r n i n g .

in subsequent sections of this ri-port , t i -  q u an t i t a t i v e  - I1a r 1~ t en s—

t i c s  of b l ade  sect ion  p r o f H e  boundary  l ay e r s  w i l l  be con s ider e d as rh o ’:

ret i t t -  to bot 1~ f l ow i i ig l e and t o t - i ]  — p r e s s u r e  loss c o r r e l a t i o n . The



*primary parameters  of in teres t  include the displacement (6 ) and momen—

*turn (0 ) thicknesses of the blade suction and pressure surface boundary

layers , and the form factor relating these thicknesses. The thicknesses

ar e f ully defined in Refs. 55, 52 and 53. Ref. 52 and 61 show that for

incompressible , two—d imensional cascade flow the boundary layer para—

meters are related to the total pressure loss coefficient by the

equation

2 (f~ cos
~ 2 ~~~~~~ 

2 

[ 

- ( *) 
~~~~~2]

(3H2~~1) 
~~~

with H
2 

=

2

On the basis of the assumption that the terms including H 2 vary in

only a limited range near 1.0 for typical cascade operation , the

equation

2
* cos~

w 2 (
~ )2 co

2 ~~ 
) (8)

has been used to relate a loss parameter to the blade trailing edge

to ta l  boundary l ayer momentum thickness

~ cos~ cos~ 
2 

*
___P________ _~~ 1_-__± I I _ ~~ — 1 (9)

2o 
\
cos~ 1 / \c 

2

and further simplifying if (cos ~2/cos ~t 1)
2 
is nearly 1.0
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u cos~ . /
p 2 =~~

_O
~~ (10)2a ~~cj
2

The left—side terms in Equations (9) and (10) have both been used

to correlate total—pressure loss measurements with the w unders tood  to

be the loss coefficient excluding cascade shock wave losses and of

course mixing losses which occur in the exit region downstream from the

cascade trailing edge. This portion of has been described as a

profile loss. Further discussion relating to this matter may be found

in Refs .  17— 25 , 44 and 48.

For this report the components of the total 
2 

due to the

suc tion surface and pressure surf ace boundary layers are def ined as

*
(0 \
\ C )  2,ss

and

1 *

(ci
C 2,ps

* - *The boundary layer thicknesses 6 mu 0 are those measured i i

d i r e c t i o n  p e r p e n d i cu lar  to  the  blade s ec t ion  averag outlet fJ 0i.~ i t

the trailing edge .

The importance of the boundary layer parameters and their rel a t I i

ship to the trailing edge profil e loss lies in the possibilit y of

connecting the same boundary layer parameters to the d e vi t t ion ang le or

o d S e  ade turning ang le .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
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In addition to the profile losses encountered in cascade flows ,

which account for compressibility effects on the character of blade sur-

face boundary layers , current design/analysis systems recognize two

other sources of irreversibility (relative total pressure loss , entropy

increase) in the blade—to—blade flow field . The first of these is the

irreversibility or loss due to shock waves when relative entrance

velocity is supersonic or when local supersonic velocities occur in the

blad e—to—blade passage . The second source of loss is the secondary loss

which may be observed in a cascade section due to flows which are not

modeled by the equations used to compute the flow field. Discussion of

the details of both of these subjects is beyond the scope of this report.

The presence of shock waves in the flow field and the effects of

secondary flows do influence deviation/turning angle in compressor blade

cascade arrangements. However , in this report this influence is consid-

ered to be principally one involving the effects of shock waves and

secondary flows on the growth of blade surface boundary layers. To

illustrate , the  e f f e c t  of a b l a d e — t o — b l a d e  shock wave on ~t e  cha r a c t e r -

istics of the boundary layer on a blade surface dowast roar - of t o- t a t  t r -

action region has a direct in flit e a c t- on d r -vi at I t r , / t i i n i i i ~:. h ( i,~~~ i t :~

e f f e c t  on deviat i o n / t u r n i n g  of the shock ctossitt ~ t in- ira n at t t I f l  i n

the  chlau t I is not large except as it a f f e c t s  the  p r e s sure  d i r t r i h t t o r

imposed on the b o u n d a r y  t a y e r  downst ream f r o m  tile O1l ~~ k . l kvi at ion

n n o l t -  ,..z i u - l  1 nc nr r ~ F1 I n  l nc c  n rc  .c ’cn rn l t f l  b ,IOfl~~~f l A C~ T 1 I  ~~~r~~~nI t n t  1~
~~

‘.0 r - — - - — — —  — — •  .~~ ~~~ - —

on th e nature of the boundary layers on blade suction and pressure

surf n i - S .

~ 
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5. CASCADE DIFFUSION PARAMETERS

In subsequent sections cascade diffusion loading ‘- l i t  be discussed

as it relates to the numerical values of deviation/turning angles.

Various parameters have been suggested as measures of diffusion for

linear and annular cascade geometries (Ref. 60), but two have shown a

high correlation with experience in terms of profile loss estimation .

These are the parameters D (Ref. 60) and Deq (Ref. 61), initiall y

derived for two—dimensional linear cascade loss correlation , but later

substantially extended and correlated to profile loss in the annular

cascades of compressor blade rows. The equations in current use for

definition of D and D
e for annular cascade cases are

D = I — 

r2V0 2  —r 1
V
0 1  + rotor (11)

1 Cr + r ) o W

and 

1 2 1 — s tator

V cos~~. r cos
2
~

D = ~~~~~~~~~~~~~~~~~~~~~~ 11.12 + 0.61 K (12)
eq Vm 2 cos

~ l L
with

r
2 

V (1r
1 / r~ 2

K ta n h  — — —- - - ‘- -  tan c — I I -I r 2 V r 2I m ,I m 1 \ I

The equ1ti ons ar.ii t! p~~rimet~trs a t - c t  dove 1 oro d o O t - s i t l o

diffusion loading at incidence angles nt-ar tic-  minimum loss v alor - b r  -a

give-n L Iscfld (- geometry. 
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SECTION IV

SELECTION OF BASIS FOR FLUID TURNING ANGLE PREDICTION

1. BLADE—TO-BLADE STREAM TUBE APPROXIMATION

For compressor design purposes the locally inviscid , steady relative

flow model and the concep t of str eam surfaces and stre am tubes in the

compressor flow path will continue to be used. There is also justifi—

cation for approximation of blade—to—blade stream surfaces and stream

tubes by axisymmetric surfaces and volumes of revolution. Schematic

stream tube intersections with a meridional plane are shown in Figure

3a. Tile axisymmetric approximation means that while the radius r and

the thickness dr may change in the x direc tion , r and dr do not change

with 0 at a fixed x value. This suggests that a sing le surf ace may be

used for hub—to—tip flow field solution and that assigned and computed

values of velocity components and fluid properties at any point on this

surface must represent a satisfactory circumferential—average for the

given x , r coordinates. For the compressor case , flow in ach axisym--

metric stream tube should be assumed adiabatic but not isentropic .

To support the choice of the axisymmetric and adiabatic stream

tube approximat ion , an’~ to justify continuation at  this assumption in

h~ future , both  computat iona l  and ex p e r i m en t a l  reasons l i l y be given.

It  has a l r e a d y been noted tha t  i tierat i y t - ~ and  St  r a n

solut ions  are d i f f i c u l t  in a computa t iona l sense . [von in cases where

totall y inviscid flow has been assumed from the- beg inning ( f o r  e xamp le ,

Ri - f .  u 2)  , corputation t ime is subst  t i i t i a l  f o r  any numerical sollit ion

of the full flow field.

17 
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From an experimental v i r - u p r i a r , almost all compressor blade row

performance has been measured and reported so as to support the - r~.i S~

m et r i c  stream tube concept. Circumferential surveys have h- - en made in

exper iments  on ax i a l—f low compressor st a g e s , cs p e c i i l l v  do~ i i st  i o a m  f r om

s t a t i o n a r y  blade rows , bu t  in almost  all cases these d a t a  have b e t - n

reported on a circumferential—average basis. Although iil5trument ltion

and procedures for acquiring a detailed quantitative pictur e of the f] -:a~

through both rotating and stationary blade rows is now in use in

research programs (Refs. 63 and 64), data must be taken and analr’-ztd

for a number of representative blade rows in order to give  sufficient

support to attempts to compute compressor flows on a n o n - ax i s vmm et r i c

basis.

2 .  EFFECTIVE BLADE SECTION PROFILE AND i ~\ SCAfl FI GEONI i j~~

Three poss ib ili t i es  for definition of effer tive cas sit e geometry

were outlined in Sect ion I I I .  Each method is s u p p o r t e d  b y -~ r a t  i o n ~~i

teclin~ ca! argument and each has br-~ i used within the f ramework of an

ovt - rall -design system to fi~. t o  g t — e m t - t r i c  c1i~~i~~cte- r i s i~ of i. ~~~-r ‘ru

st ator b Lade rows fo r  res ai cli and deve Lt-gmt nt comprc ssors and t rne

F u r t h e r m o r e , these  blade ows ([or - x i . p ie  i~et . 17 and 18) h a —  i n v o l  cod

st ream s u r f a c e  shapes such t I t ;  ¶ c i a  1 cc 01 r i  I t i v t  g e - - ct  ri  i ~ Si c - - f --

c in t. however , there h i s Ut  -~~~~ i i  i - l i : - i c-d c - x p t - r i r c  n t o h  O \ - l t ’ i c t  t~O

show die s u p e r i o r i ty  of w it . ~C

The u s t i f i t -at ion L - t  i j  f l W~~ 5o c a s t  id e  p r o j  c t l o i i  i s  Iar t ;r-ly U t s t

o i n v i s c i d  f low n ot  ly s i s  is ~pp l i  d to t i c  ieory of swept -ii r I  oi is -

But , in the  r r- g i n s  of i cssor  b J wI~- rows iThr re - 1~~~c ide p l a n t -

- 
- -



pro jec t ion  has the greatest  inf luence  on e f f e c t i v e  chord length ,

solidi ty and section profile , the real flow is affected heavily by

fluid shear stresses. It seems realistic to expect that these stresses

depend on the actual flow path geomet ry followed by the axisymmetric

stream surface approximations . Therefore in the following sections of

this report it is recommended that the cascade element of the overa l l

- - flow model be based on an effective cascade geometry using dimensions

measured on the axisymmetric stream surface approximations. This is

consistent with the methods used in Refs. 24 and 45—47. It is suspected

(without verification) that when correctly app lied there is little

difference between stream surface intersection geometry (Refs. 45—47)

and conical surface intersection geometry (Refs.48 ,65) as far as cascade

performance estimation is concerned . The recommended sym bols and

notation reflect this decision .

It was decided that to maintain some continuity with past develop-

ment , the blade section profile variables recommended for future

correlation should be s imi lar  to those used in existing turning angle

prediction equations. However , to incorporate the more advaitct d sta tion

profiles such a~ those using arbitrary camber I I l i e S , some l t I i n i  t ion

must  be ex tended  or m o d i f i e d .  The p r i n c i p a l  p ar am e t e r s  recomnw ridi-d ire

shown for a I ilt ear cascade a r r a n g e m e n t  in Fi gures  5 and 6. As o r r e l  at ion

v ar i a b l e s  t hey  ar e  L i s t e d  on F igure  8.

Se c t ion  p r o f i l e s  designed for  I I S ~ St  hi g h e n t ra n c e  M.icli n u m b e r  l evels

may have l ead i n g  segments  wi th  zero  or negative camber (e.g. Ref. 46—4~ )

U 
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Figure 8. Recommended Cascade B lidt- Seer l~in r t i  rr-la t i~in V i r j an1t -~~.
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and inflection points in the camber line . The sections produced have

a or “S” shape. Aside from this the thickness d i s t r i b u t i o n  fo r

high entrance Mach number sections is usually characterized by a low

maximum thickness/chord line length ratio with the location of maximum

thickness in the t ra i l ing  segment of the section. While zero or

negative leading segment camber may have a strong influence on total—

pressure losses produ ced by shock waves , it was believed that the

existence of some negative camber has little direct  i n f l u e n c e  on the

cascade deviation angle. It is recommended that  fo r  blade section

prof lies with negative camber leading segments , the location of maximum

camber should be given as the location in fraction of total chord of

the position of maximum positive camber. The section camber angle re—

quired for pred iction of deviation angle should be de termin ed as the

camber ang le of the section downstream f rom the camber l ine i n f l e c t i o n

point , as shown in Figure 8. The effective chord length should be

considered as the total chord length on the stream surface approximation ,

as wi th  convential  blade section prof i les .

For cascade blade sections profiles with zero or positive camber

in the leading segmen t , def initions are unchanged from past practice

except  for  the subs t i tu t ion  of camber line length  fo r  chord length  in

the maximum thickness location variables. In cases when a blade section

prof ile may be prescribed without definition of a camber line (for

examp le , R e f .  66), an e f f e c t i v e  camber line shape can be ob ta ined  U y

construction of a mean line bisecting profile thickness along the

l e n g t h  of t he  sec t ion .

41 
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Recommended cascade geometry vat L~i l ~ a t a r  C C I  r~- 1 i t  l c - . t  purposes  ar e

s tagger ang le , the angle  be tween the blade r h t i ’ r d  I I i c  i O  t l i t  a - i a )

direction ,and the so l id i ty

° = 

1~~~~ 
r ,) 

( 1 )

N 
-

fo r  annular  cascades , and

C
( 2)

fo r  linear cascades.

The report section SYMBOLS AND N l ) L A T I O N  gic t  s defini tiorIs conform-

ing to the discussion above . It should stain be noted that t h e  l a y o u t

of blade section profiles on ai~ approximation to iii axisvnuile t ru-

stream su r face  is a ma t t e r  which r e q u i r e s  sose attention to d~ ta i1 and

the principles of descriptive geometry .

3. CASCADE A ER ODYNA M I C P t~~F( E~ Ah ( - L EVA 1 A l  I

iD. - p r i m a r y  o b j e c t i v e  ot t h i s  i n v - s t i ~~a t~~ ui en ; -: 1 - s  oti i- t;; t U l l - I t  v- -c

:~ i i-1 hods for prediction of the flow turning oi ii r .ic t e r  St I cs o t  h t w o

in advanced axial—flow compressors. Th~ se m e t l t t - c i s  s ho t .  Id ti c- c i - n - 1 - a t  ~~t I t -

w i t h  con temporary  compressor d es i gn /a n ilv ; is sy s t e m s .  Both  c-I  thei~

requireri t nra admit the possib i i  ity fo~ cor re l i t  m u  of r I t h e  te l i t  i ’ o

f L o w  t u r n i n g  ang h r -  or d ev i a t i o n  a n g l e .  Ti;- - i t ;  m l  ; rgur s ;t t t  in f a ~~ t i e  i i i

d e v i a t i o n  angle suggests  t h a t  i t  is more s u i t a b l e  t a t  o u t  i a t i o n  hi - i :

it does not for a given C i 5 t  eli- geomt~Lry show a la r ge  change as e a s e l - 1

h o w  Inlet - iti s ; Ic - chian~-,es (Ret . o i — s ~~. I - o r  - o n t h i t i t i t  ~t h i , -  t h & -  i d v ; i i : ;  . 1

12
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of use over a long period of time in recognized pred ic t ion  methods

(see Section V and Appendices A and B). The following sections con-

sider only the possibility of an improved correlation involving predic-

tion of deviation angle measured from the cascade section profile

trailing—ed ge camber line direction . The other kinematic variables in

performance evaluation are selected from those discussed in Section III.

4. These include the cascade entrance fluid angle 
~l 

measured relative

to the blade section on an axisymmetric stream surface approximation ,

and the incidence angles i and 1 .  When the possibility exists for

data  reduct ion  it is recommended tha t  average b l a d e — t o — b l a d e  f low angles

should be obtained on a mass—flow—weighted basis in determination of both

deviation and incidence .

While the axial v e l o c i t y — d e n s i t y  r a t i o  I) has under  c e r t a i n  con-

ditions an important influence on deviation angle , it was decided to

account for this influence in an indirect fashion through other  f low

field parameters . The value of P as discussed in Section III has the

physical significance of a stream tube- -in-a r at i o , and in the  c o nt c at

of t h e - axis2;mue-tric stream tube approximation , it represents the

radia l  s t r eam tube  area r a t i o  r 1 dr
1/ t - dr to r a cascade section

in a compressor. The ci fect of increased P is to give a deci - -ised

d i f f u s e r  area r a t i o  across  the cascade and a t e n d en c y  toward r i - dot -ed

c a su  adc I.e-ach ing with reduced adverse static pressure gradients on ‘Jie

blade section surfaces. lnverselv de creii-uos in 0 ti~ind to c r - - :t r ’--

d i f f u s i o n  l o a d i n g  and to i n c r ea s e  adverse  s t a t i c  pre ssure g r a d i en t s .

The l ;i t  t i -i of Ic- i ts l i t  t lu ;;&- wh i ch act i ii the di r e t  ian of i n e r e a a in g

p r o f i l e  loss .  

-
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Where profile losses are discussed in the following sections ,

these losses are presumed to be associated with a relationship like

Equation (7). When experimental cascade data is reduced by the

two—dimensional momentum method or any of the procedures which give

f ully—mixed values of average total pressure (Ref. 50), loss c o e f f i cien ts

computed according to Equations (3) to (5) are total coefficients in-

cluding mixing and shock losses. As pointed out in Ref. 58 and else-

where a substantial portion of the published systematic cascade da t a

reports essentially f ully—m ixed loss parameter values. This should

be re called when compa rison are being mad e.

) 
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SECTION V

EXISTING DEVIATION/TURNING ANGLE PREDICTION EQUATIONS

Three principal correlation equations are used as the bases for

predic tion of changes in relative flow angle across compressor blade

rows . The initial developmen t of all of these correlations occurred

before 1960, and there has been l i t t le  substantive change in the base

equations since that time. All of the equations are semi—empirical in

na ture , with an analytical background suppor ted by the results of

linear cascade experiments. As a consequence of the theoretical and

experimental flow field condi tions associa ted wi th all three deviation/

turning angle correla tions , certain real compressor blade row problems

are no t resolved by the bas ic pr ocedures :

1) Stream surface  radial location , radius change and shape are

not linear cascade variables . The problem of effective blade

section p ro f i l e  d e f i n i t i o n  does not occur (see Section I I ) .

2) changes in radius do not a f f e c t  b lade  spacing or € - I f e c t i v e

chord length determination. Problems of cascade geomet~X

def inition do no t occur.

3) Stream tube effective area changes are not prediction

equation variables . Axial velocity—density ratio ( ;~~) was

assumed equal to 1.0 fo r  analysis and experiments used to

1 . - - . 1~~~~~- j _ _ _ ~ _ •_  ~~•• 5 5 - S - S  _ _ • _ _ _ ~ • j ~~~ ••~~~ •i 1-5 -S -S
~~~ i 1 CL d L e  c i t e  c e . L L ~~~~d L & c ~~i , i~~e L W t ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ cc-  t i

s t rong i n f l u e n c e  on the results  (see Section I i i ) .

4)  The prediction methods are directed toward the selection of

suitable cascade geometry combinations for design point

45
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operation in conservative , non—extreme compressor configuration .

There is insufficient theoretical or experimental support in

terms of marg inal loading levels and setting angle— soliditi’

combinations .

The conditions associated with the initial development of the three

deviation/turning prediction methods are considered sufficiently import—

ant to justify a separate descriptive subsection and an Appendix  d e \ ot e d

to each one . The Appendices also collect in one location material drawn

from nua’erous sources which are some t imes d i f f i c u l t  to loca te.  The

Appendices are organized so that the restrictive conditions connected

wi th  each correlation are given in a s tandard format . N a t u r a l l y  in the

application of the basic correlations to the design or analysis problems

for real compressor blade rows, strategies have been developed to adapt

the definitions of equation variables to compressor geometry and to

extend the ranges of geometric and aerodynamic variables outside tla

limits suggested by the base correlations. Each Appendix contains same

examples illustrating these strategies.

It should be remembered t ha t  the o b jec t i v e  in t l -te ~ ms e of each

deviation/turning angle method was to permit estim -ition of lii i - d i i i . :r’

in averabe relative flow direction across a cascade arr ait~~-men t

operating in a two—dimensional flow at specified entrance flow - i ~~J t  ic” i : -

including a defined entrance flow direction or Incidence ang le. lh~-

base inciden ce ang le was different for each correlation , was not

intended to represent a design incidence , and was indicative onl y ot

pr evail ing ideas con cerning favorable aerodynamic operation .
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1. NATIONAL GAS TURBINE ESTABLISHMENT (NGTE) CORRELATION

The overall development of axial—flow compressor des ign methods in

the United Kingdom during the period 1939 to 1950 included research

leading to the NGTE deviation angle predict ion equation , commonly

called Car ter ’s rule. Figure 9 shows the primary pa t t e rn  of develop-

ment of the correlation by reference to supporting analysis and experi-

ments.

The NGTE correlation was based on trends in deviation angle

predicted by analysis of two—dimensional potential flow through cascades

with sharp trailing—edge blade sections to permit use of the Kutta—

Joukowski circulation condition . This analysis was suppor ted  and the

equation for deviation was adjusted by the results of plane cascade

experiments. The correlation was initially proposed to give the

deviat ion ang le corresponding to a nominal flow turning angle , equal

to 0.8 times the turning measured at cascade stall (maximum turning).

In the theoretical studies the base incidence was either arbitrarily

def ined (R ef . 74 , Ic 4 de~ ) or set at the value- f~’r n.axi nuiim lift!

drag ratio (Ref. 75). In Appendix A the i~~~ values of Ref. 75 were

considered to he the base incidence. Thi.s Appen dix sunnta ri-zcs the -

background and subsequent application of the NGTE deviation method .

In t Im e recommended terminc-logy of thIs report , t hi ~- ha,ue e q u a l  i n n

of the NGI’ li correlation is

m C ~
= —

~
---.---— (l4~
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Refe rence  75 also inc luded  g e n e r a l i z e d  p e r f o r m a n c e  c u r v e s  to

permi t  p r e d i c t i o n  of cascade t u r n i n g  ang les fo r  n o n — o p t i m u m  i n c i d e i i ~~~.

2 .  NAl I ONAI ADVISORY CO~~tI TTEE FOR AERONA U TICS / N A F  I f iNAL
AERONAUTICS AND SPACE ADMINISTRAT iON (NA CA/NASA)
CORRELATION

The N A CA/NASA procedure  for  e s t i m a t i o n  of d e v i a t io n  ang les f o r

a x i a l — f l o w  compressor  cascades was developed at  the Lewis F l igh t Pro-

p u l s i on  L a b o r a t o ry  of the NACA between 1952 and 1956 as a p a r t  of the

- 
p r e p a r a t i o n  of a summary of NACA compressor design technology .

The NACA/NASA correlation used previous theoret ical  work (Refs.

76 and 77)  as well as the NGTE correlation to suggest the form of the

base equation , but specifically a t tempted  to recognize and eliminate

deficiencies noted in the NGTE method :

1. The NGTE correlation predicts zero deviation angle for zero

cambe r blade section profiles. Both theoretical and experi-

mental studies indicated a non—zero deviation angle for two-

dimensional flow across staggered cascades with zero caiib em

and non—zero thickness at zero incidence.

2. Both camber line shape and blade section thickness di st~~c-

bution were believed to si gnificant l y afrec t d e v ia t i on ang L .

3. Use of a constant exponent on the solidity paramet er in the

NGTE correlation was considered unsatisfactory .

£r the  recommended n o t a t i o n  of t h i s  r e p o r t  t i m e  N A CA / N A S - \  i - oi -ve- l~~t ~an

equa t i on  is ( R e f .  6 7 ) .

4
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6 • 6 + 

m
0 ~ (15~ref o

To define the correlation , available plane cascade experimental

data were evaluated to isolate a base of experiments which could be

I 
considered two—dimensional (0 = 1.0). This eliminated a subst~ ntial

number of sources , including most potential variants in blade section

profile. The final correlation was strong ly inf luenced by NACA

experiments (Refs. 78—81) carried out at low cascade inlet Mach numnbei-~~.

Unfortunately these experiments also were sequences of data points

at constant inlet flow angle 
~~ 

with the variation in incidence

obtained by changing stagger angle. This created difficulty in

def in ing a base incidence angle related to the operat ion of real

compressor cascade arrangements , where the stagger r emains cons tan t  as

inlet flow angle changes (Ref .  83).

The predic ted deviation angle corresponds in the NACA/NASA

correla t ion to a reference minimum loss inc idence angle at  low i n l e t

Mach numbers. A procedure was derived for determining the eftects

of in ciden ce changes.  The equation is

6 = 6 + (i — I ) (~-~ref ref ~di i
\ ,‘ ref

but it is limited to the relat ively small range of incidence  a t

low inlet Mach number In which the slope ~~~~~ is constant.

\ / ref
Figure 9 shows the development p a t t e r n  of the N ACA/NASA

c o r r e l a t i o n , and a more complete summary of i t s  con ten t  i s  g~ vtn in

Appendix B. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- 3. U SSR CORRELATION

This correlation is the product of extensive systematic plane

cascade experiments performed In the Soviet Union between 1951 and

195’ . Two independen t se ts of data are involved (Ref .  84 and 85) ,

r epo r t i ng  resul ts  fo r  cascade entrance Mach numbers up to 0.92 wi th

~2 in the range 1.0 to 1.15 (not control led) .

The correlations developed (Ref. 86) are almost entirely empirical

in nature , bu t they cover a wide range of cascade blade row geome try

and substantial variations in blade section profile , unfortunately

only including two camber line shapes with very limited movement of

the position of the maximum camber location.

The principal prediction equation estimates the low—speed flow

turning angle corresponding to two—dimensional flow across a cascade

operat ing at an optimum incidence angle . in th is  case the optimum

incidence is based on the minimum value in the loss—incidence curve

at a specified high—subsonic Mach number level (Ref. 85). A

relatively simple equation is suggested for the prediction of optimum

incidence.

In the recommended notation of this report

= 

= 
0.4][ 

-

~~~:~~~t 0.10 

][

~~~~l) 
+ B ] l17~
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~~~~~~

K = (5 - *~ ~j (9O - y) 2 - + 100 (5.5 - )

2
B = 8  (~~~) —~~~~~+ l 6

~~~~~~ d /c
= 1 — 0.28 (d/c — 0.4) for = 0.3 to 1.0 (18)

C
‘ “o’ d/c 0.4

t / c
= 1 — 1.6 (0.10 — t/ c )  for -

~~
- = 0.0125 to 0.125

C
‘ 0’ t /c 0.10

(19)

Generalized curves are given in Ref . 85 for  the influence of

cascade entrance Mach number and iuejdeiice vaLintiuO above and belay

optimum on cascade f luid turning angle 
~~~~ 

Appendix C outlines the

basis f or the USSR correlation. Li t t le  is known about specific

applications.
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SECTION VI

DEVIATION ANG LE CORRELAT ION FOR ADVANCED FAN
AND COMPRESSOR DESIGN/ANALYSIS

1. EXPERIMENTAL DEVIATION/TURNING ANGLE DATA

a. Plane Casc ade Da ta

Figure 9 sh ow s that a very limited par t of the linear casc ade

data available in the literature has been used in development of

the pr incipal  exist ing dev ia t ion/ f lu id  turning ang le corre la t ions .

In the major i ty  of linear cascade experiments carried out before  1950 ,

the resu l t s  were not suitable for correlation bec ause of unsa t i s fac to ry

control of aerodynamic var iables in the test programs and because of

inadequate  measurement and data  reduct ion methods ( refs .  67 ,87).

However , af ter  1950 and up to the present , numerous linear cascade

f a c i l i t i e s  have been used for experiments wi th  both subsonic and

supersonic inlet flow through c ompressor blade section p ro f i l e s  in

casc ade arrangement . Of the published resu l t s  of experiments conducted

during the past 25 years , some but not all might be satisfactory for

extension or deve lopment of deviation/turning angle prediction methods.

Certain preconditions shou ld be considered in evaluation of the data :

1) Is the blade section p r o f i le  and cascade geometry ad e q u at e l y
described for d e f i n i t i o n  of geometric var iables?

2 )  Have the independent aerod ynamic var iables  been s a t i s f ac t o r it y
con trol l ed , so tha t the param eters inf luenc ing fluid turnint
angles can be considered numer ica l ly  r e l i a b l e ?

3) Are the measurement and data r educ t ion  methods c l ea r ly
described so that the basis of numerical  values of both
d e v i a t i o n/ t u r n i n g  angle  and to ta l -p ressure  loss p arameters
can be unders tood?

4 )  Is there  s u f f i c i e n t  da ta  ava i l ab l e  to ass i s t  in extension
of the range of app l i c ab i l i t y  of e x i s t i n g  co r r e l a t ion  form s
or to support  the deve l opment of a new pred ic t ion  m e t h o d ?
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A large number of data sources were investigated during the

present stud y and in the case of linear cascade resul ts  several sets

of published data were considered sui table  in terms of most of the

above c r i t e r i a. These inc lude Refs. 58 , 59 , 66 , 80 and 88-103. In

addition , some unpublished data was obtained . In general both the

published and unpublished resul ts  met a l l  requirements except for

number 4 above. While the data has been ac quired in order to meet

a limited research or development objective , it is not systematical ly

p lanned so as to allow the generation of a new prediction method .

b. Fan and Compressor Cascade Configurat ion Data

Annular cascade results from flow passage surveys in rotor and

stator row s of axial-f low fans and compressors are not available in

signif icant  quant i t ies, especially where the data qua l i ty  is adequate

for possible correlat ion.  A large number of reported and unpublished

test data sets were considered as candidates , with the vast  major i ty

of th ese sets from rotor and stage experiments car r ied  out by the NASA

and by NASA contractors.

The principal question of data adequacy for deviation/turning

ang le and loss correlat ion exists  as a resul t  of the presence of

pa r t—span  dampers or shrouds in the rotor  blade rows involved . While

the damper geometries do not reduce the value of the data for many

purp oses , the aerodynam ic e f f ec ts cover enough of the f low passage

downst ream from the shrouded row to confuse  the data  for  angle and

loss corre la t ion ( R e f .  104). Probable exceptions exist in the case

of Refs. 18 and 105—108, and possibl e addi t ional se ts may be evaluated

as satisfactory in the future (e.g. Refs. 109—112).

I 
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Some reservations must exist concerning the use of fan and compres-

sor passage survey data measured with conventional pressure and tempera-

ture probes. The data-averaging characteristics of many probe types

remain in question. The u t i l iza t ion  of optically-measured flow

passage data is discussed later in this section .

2. PROPOSED METHOD FOR DEVIATION ANGLE CORRELATION

a. Correlation Equation Form

Study of the exis ting deviation/fluid turning angle correlations

and the data described earlier in this section shows that beyond the

questions related to data quality , bo th geometr ic and aerodynamic

questions remain . Because of gaps in coverage of the available data

it was decided that the immediate objective should be limited to modi-

fica t ion of an exis t ing correlation method . It was shown in Appendices

A and B that the NGTE deviation correlation has been app lied to design

of actual  compressor configurations more f requent ly than the NACA /NASA

correlation . Fur thermore , although the NACA/NASA cor re la t ion  a ’LUULLL~~

d i r ec t ly for more blade section p ro f i l e  variables , the accounting has

been questioned (Ref.68) and modification might be difficult because

of the correc t ion coeff ic ien ts used . The extremely emp iric al form

of the USSR f lu id  turniLlg ang le correla tion was though t to make it

uns at isfac tory for modification although the trends shown are signifi-

can t and wor thy of stud y.

Based on the preceding reasoning, it was decided to suggest modi-

fica tion ef the NGTE correlation equation from its origina l form

(14 )

~~~~~~ ~~~~- - -~~~~~~~- “



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 
-
~
--- - - - ~- - —:---

In the original form the equation is quite limited in terms u f  both

cascade geometry and aerodynamic variable range . The principal

geometric variable affecting deviation angle that is not satisfac -

torily accounted for is the position of maximum camber a/c . Ref. 48

suggests the subs t i t u t i on  of an equation for m
~ 

of the form

m = (0.219 ÷ O.00089 16Y + O.00002708Y2)

2. 175 - 0.03552’Y + 0.000l9l7 Y
2

x (~~ ) ( 2 0)

The experimental support for this modified m is not clear , but the

trends associated with its use a~ e s i m i l a r  to those of other app lica-

tion modifications . It should be noted that the- definition of the

angle y given in r e f .  48 is s l i g h t ly d i f f e r e n t  from that  used in this

repor t  and in the NGTE corre la t ion. This d i f f e r e n c e  is not cons idered

m a t e r i a l .

Possible additiona l geometry-related changes in the equation mi~ ht

correc t for maximum profile thickness locatLiu l and va la. . ~- wh correc-

tiuas wore included in the NACA/NAS A equation and the .~~SR corr~-iat ion .

H owever , the data available on thickness effects is not conclusivL

and is r e l a t e d  to aerod ynamic variables (ref. 113). No modification

i s  proposed he re .  No equat ion  modification is suggested for thc consta t

exponent 0.5 on the solidity parameter. Variable exponents ha— i t been

used in other correl ations , for example the NAC.\/N~~ A equation .

Aer odynamic variables of possib l- importance in modification

are the cascade inlet Mach number , Reyn o lds number , turbulenc e
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properties , axial velocity—density ratio and in an overall sense the

level of d i f fus ion  loading.

Because all three of the original correlation forms in common use

were based on initial estimation of deviation/turning angle for low

speed , two—dimensional flow at Reynolds numbers above a critical level ,

these possible modifications assume great importance. In many compressor

design/analysis applica tions the stra tegy selected has been to sugges t

separa te correla tion procedures for the ind ividual var~ ab1es. This is

not only a technically comp lex strategy but it also lea .~. to possible

discrepancies caused by the interaction of the aerodynamic variables.

For examp le , some early studies of the effect of axial velocity—

density ratio on deviation angle indicated a simple relation between

axial velocity ratio and deviation of the form

= 6AVR=1.O - I0(AVR - 1.0) (21)

Subscqucr.t experiments (Ref. 96— 103 ) quickl y demon~ tratcd that

equation 21 was not general and that for low cascade d i f fus ion  para-

meter levels axial velocity ratio changes have little effect on devia-

tion angle. As a consequence the development of separate correction

mechanisms for  individual aerodynamic variables was questioned and

discarded as a feas ib le  a l te rna t ive.

This investigation suggests a departure from the usual approach

by no t i ng  the correction of deviation angle  wi th  boundary layer develop-

ment on the blade surfaces. This general procedure has already be en

used where the NGTE equation has been app l ied wi th the ac tual  f lu id

turning angle rep lac ed by the equivalent circulation valut- (Appendix U).
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How ever , it was decided that a more direct connection with Lht- real

f low c onditions might  be possible and advantageous.

I t  has already been observed tha t  there  are two experimentally-

supported prediction elements in a current  compressor design system .

The requirement for deviation/fluid turning angle estimation is no

more s ignif icant  than the requirement for prediction of losses. Losses

are o rd ina r i ly considered in terms of components described as profile

losses , shock losses , secondary losses and mixing losses. The scope

of this report does not permit a detailed review of this classifica-

tion , bu t it is necessary to note that t r a i l i n g  ed ge deviat ion angle

in a ca scade is d irec t ly or ind irec t ly dependent on the character of

each of the loss components except for the mixing losses which occur

in the region downstream from the trailing edge .

Dur ing the course of th is study it was noted that principal

regi ons of di screpancy between the results of linear cascade experi-

~rentn ~nd the 
thrpp base deviatthn/turning ang le correlations .~~curred

i.n the operating regimes associated with substantial Jiffusiun loading

and h i~ li pro file losses. Tl-
~is was not an or i 0 in a l  d cover - , ~~nc

the developers of both the NGTE and NACA/~~ASA c~)ric latiou ~- reco.~~i zed

cle~ r1y the failure of the prediction equatiuiis ~or h i~,h casca - ic  d i f -

fu s i o n  pa rameter  l t v e l s .  As a result some consideration was giv o t o

suggestion of a correlation moditication relatt- d to a profile loss

parameter  such as ~n cos 
~ 2 /2o or a*/. (refs. 61 , l i t ) . Ho’...-~ t-r , I L  ~ a

noted that such an approach would have to be lim it -
~ by tb .- fac t that

increase s in prof i le loss du not n e c e s s a r i ly i n d i c a t e  large increast - s in

deviation dog le , especiall y at n-il-optimum incidenc e . Figure 1(1 shi~ s

h i~. i t i  lv - t l w  i rn i dim - ~ è, 1 -s

5~
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Examination of the trends in deviation angle shown by the e xj 5 t L f l~

linear and annular cascade results leads to th~ conciust . u thac ti e

numerical values are inf luenced by factors which are relevant to

inviscid flow concepts , but that beyond certain loading levels viscous

intluences become extreme ly important. The inviscid flow intluences

are evidenced by the fac t that  the t h e o r e t i c a l  bac kground of the NGT ’~

prediction equation is entirely related to inviscid flow computations.

However , the connection between viscosity and deviation angle is also —

obvious bec ause of the effects of blade surface boundary layer deve l-

opment on velocity patterns in the blade-to-blade flow .

Historicall y the blade surface boundary layer has been considered

princ ipally in terms of its connection with profile loss values.

Numerous analyses relate to this prob lem (Polo . 52,53 ,55 ,61 ,11’), ~h.ro

th e- quantitative connection of boundary layer with loss paramet.rs

has  been through combined suction sur face  and pressure  s u r f a c e boundary

J~~-~n-r p~ ramctcr e  at the t r a i l ing  ed ge . Va lues  of 6* /c ; */c and H

h ave beefl u t i  l ized which r e p r e s e n t  th e  t o t a l  of s u c t io n  a o l  -i~ ;sure

taC O cundi t ions . However , in th e case of d~ \-~ at ii ~-u I c  , t l ~~

d~~vc i - - ; - n i . - n t  of the suc t i on  su r t ac e  boundary  la~ - u  ou~~ l it  ci i n :  o-~nu t !V

d~ -~)earb to asoua - the gr e a t  U S I  import ance .  lhi s has  a l.- ~- . i -: d l  ph ’- s i ~ a l

cxp1an~ t ior — . If Ic suction surface boundary act r t;ruw~~~, t htt ~ b~~id 
- -

b tad - s~~a.~ i l~~
- si 11 hi - m l  l~~~ o i-i so as to g.e.  h i 5! e i  U c - i  a t ;--

a t .  i - s . I I  Lb I)O IfliJ r y ia~~ -r separa Lt- ~ i- th t S ~~a l i U 1 l  ~- -i  ~~t t t O \ - t S

L o rw~ i i  ~t i h I  h i ~~~t - ~ d.~ ’ i a t i o n  ci i i  r~~s u l t  to c )trjst , - . 1 - ,u.thl - I U .

- r t  s : ,j r  !~t i r Ia c .- h r e d ~~r v  as o : t s t t v t - d  in - apr s s - r  c~~ s ad

- - -~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~1~~~~~~~ • ~~~~- - - - — -
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normally limited and its effec t on the blade-to-blade flow would

in any case be to suppress deviation .

As an initial step in the modification of the NGTE correlation

equa tion , it is proposed that terms or multip liers should be added

which recognize specifically the factors  which control the grow th

of the suction surface boundary layer and its condition with respec t

to separation . The parameter Deq sugges ts itself as a componen t of

- - the modificat ion , since numerical values of Deq correlate qui te wel l

wi th suc tion surface boundary layer growth and separation trends.

Heilmann ( refs .  102, 103) has shown that the e f fec t of axial velocity-.

d e n s i t y  rat io on deviation angle is not large if the diffusion loading

levels are below a limiting value but that as the loading level increases

the e f f ec t becomes very s igni f icant .  Art equation form

= ni ~~~ r fcn(D~~~~~~~~~~

is suggested with the function fcn(Deq/Deq , base) to be determined

from the data .

A more direc t rel~ t ionship between individual boundary layer

parameters for the b lade section suction and pressure surfaces and the

deviation angle would be a bet te r  solut ion to the modif icat ion problem

but is is unlikely that this can be accomplished without some analysis

as we l l  as addi tional da ta . This would also allow the effects of Mach

number and Reynolds number on boundary layer deve l opment and on devia-

t ion angle to be inc luded in a more sa t i s fac tory manner .
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b. Required Additions to Data Base

To permit a thorough test of the relationship betwecit blade

surface boundary layer parameters and thc deviation angle as well

aa for the evaluation of boundary layer computation systems in tb

blade-to-blad e flow field environment i t  is necessary that oxpcrimental

data be obtained in the blade surfac e regions of b lade-to-blade

stream tube approxini-stions . Data should be obtained for both subs . nic

and supersonic entrar .ce conditions in a few l inear cascade ~;i u n t e t r ies

typ ical of current compressor configurations . These data would be

useful as test cases for many purposes in addition to that of support-

ing a new deviation angle correlation . Va lues of O~~, (~° and H shou ld

be known through as much of the pasua- ~c -~o possiblc - ~~r bot h Su c t i o n  and

pressure surface boundary layers.

ln order to provide further support for correlation , data shou ld

b obtained within blade rows of fans and compressors .  This informal ~on

i s  ne~ d €- t t o  give a better basis tor design system cUm-1,u L a L L on s  on

It l i i  - I ~— t ip and blade —to—b lad e so l i t  i - sinfac es . ~ i ~u u t -  ii

:cit ws Sn ir tip le d i s t r i b u t i o n  of rela tive flow d t - t .  le on a b I ~d 
- .h lad

stream oil fat approxintattar 35 n c - i S i C e U  b \ iii ~- dua l~ t-e n , las~-~ c - i  dud .

f t  i S  c i -ar that some careful analysis is r c - q t i c c d  to determiii~

c;r~ e~~t pr ac ed ir t :~ for calcu i- i t ing the correc t a~-~-ra~~ c c  e f f e c t ie

[ - - -c a n - h -  a t  -‘a ri as I -c at ions ii - tlS ( blade ch annel i i  a s iu  ic

hub— L--i i~ calculatio n surfac - is i sed t or c~~ 1 ; -  ~- s L  deSid fl f~~~aiv S 0 .
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Figure 11. Distribution of Re l a t i ve  Flow Angle in Rotor Blade Row of
Transonic Comp ressor Stage Operating at Desi gn Speed and
Maximum Efficiency Flow Rate. Radial. Location 89 Percent
of Blade Height from Hub . (Data Courtesy of H. B. Weyer
and R. Dunker , D FVLR - K81n).
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~Et1 tO N VII

CONCLUSI ONS

The results of this itiv -~ tig atit n m d i - . t o  t d n t

1) ~i~e t hr ic - principa l methods for prediction of deviation angiL
• and relative fluid turning angle for compressor and fan blade

sections in cascade arrangement are currently used for blade section
profi le s and in aerodynamic variable regimes far outside the ori~-
thai correlation limits.

2) i i i t - r  is not enough experimental data available from either linear
cascade or compressor test programs to support the development of
a new correlation. Therefore , in thc- immediate future the most
reasonable approach would be to modify an existing correlation .

3) The deviation angle correlation originally proposed by the Natioral
Cas Turbine Establishment (NGTE) has received the most frequen t
application to compressor configuratioti design . It is believed to
represent the best candidate for modification .

4 Failure of the NGTE and other c c ct latious to predict deviation
angle correctly is the result of elfi-cis of several aerod ynamic
parameters interac ting in the viscous t low region near the blade
su r f a c e s , p r i n c i p a l l y on the suc tion  surfac e.

5) En addition to the variables which influence deviation ang le in
ca~ oo where invjscjd flow is assumed (camber , blade section pro t ile ,
sL~i i -g-c ang le , solidity, incidence), the features of the r ea l  f low
lie Id w h i c h  have the  most direc t effec t on the it a~;i1 i tiid- ~ of d -vja—
Lion an le are the characteris tics of ti - c- blade suction s u r f a c e
boundary [:tyc-r and not neCessarily the leve l o~ tot al p c -o f ile i c-- s

N )  - 0 e  - a -  I ci: which corio taLc - s well with tb gr -wth a id S& O i d !  ui

tor te oc i s of the suc t ic-i surfac e boundary in c mipre so or ca-c tdr-s
i t ;  t itc- di f lus i on loading parameter Deq. A ic-c-l it inc ludiug L i I S

paratiteter is suggested as an addition i t  the  NCTE c - ; r~~lat  i-tn

0 111 1 ion.

7) An objec t ive ni future research should ic ac - i I i t r c -  d a t  si t

‘let i~os scparatm- l y the chai:at- L e i  1 s t  ics  of tin - sue ’ I -  and prti~ sur
surface boundary lais rs for compr ssor b t h d e  c - I t - c -to e ai - ra .1 - t t o-nt 0 .

E l i  I - , dat a is n e c e s s a ry  to permit the ( I t -VO topn tc u t  c-I gi-in-ral
deviation/turntn i ang le prediction m l  tot: .

- - -  — — — -5- -— -  .—--—--- —• -- -——•-— •—~ ------- ————— - --5 — - -
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APPENDIX A

NATIONAL GAS TURBINE ESTABLISHMENT DEVIATION ANGLE CORR E LATION 1

Base Equa tion

6 = mO~~~~ (Ref. 75)

at

1 = ]. (0~~~~~opt

6 devia tion ang le , angle between cascade exit average fluid

angle and line tangent  to blade section camber line at

tra iling edge , degrees

m function of blade section stagger angle and camber line

shape , Figure A—3.

~ blade section stagger ang le , angle between chord line and

- axial direction , degrees

U blade sect ion camber angle , ang le between lines tangent to

section camber line at leading and t ra iling ed ges , degrees

s blade spacing , tang~ntiaI distance between equivalent points

on adjacent blade sections

c chord length , length of straigh t line connec t in g poi nt s

where camber l ine i n t e r s e c t s  leading  and t r a i l i n g  ed ges

i incidence angle , ang le be tw~- en cascade inlet average flow

angle and line tangent to blade section camber line at

lead ing ed ge , degrees

— 1
Symbols and notation defined in Appendix A correspond to original pub-
lication of correlation except for sign convention on stagger angle.
See also Figures A— I and A—2 . 
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incidence ang le predicted to give maximum lift/drag ratio

for given cascade geometry , degrees

blade section camber line angle at leading edge , measured

f rom axial direct ion , degrees

blade section camber line angle at trai l ing edg e , measured

from axial direc tion , degrees

average f luid angle at cascade inlet , measured from axial

direc tion , degrees

average fluid angle at cascade exit , measured from axial

direc tion , degrees

c fluid turning angle , degrees

V1 fluid velocity at cascade inlet

V2 f lu id  velocity at cascade exi t

Base Air fo i l  Section Prof i les

C. l  ( R e f .  71)

C.2 (Ref. 71)

C.4 (R ef .  82)

Base Camber Line Shapes

Circular—arc (R ef. 71)

Pa rabolic , ~ = 0.40 only (Ref. 71)

Base Cascade Geometry Limits

a 0.50 c i r cu la r—arc  camber line
c 0.40 paraboli c camb er l ine

- -  -- -~~~~~~ — —-~~~- - - - --~~—— — - — —-5 -- — — - - - - -  ~~~~~ •- - - — - - -  -5-  -—- — - —~~~~~~~ - - -
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d 0.33 C.1 sect ion
— 0.30 C.2 sect ion
C 0.30 C.4 sect ion

• -
~~ Ref. 75 based on analysis and data for t/c = 10%

0.08t C.l section
LER / 0.l2t C.2 section

0.12t C.4 section

O.02t C.l sect ion
TER 0.02t C.2 section

0.06 t C.4 section

m defined for C from 0 to 60 deg

R e f .  75 based on data fo r  from 0.5 to 1.5
C C

0 Applicable camb -~r limit U a sec t ion loading

Bas e Aerod ynamic Variable Range

~~ 
analysis—incompressible  flow

results used in Ref. 75 all were for low—speed plane cascade

flow

Re r esu l t s  used in R e f .  75 r e f e r  to e f f e c t i v e  Re of about

4 x 10~ based on chord and exit velocity

12 12 1.0 , two—dimensional flow assumed in anal ysis and

exper iments

Turbulence data not available
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Design/Analysis Application Examples

A. Modified Base Equation and Incidence

The NGTE rule has been used to predict deviation angle for  a

range of incidence levels when Cascade diffusion loading is low.

This is done on the assumption that deviation variation with incidence

is not large when profi le  losses are low .

Various investigators including Ref s. 20 , 69 have given equations

for  m based on Fig. A—3 .

App lication of the NGTE rule to design has frequently included a

capabili ty to add an arbi trary angle correction (for examp le , Refs. 17 ,

48) .

Ref. 18 app lied a modified equa t ion to design

(e — i) m i—
6 =  ~

1 - r n  I —
C -

~~C

with

m = 0.92 (~ + 0.002 cz
C \ C /  2

B, Extended Blade Section and Cascade Geometry Limits

Airfoil Section Profiles and Camber Line Shapes

The NGTE rule has been used for NACA 65—series profiles on circular--

arc camber lines (Ref. 69) and for double—circular arc and multipl 1--

circular—arc (DC A and MCA) profiles (Refs. 16, 17 , 18, 22). It has

been applied to a polynomial camber line with a polynomial thickness

d i s t r i b u t i o n  ( R e f .  115).

68

- -- - — —  ——-— ~~~~~



----5—-5-
~~~~

—-5- - - - - - -.-  

~~~~~~~~~~~~~~~~~~ ~
-5
~~

• — •

Re f .  48 includes an NGTE rule option for the sect ions defined in

that report.

Cascade Geometry Limits

— Equations or Curves for pred iction of devia tion for a/C

values less than 0.4 and greater than 0.5 are given in

Refs .  17 , 18, 22 , 48 and 115.

C — m values extrapolated by equation to C> 60 deg

Blade—To—Blade Surface Radius Change

The NGTE rule has been used for radius change and 12~ 1.0 cases by

• substituting an equivalent circulation turning angle into an equation

of the form (recommended notation)

6 = ~
l 

- - 

~2e

This approach is used in Ref s. 17 , 22 , 48 and 69. See Appendix

E.

C. Extended Aerod ynamic Variable Range

M
1 

— rule used without M1 
correction for supersonic en t rance

flows in Refs .  16 , 17 , 18, 22 , 115.

Re — correction suggested in Refs .  70 , 71 , 72.

il - see the method under radius change above and in Appendix E.

This approach ~.sed in Refs. 17, 22 , 48 and 69.
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Figure A—2. NGTE Cascade Terminology (Refs. 71 and 75).
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0.40 —

CI RCUL AR ARC CAMBER LINE
0.30

E

0.20 —

PARABO LIC CAMBER LINE ,
a/c = 0.40

0. 10 —

I I 1 1 1
0 10 20 30 40 50 60

BLADE SECTI ON STAGGER ANGLE DEG

Figure A— 3. Coef f i c i en t  m for  NGTE Deviation Ang le Correlat ion [ R ef .  7 5 ] .
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APPENDIX B

NACA/NASA DEVIATION ANGLE CORRELATION 1

Base Equa tion

6ref = 6 + 
O~~• 1 

cp see Figures B—5, B—6, B—7 and Ref. 67

with

6 (K
6

) (K
6
) (6 ) see Figures B—3 , B—4

sh t 
0 10

at

= iref (Ref. 67)

6ref cascade exit average deviation angle measured from tangent

to blade trailing edge camber line diT~ ction for cambered

cascade , degrees

IS
o devia t ion angle measured from camber (chord) line for zero

camber cascade with same fluid inlet angle and solidity as

the cambered cascade , degrees

(6 0
)
10 value of 6o for cascade with NACA 65—series blade section

ai r foi l  prof i le  and maximum section thickness 10% of

chord length , degrees

1
Symbols and notation defined in Appendix B correspond to original
publication of correlation . See also Figures B—l and B—2 .
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(K IS)h 
dimensionless correction factor to (IS

O
)lO for effects of

blade section profile not NACA 65—series

(K
6
)
~ 

dimensionless correction factor to (6
o
)
~ o 

fo r e f fec ts of

blade section maximum thickness not 10% of chord length

cp blade section camber angle , with equivalent circular arc

camber angle used for NACA A10 camber line shape , degr ees

cascade solidity, ratio of blade section chord length to

blade— to—blade spacing or pitch

rate of change of deviation angle wi th camber ang le fo r

cascade with solidity of 1.0

• 
b correction exponent accounting for variable influence

of solidity on 6-ç slope associated with different fluid

inlet angles

s blade spacing , tangential distance between equivalent

points on adjacent blade sections

c chord length , length of straight line connecting points

where camber line intersects leading and trailing edges

i inc idence angle , angle between cascade inlet average tlow

angle and line tangent to blade section camber l ine iit

lead ing ed ge , degrees

1ref reference minimum—loss incidence angle , degrees (Ref. 67)

H. blade sec tion camber line ang le a t lead ing edge, measured

from axial dire ct ion, degrees

K

2 
blade section camber line angle at trailing edge , measured

from axial direction , degre es
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average fluid angle at cascade inlet, measured f rom axial

direc tion , degrees

average fluid angle at cascade exit , measured from axial

direction, degrees

fluid turning angle, degrees

V
1 

fluid velocity at cascade inlet

V
2 

fluid velocity at cascade exit

Base Airfoil  Section Profiles

NACA 65—010 blower blade section (on NACA A10 camber line only)

C—series airfoil section th~~’kness distributions (on circular—arc

camber line only)

Double circular arc airfoil sections

Base Camber Line Shapes

NACA A10 (a = 1.0)

Circular  Arc

Base Cascade Geome try Limits

a 0.50 NACA A10
c 0.50 circular arc

d 
0.30—0.33 C—series

— 0.40 65—010 blower blade section
C 

0.50 double circular arc

— 
-
~~

- { (K
6
)t given in range 0 to 0.12 



- - - -

J 0.0067c 65—010 blower blade
10.08 to O.l2t C—series

TER 0.OOl5c 65—010 blower blade
0.02 to 0.06t C—series

• (~~ is correlat ion ang le)

( 5~~)~~~ given in range 0 = 0.4 to 2.0

cp Applicable camber limited by section loading to D< 0.62

with 60 deg imp lied by 0 <C 1 < 2 .4  in Fig. B— 5

Base Aerodynamic Variable Range

M
1 

very small effect of on deviation at 1 ref was predicted

up to limiting M1, where rap id inc rease in loss occur s

5
Re above 2.5 x 10 based on chord length and cascade inlet

velocity

12 da ta correla ted f or 12~~ l.0 only

Turbulence data not available

Design/Analys is App lication Examples

A. Modified Base Equation and Incidence

The NACA /NASA rule has been used for 1 
~ 

1re f with the equation

(Ref. 67)

Id 6
= 6 + (i — i ) 

~~~ref ref idi
\ ref

V a l u e s  of K
1 
have been used in 1-’i gs. B—3 and B—? to rep lace 

~~

(Ref. 24)

-
I (1 
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Application of the NACA/NASA rule to design has f req uently included

a capability to add an a rb i t rary  angle correction . Examples are in

Refs .  23 , 24 and 48.

B. Extended Blade Section and Cascade Geometry Limits

Airfoil Section Profiles and Camber Line Shapes

The NACA/NASA rule has been applied to exponential , polynomial

and arbitrary camber line shapes with polynomial thickness distribution

(Refs. 24, 45 , 46 , 47)

Cascade Geome try Limits

-~~~ 
— equation is given for deviation with as a variable in

Ref. 24

a — Ref. 68 suggests caution in application when a is low

and 8i
> 60 deg

Blade—To—Blade Surface Radius Change

Equivalent circulation turning angle (see Appendix E) is used in

NACA/NASA deviation option in Ref. 48.

Ref. 21 suggests a solidity and thickness/chord ratio correction

for  average blade—to—blade stream surface slope in meridional projection.

C. Extended Aerodynamic Variable Range

M 1 
— correc t ion  suggested for  above critical value in Re fs .

21 , 23.

- R e f .  68 suggests caution in application when > 60 deg

— -•i~~~ t I .4 lius change above

- Ref . ~7 suggests procedure for  de termining  incidence correct ion

77
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1.4

• 1.2 —

1.0 —

4-)

‘0

0 0.02 0. 04 0.06 0.08 0.10 0.12
MAXI~~JM-TH ICKNESS RATIO , tic

Fi gure B— 4. Maximum— Thickness Correction for Zero—Camber Reference
Minimum— Loss Deviation Angle.
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Figure 8—5 . Equivalent Camber Angles for  NACA A10 Camber Line as

Equivalent Circular Arc (see Ref. 79 for Camber Line
Construction with C1 ~ 10).
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APPENDIX C

USSR FLUID TURNING AN GLE CORRELATION 1

Base Equa tion

= o.4][(:%)~ = l0%][ 
B]

K = (5 - 2db) ~~~
2 - 1000 + 100 (5.5 - 2.6 t /b)

B = 8 I~-)  
— 17 ~~~

- + 16

(i~€c1 )—o x
C 

= 1 — 0 . 2 8  

~~c 
— 0.40) for = 0.3 to 1.0

o x  = 0.4
c

and

(&C ) —o c = 1 — 0.016 (10 — c) for c = 1.25 to 12.5%
= 10%

At Base Incidence

—i 
Fr

I cz ’ — sin —

0 1 t

1Symbols and notation in Appendix C correspond to orig inal publication .
See also Figures C—I and C—2 .
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fluid turning angle for cascade operation at base incidence

i and low M
0 1

v blade section stagger angle , angle be tween chord line and

tangential direction , degrees

c blade section camber angle , angle between lines tangent

to section camber line at leading and trail ing ed ges ,

degrees

t blade spacing, tangential distance between equivalent

points on adjacent blade section

b chord length , length of straight line connecting points

where camber line intersec ts lead ing and tra iling edges

i angle of incidence, angl e be tween cascade inlet average

f low angle and line tangent to blade section camber line

at leading edge, degrees

1
0 

optimum incidence angle , degrees

a1 
blade section camber line angle at leading edg e, measured

from tangential direction , degr ees —

blad e section camber line angle at trailing edge , measured

from tangential direction , degre es

a1 
average fluid angle at cascade inlet , measured fiom tin—

gential direction , degre es

a2 
average fluid angle at cascade exit , meas ured f r o m ax ia l

d irection , degr ees

6 devIation ang1&~, ang le be tween cascade exit average f l u id

angle and line tangent to blade section camber line at

tra iling edge , degre~-s 
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I

V
1 

fluid velocity at cascade inlet

V
2 

fluid velocity at cascade exit

F
r minimum flow passage width in blade—to—blade channel

(throat) (Ref. 85)

Base Airfoil Section Profile

A—40 symmetric profile (Ref. 86)

(see Xc/i below)

Base Camber Line Shapes

1145 parabolic used for camber angle .~~ 55 deg. (Ref .  85)

K50 circular arc for all camber angles ~ 55 deg (Ref. 85)

Base Cascade Geome try Limi ts

0.45 parabolic camber line
b 0.50 circular—arc camber line

0.30 A—30
0.40 A—40

x 0.50 A—SO (Ref. 85 gives p ro f i l e  const ruct ion)
0.65 A—65
1.00 A—100

0.0125 to 0.125

LER 0.055 c

TER 0.05 c

~ _-~~~~~~ —.~ —-~~~~~~~~~~~~~~ ~ -~ •~~~~~-5 ---5 - -5—-~~~—~~ •- - 5- - - --——-——-5-- - - -  - -— —~~~ - — -5———  - - —  ~~~~~~~~~~~~~~ - - —— -
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v 2O to ll0 deg

0.7 ~~ 2.5 
range of validi ty suggested

t
in Ref. 86

£ 5 t o 85 deg

Base Aerodynamic Variable Range
1

M
1 

0.30 to 0.92

Generalized curves are given for  pred icting change in

&~ wi th M
1 

in Ref. 86

Re 2 x l0~ to 8 x 10~ based on chord length and inlet

velocity

£2 1.0 to 1.15

Turbulence not reported

Design/Analysis Appl ica tion Examp les

Not available

1Val ues given are ranges repor ted in Rcfs. 84—86.
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APPENDIX D

CONPRESSOR BLADE SECTION PROFILES AND CAMBER LINE SHAPES

Table D—l is a listing of some blade section profile geometries

which have been adequately described and have been used in linear

cascade experiments or in compressor blade row design. References are

given which contain information on or instructions for layout or con-

struction of each profile. In those cases where reasonably general

correlation equations exist for aerodynamic performance , reference

documents are also listed.

91



-1
4 . 0  .0

—

‘0
E C t ~~~ ‘0 0~ a’ ‘0 LA fl ~0 I I I 4 4

- ‘0 ~~ N- N- ~~ I I I 4 I
0 0 $.. N- ‘-.4

4’. 44 0 0 a~
4.. L)~~ ‘.-

0
0 4 . 4 44. N. N.
4.4 4) — .44
U C r.J rI ‘0 N- —
0 0 U) N- N- LA U) 04 40 N- 0 0 “N LA LA U) “N
1. 4.. N- U) ~0 40 — — 0 .4 —7 .7 -7
4.4 4.4. — a’ — — ‘0 N-
0 4— 04 ‘0 P. N- C .0 ‘0 .7 —
0 4 . 4  — —o~~ —4
LI

0 0 0 0 0
0 0 0 0 0
4.. 4.. 4.. 4.4 4.’ 4.. 4..

I ~~ “~ ~ 4- 0 4- 0 4.. 0 ..- 0 C’

4’ 
— 

~ 
-
~ ~ 

— 
~ 4’ 1. 4 . 4 ’  4’ 4’ 4..

4.4 . 4  0 0 — 0 — 0 —‘ 0 .-~ 0 — C’ -.. — -~ N
-i —. .0 .0 .0 .0 .0 .4.4 .0 .0 .0 .0 .4. .0 .4. .0 4..

‘4 ~~~~~ ~~~~~ 0 0 0 4 . 1 0 0 4  4 4 . 4 4 . 4. ‘4
•~~ N ~

4 . 44 4 . 1 4 .  4. 44. 1. 44. 4 . 0  4.. 4 . 4 4  4.. N 4.. 4. I.. ... 4. 4. — .4.
0 . 0  4 4 . 0  4 4 . 0  4 . 0  4 .0 N ‘ 1 4 .  0 .-N N 14 44 ‘4 .4 .7

40 > 1’ 4. 4. — 4. .4 > 4. 4. 4. - 4. 1. 4. N

-4.

40a..

— 1— 0 74 10 4.- C 4’ 4’ 4’ -I 4.- 4’ 4’ 4.- 4-
I 0 0 0 .7 0 ~‘ — -. ... — .-- ‘ N

44. .4 .7 .7 4) 0 U’4 0 ‘4’ - .0 .4. .0 ~ 4 .0 .4. .4. .4.. 4.
1. ...~ ‘—‘ 0 I . I — ,0  N N N N it N N N
“N 1 0 0 0 .445 0 0 C’ .4. -- -4 -..

~ .:~~ 
4~~~~ 1~~~~~~~~~~~~~

’ 
-

4.. 14 0 0 4.- 4 1- 4. > 44 ‘ . 1. 1 
‘1

4 . 0  .7 .0

I .s~~~~~~~ ’ ’ 4  
-
~

• 44 44 4.4 .4 — 4. 15’) 5_I C’ . ... .41 “ .41
‘4 . 4  ..- 47 44. .,: 4.

4. 4 , - -4 5.. 484 S.. 4., 4. Ii ‘1 1. ‘4

~
: 

~~ 
- 

“ 4 ”

- . 4 .  .
~

92



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

APPENDIX E

DERIVATiON OF EQUIVALENT CIRCULATION FLUID TURNING ANGLE

The equivalent circulation fluid turning angle concept was developed

to rationalize the use of correlations and parameters based on two—

dimensional linear cascade experiments for the design and analysis of

axial—flow compressor blade rows. In this context it accounts for the

influence on effective cascade diffusicn loading of changes in

stream surface radius and meridional or axial velocity across the

blade row.

An example velocity diagram for a rotating compressor cascade with

r2 ‘
~~ 
r1 is shown in Figure E—l. The relative fluid turning angle

indicated is

= —

and the circulation for the row is

V = r V  — r Vrow 2 0 ,2 1 0 ,1

If the flow through the rotor occured with no change in radius but with

the same total circulation , the equivalent exit tangential velocity

would be

r
• V =-2 V0,2e r

1 0,2
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and

W02e 
= U2e VO2e 

= U1 
— ~~~~ V0 2

The equivalent circulation velocity diagram is based on these exit

tangential velocity components and

V = V  -m ,2e m,1

The equivalent relative fluId angle at the rotor exit is

U - — V
—1 1 r

1 0,2
B2e = tan

m ,l

and

i~B =  B1 — B2

= B1-tan~~ 
2
V
m
~
2 

tanB2 + 

~~~~ [ ()2]l (E-l)

For a stationary blade row

= B1 
- tan

1 Ir 2Vm ,2 tanB2] (E-2)
[lm ~l 

J

In both the rotor and stator cases the equations for show that both

V~~2 
< Vm l  and r2 

< r
1 
cause an increased equivalent turning angle.

_ _ _  
—- - ----..- ,

- .--



The equivalent circulation approach was suggested in 1957 by

- 
Lieblein (Ref . 61) as a means for extending the application of two—

dimensional linear cascade diffusion loading parameters to compressor

- flow conditions. It also is similar to a method f or correction of

linear cascade turning angles for axial velocity changes used by Erwin

and F~nery (Ref. 87). The idea was further developed by Klapproth

(Ref.  114) for diffusion parameters and was subsequently modified by

-. Seyler and Smith (Ref. 17) and Wri ght  (Ref . 69) to determine equivalent

turning angles f or deviation angle prediction . Equivalen t circulation

turning angles have been used for selection of compressor cascade

geometries based on cascade plane projection (Ref. 17) and on the conical

stream surface approximation (Ref. 48).
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SYMBOLS AND NOTATION

The symbols and notation defined below are recommended for corre-

lation of deviation/fluid turning angle data as described in the body

of the report. Separate lists are given for existing correlation

systems in the Appendices.

AVR axial—velocity ratio across blade row , V /Vx ,2 x,1

a location of maximum camber point (see Fig. 5)

a acoustic velocity at local total temperature

b maximum camber (see Fig. 5)

b exponent (see Eq. (15) and Appendix B)

c chord length (see Figs. S and 6)

D cascade diffusion parameter (see Eq. 11)

Deq cascade equivalent diffusion parameter (see Eq. 12)

d location of maximum blade section profile thickness (Fig. 5)

e location of camber line inflection point (see Fig. 8)

H boundary—layer form factor (see Eq. 7)

incidence angle , angle between cascade entrance relative
flow direction and line tangen t to camber line at leading
edge (see Fig. 6)

i suction surface incidence angle, angle between cascade
SS entrance flow direction and line tangent to suction surface

where leading edge shape fairs into thickness distribution

1 arc length of camber line (see Figs. 5 and 8)

m parameter in N(;TE deviation angle correlation (see App. B)

m modified parameter in deviation angle correlation equation
(see Eq. 20)
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1

M
R Mach number corresponding to rotor blade velocity

(see Eq. 5)

N number of blades in row

P local total pressure

P average total pressure

p local static pressur e

p average static pressure

r radial coordina te (see Fig. 3a)

s blade spacing , distance in tangential or circumferential
direction between corresponding points on adjacent blades
(see Fig. 6)

t maximum thickness of blade section profile (see Fig. 5)

U blade velocity

V fluid velocity

W fluid velocity measured relative to rotating blade row

X coordinate parallel to chord line (see Fig. 5)

x axial coordinate direction (see Figs. 3)

Y coordinate perpendicular to chord line (see Fig. 5)

y tangential coordinate direction in linear cascade arrange-
ment (see Fig. 7)

z spanwise coordinate in linear cascade arrangement (see
Fig. 3b)

Greek

fluid angle of relative flow measured from axial direction
(see Fig. 6)

V blade section circulation

9g
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y blade—chord angle or stagger angle, angle between blade
section chord line and axial direction

y specific—heat ratio

deviation angle, angle between cascade exit relative flow
direction and line tangent to camber line at trailing edge
(see Fig.6)

* boundary layer displacemen t thickness
- 

- 0 tangential or circumferential coordinate in compressor
(see Fig.6)

*0 boundary layer momentum thickness

K camber line angle, angle between line tangent to camber
line and axial direction

P fluid density

a cascade solidity (see Eq. 1 and 13)

blade section cam!,er ang le (see Fig. 6 and Sec.IV )

axial velocity—density ratio (see Eq. 2)

w angular velocity of rotor

total—p ressure less coefficient (see Eq. 3 and 4)

Subscr ipts

c component on cylindrical cascade projection surface

m mer idional component

o zero—camber in NACA/NASA correlation ; optimum in USSR
correlation (see App. C)

p prof i le

ps pressure surface

r radial component

ref reference minimum—loss

4..
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rel measured relative to rotating blade row

s inflection point (see Fig. 8, Section 10.2)

ss suction surface

x axial compor.-~nt

0 circumferential component

1 cascade entrance

2 cascade exit

1.00 

~~~~~~~~~~~~
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