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SUMEARY

The problem of increasing the pressure ratio per stage of an axia
flow compressor i S studied in part by considering the effect of boundary
layer control by area suction on the three dimensional turbulent boundary
layer flow on the casing in one stage of a compressor.

The effect of this boundary layer control, on the prevention of
separation is investigated. Crossflow and crosswise variation of cross-
flow in the boundary layer are factors contributing to the tendency to-
ward separation and the effect of boundary layer control on this phen-
omeon i s determined. This analysis is limited to the boundary layer
on the casing and does not tzke into consideration the possible separa—
tion taking place at the blades.

The boundary layer equations are used to obtain the momentum inte-
gral equations with suction applied at the surface. The method of small
perturbations i s applied to the equations in order to simplify them so
that a solution nmey be reached with relatively little effort. Express-
ions are assumed far the boundary layer profiles, flow path outside the
boundary layer, and shear stresses. These are in a form which closely
resembles the actual conditions.

In order to show what effect boundary layer control exerts, a simpli-
fied single stage compressor i s studied. The results sow that crossflow
can be reduced by applying suction to the boundary layer with a resulte
ant decreased tendency toward separation of the flow, but this is reached
only after a certain mni num suction velocity is attained, |f the suction
velocity is less than this minimum, in spite of the decrease in boundary
layer thickness the crossflow will be increased over that of a solid wal

and likewise the tendency toward separation will increase.
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FIGURES

Crossflow in a blade passage.

Coordinate axes used in derivation of equations,
Boundary layer profile functions,

Assumed model for which computations were carried out,
Fiow peth outside boundary layer.

Inlet and outlet flow angles.

Generalized momentum loss thickness.

Measure of the crossflow in the boundary layer.

Indication of axial velocity acceleration and separation.



TABLES

I. Average value of the ratio of the suction velocity to the
axial velocity outside the boundary layer over the length

of one stage with the corresponding value of the constant CQ,.



SYMBOLS

Cc - Suction velocity in the Y direction.

C, Constant defining the suction velocity.

Ca Empirical constant defining shear stress.

Cu © Constant used in assumed definition of g;givingb
stagger angle,

C & Constant used in assumed definition of % giv:‘.hg

the turning angle in a blade row.

Form factor of boundary layer,

Lgu i =

Constant determined by boundary layer velocity profile,

-
»

Constant determined by boundary layer velocity profile,

J A Length of one stage of compressor,

n ‘Exponent used for Re in comnection with %‘-‘-:—‘1 = E&_ ”
. ¢ Static pressure. (Re)
R e Reynolds number based on axial distance

R ° Reynolds number based on momentum thickness

S Spacing between blades measured in the Z direction.

u,V,w  Velocities inside the boundary layer in the X,y ,Z
directions respectively.

a,w Velocities outside the boundary layer in the X and 2
directions respectively,

X,4Y,& Coordinate axes.

5% Displacement thickness in the boundary layer.



SYMBOLS (cont'd)

g Dimensionless scale factor used in the assumed

veloeilty profile of the tangential flow,

n Ratio of wvertical position to boundary layer thickness.
(2] Homentum thickness in the boundary layer.
@ Generalized momentum thickness in the boundary layer.
K Dimensionless scale factor used in the assumed velocity
profile of the axial flow,
e Density.
T Shear fofce.
wyry Rotational velocity of compressor rotor blades.
SUPERSCRIPTS
o Zero order terms of the small perturbation procedure.
/ First order terms of the small perturbation procedure.
SUBSCRIPTS
o The value of the term at the wall, or whére n=o°
yi Initial values of the term, taken where suction is
first applied. |
| X,z The term referred to the particular coordinate axis

defined by the subscript.
Xz, ZX The term referred to the axis defined by the first
symbol as modified by the flow in the direction of

the second symbol.



I - INTRODUCTION

In the design of an axial flow compressor it would be desirable
tc obtain & higher pressure per stage while still maintaining the
high efficiencies presently attained, The application of axial
flow compressors to turbcjet engines in aircraft has dictated this
desirsbility since a higher pressure ratio per stage would require
fewer stsges to reach the same overall pressure rise without affect-
ing the performance of the engine. This reduced number of stages
would decrease the weight of the compressor anc thereby increase the
overall performesnce of the aircraft.

The présent day designs are limited, however, by the real fluid
‘effects to e relatively small pressure rise (20-25%) per stege. Ex-
perience has shown that any increase over this amount causes a sharp
decrease in efficiency below the approximately 90% currently attain-
able. Conseguently the issue at hand is the increase ih pressure
ratio per stage without an accompanying decrease in efficiency,

The resl fluid effects which are of importance in compressors
aré the separation of the boundary layer from the blades and casing
walls and =lso the general lowering of the momentum due to crosswise
transport of boundary layer air.

The separation of boundary layer in compressors is caused not
only by the usual unfavorable pressure graaients in the direction of

the flow, but alsc by the crosswise variation of crossflow in the



boundary 1éyer. This crossflow is created by the curvature of the
passage through which the flow travels, An indication of conditions
believed to exist is shown in Fig. 1. 4s the flow travels through

the curved passage, a crosswise pressure gradient is induced. The
fluid in the boundary layer on the casing is moving at a lower velo=-
city than that outside the boundary layer and since the pressure in
the layer is the same as outside the layer, the particle paths in the
boundary layer have greater curvature than those outside thé layer.
The result is a crosswise flow of air in the boundary layer which un-
der conditions existing in compressors periodically increases and de-
creases the momentum of the fluid moving in the direction of the flow
outside the boundary layer. The result of these changes is an in-
creased tendency toward local boundary layer separation over. that
caused by an unfavorable pressure gradient in the direction of motion.
This occurs at certain points usually located on the caéing walls and
at the exit from the rotor blading.

The local separation of boundary layer is not the only undesir-
able effect of crossflow, In addition, this crosswise flow, which takes
place at right angles to the flow outside the boundary layer, sets up
a circulatory motion or "secondary flow', that results in the transfer
of boundary layer air into the center of the blade passage and replen-
ishment of the region close to the walls with high momentum air. Con-
sequently there is a tendency to equalize the momentum state between

the main flow and the low momentum fluid, and an additional increased
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frictionai loss which the high momentum air experiences when brought
near to the walls. The general influence of this flow igs to lower
the momentum of the main body of flow., (See Ref, 1.)

From the above discussion it is apparent that the chief source
of undesirable real fluid effects in compressors is the existence of
erossflow in the boundary layer. By eliminating the crossflow on
the casing, one may expect not only to reduce the likelihood of loecal
boundary layer separation, but also to prevent the decrease'in over-
all momentum of the flow, Consequently, due to such elimination it
should be possible to increase the angle through which the flow is
turned, and thus to increase the pressure rise per stage without the
usual accompanying loss in efficiency.

Cne promising method of boundary layer control in two dimensional
flow is the application of suction, Results have indicated that by
use of suction, the separation of two dimensional boundary layer nay
be retarded. (See Ref. 2.) The effect of suction on three dimensional
boundary layer flow, however, has not been investigated and it is not
clear at once whether suction will similarly prevent separation in
the presence of crossflow, Furthermore it is not known if there are
any additional requirements on this suction and if so, what they are.

The present study is concerned with the problem of increasing
the amount of turning and thereby the pressure rise in & blade passage
by applying suction to the boundary layer at the casing. The effect
of this boundary layer control on three dimensional boundary layer

flow will be investigated. Once the reguirements for suction which
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minimizes.the'effect of crossflow in the boundary layer for any given
turning are determined, the estimaites of gain from such control in
terms of increased pressure ratio can easily be madé.

Various means of boundary layer control have been proposed for
airfoils., (See Ref. 3.) One such method is by a slot cut in the sur-
face with the boundary layer drawn off through this slot, The most
efficient position of this slot for the prevention of separation was
determined to be at the point of separation, Since this chénges under
different conditions, this type of comtrol appears not sufiiciently
flexible for practical application., Another methed is to apply
suetion through a porous material over an entire area of the surface.
This intfoduces the gquestion, when this type boundary layer control is
applied to a compressor, of where the suction should be applied to be
most efficient. The structural properties of the porous materials
themselves become of great importance in a compressor application, The
surface roughness is another consideration since this would appear to
be greater than for a solid wall, with presumebly a greater shearing
force at the wall,

At the present time there are materials available which can be
used in this type of application and their properties. are adequate
from this viewpoint. Electroplated mesh has a very smooth surface and
can be made to any desired degree of porosity. Porous bronze is not
guite so smooth, but has the advantage of greater strength., Through
the use of powder metallurgy techniques it should be possible to ob-

tain almost any desired combination of strength and porosity. For
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 example, é change in materials as well as sintering temperatures or
pressures can be used in obtaining the desired reéults. Ref, 4 shows
the results of test runs on boundary layer control using varioﬁsv
materials,

If in a particular application the desired strength for a com-
pressor casing could not be found inherently in one of the porous
metals, a double shell could be constructed. The outer shell counld
be made the load-carrying member and the inner shell the p§rous mnem—
ber: The area in between could serve as air removal duct, In this
same manner of using two-shell congstruction, the distribution of
suction could be varied in any manner desired by using a porous'sur—
face of unifofm porosity and then backing this suction surface in the
‘area where less flow is desired by some such material as stesl wool,

Several.important points must be considered when discussing the
most efficient method of applying suction to a compreésér boundary
layer. First, it is highly desirable to maintain the high efficiency
of the compressor and therefore it is necessary to rembve the minimom
amount of air consistent with the realization of the desired results.
Second, the tendency toward separation is not the same in each sfage
of a multistage compressor but increases in the latier stages due to
inecrease in boundary layer thickness. In considéring this first
point, it seems logical to assume that one way of removing a minimum
of air is to distribute the suction in sguch & way that iﬁ is propor-
tioned to the thickness of the boundary layer, Thus where the momen-

tum loss is greatest, the greatest amount of air will be removed.‘



As the boﬁndary layer grows thinner under the influence of the suction
applied, the suction velocity itself will be reduced, thus reducing.

the amount of air removed. The second polnt raises the questidh of

just where would be the best place to apply this optimum suction dis-
tribution, If it were applied over the entire casing, more air would
probably be removed than if it were applied to only the later stages
and the results might only be wasted on the early stages, Since this
analysis is limited to-a single stage, it is not anticipate& that any

definite conclusions can be drawn to satisfy this guestion,
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IT - DERIVATION OF GENERAL EQUATIONS

Prandil's Simplification: Prandtlis simplification of the equations

of moﬁign results in the equations for boundary layer flow; Tﬁe'

method of simplification is given in Ref, 5, and a brief resume will

be given for the convenience of the reader, |
Considering steady turbulent flow with no impressed forces, the

equations of motion may be written:

e (U + a3+ 3)e 22

Inasmuch as the shearing flow has sn extension mﬁch smaller
in the y direction than either the X or z directions, the velocity o~
becomes of the order of the extension in Y direction and may be neg-
lected when compared to the velocities W and w, Assuming that the

accelerations are of the same order of magnitude as the shear forces,
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the rate 6:‘ change of shear in the X and Z directions become neg-
ligible when compared to that in the y direction. Furthermore, the
small transport of momentum in the vertical direction reduces the
momentun equation in the Y direction %o g_ﬁ t0. Consequently the
change of pressure through the boundary layer in the Yy direction mey
be considered equal to zero and the pressure considered as determined
by the flow outside the boundary layef. Thus the eguations for the

three dimensional turbulent boundary layer flow can be written:

i N7 2w 2w 1 4. 2%Cx i,
U‘ax'*""'ag"'waas“ e%‘f"'caq - ()
U AL, 2ur Qar 1 1L 2C= 1.b)
e Tag T o € 0 TC ong (
AU, dan 4 2 L O i (1.c)
> X 2 ny ) %

Care must be taken that the application of these simplified equations
is restricted to a region whose extension in the Yy direction is very
much less than the extension in the x or Zz directions.

These equatiox;s are concerned with the flow over a plane surface;
but the results obtained can be eictended to a circular cylinder without
change. (See Ref. 8.) Fig. 2 shows the coordinate system to which

equations (1.a), (1.b), and (l.c) will be referred for further analysis.
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 The restrictien placed on these equations in the process of simplifica-
tion still_applies, so that the length in the X direction and the radius
of curvature in the Z direction must be very much greater than the
thickness of the bpundary layer in the y direction., Furthermore, the
radius of curvature must Be a constant for the flat plate equations to
be used directly with the cylindrical coordinates, so that this analysis
will be restricted to the boundary layer on the casing of a compressor,
In esddition, steady incompressible4flow conditions are assuﬁed to exist,
Since these equations are to be considered when suction isvapplied
to‘the boundary layer over an area of the wall, the vertical velocity
at the wall is not zero as normally considered, It has an actual value
which will be.negative in algebraicAsign fcll?wigg the convention of
'positive velocities in the positive direqtigﬁswof their respective

axes, XConsequently‘the‘beundary conditions ares

at ,%r =Q w= A =0 A= <o

at %M_L: w= T - =T

where,fgis_a constant greater then the boundary layerlthickness. Since
the flow under consideration is turbulent, all the terms used in these

equations are mean values with respect to the time,

Momentum Integral FEouations: The pressure is considered as determined
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by the fléw conditions outside the boundary layer and by writing
equations (l.2) and (1.b) in terms of the velocities outside the
boundary layer the change of pressure in the X and ¥ directions can
be determined, The shear stress outside of the boundary layer is con-

sidered esgual to zero, Thus:

-~ 1. 2 2 2 T
— —i?— - 2= w 2=
C 5% uax + S
..._L_.B.% = T2E . w 2%Z

¢ 2 2 X 2ZE

substituting these terms into equations (L.,2) ana (1.b) and integrating
with respect to 7 over the constant height A (following the method of

reference 7) leads to the momentum integral equations.

€ox _ 1 2™ ) 2 Ox c
- Eaxe"(Hx+2 +ax S
(2.a)
o < [§% ]
o .| 26x =% 2 O L3
L. 26xx L 3T, LX) FE
* !I'[az exi(waz"'u z{eﬂ+})

tot W 30 ) PY e
= & ( £ _
ez W oz % Hzt2 *t3 o™

*
+W| 26z« Lo 1 >w [$ )
[ 22v0, IS’Z*E‘W@?}'*’}

Various displacement and momentum thicimesses are defined as follows:
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Equations (2.a) and (2.b) show that for the three dimensionalvbound—
ary layer, the momenium losses are made up of the two dimensional
.efiects plus additional terms caused by the three dimensional inter-
action of momentum transport in the boundary layer. Setting the
suction velocity C equal to zero reduces the equations to those de-
termined in Ref. 2. To see the effect which the suctioﬁ velocity has
on the momentum loss,'equations (2.a) and (2.b) will be written with
the aésumption that the velocities outside of tﬁe boundary la&er are

constant.

éo& C - ééx w Bexj
Q(I’-+CC" x L 5z

Tox + e Oz + T 26 =x
ea? T= > Z o~

The right hand sides of these equations indicate the total change in
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the momenﬁum loss in the boundary layer, Assuming that the shear
stresses at the wall for a porous material are the same as for a

solid boundary and remembering thatC has 2 negative value, iﬁ’ban

be geen thst the total change in the momentum loss in the bqundary
layer muct become smaller_as ﬁhe left hand side of the equations be-
comes smaller., This occurs as the suction velocity becoméska iérger
negative quantity. Therefcre a boundary layer to which suction is
applied over an area of the wall will have a smaller mcmentﬁm loss
than one which is bounded by arsolid wall, and the greater the suction

velocity the smaller the momentum loss will be.



IIT - SINPLIFIED EQUATIONS

Method of Small Perturbatioms: Equetions (2.2) and (2.b) are non-

lipnear differential equations and with their interconnectiﬁg terms it
wouldvbe very difficult to find a seolution in their present form.
They cean be simplified by the method of small perturbatioﬁs.‘ In this
method the flow is considered as having a mesn velue upon which smell
voriations nust be very much less than the mean vaslue. If the three
dimensional effects are considered as these small variations, the
emount of turning of the flow accomplished in a blade passage‘must
then be & small quantity. The small turning angle is one reétriction
which is put on the followiﬁg enalysis, but under real conditions it
appears that the three dimensional effects actually are émall when
compared to the mean flow. Therefore the following assumptions will

be mades

w ( X, 4) + w K|/%y,=z)

v (X )+t (e E)

§

w ('Kl 413 F.4 )
T- T+ T(X ay,2)

o wl(x,n,y,%)
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. : { i ] ‘ /
where: L s - LT ¢ Lo
w w*e o° 7 i

Assumed Flow Conditions Outside the Boundary lLayer: In addition to

the small perturbation procedure, an assumption can be made which
will further simplify the equations, still permitting retention of a
sufficiently significant model. Thus consider:

Z° = constant

4

Z = o

= T '(K o %)
These assumptions preclude any acceleration in the axial direction
outgide the boundary layer (a condition which is imposed by continuity
on cascades of;era.‘bing in incompressible flow) but con_s;der the tengent—
"ial flow undergeing acceleration, The tangentisl velocity 1s smell
compared to the axial velocity, but is determined by both the axial
and tangential positions.

Substituting these expressions for the velocities and neglecting

second order terms, equations (Z.a) and (£.b) may be written in the

following simplified manner:

€ ox - 26x ¢ : (3.a)
e we* 2 X ac

I's { ! [<]
‘8.::(‘ - 26 «x 4 2 o Gx= (3.b)
eTe D% dF by

*° / o

oz - Sx 2 + 2 UU"sz]_ o (3.¢)
€ g=* w° 2% 2 x e e 2 .
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~ Appropriaste expressions for the displacement end momentum thicknesses

ares:

b
O E g

4.
S 7S wx | ow W
9 - (] (2 uoz LLOZ aa ) d/’d/

Characteristic Scale Factors: Reasonable profile for the boundary

layer velccity distfibutibn must now be assumed before equations
(%.a2), (3.b) and (3.c) can be evalueted further, The zero order dis-
tribution will be taken as the familiar 1/7th power law for turbulent

f

boundary layers:

é;:’ - Fi yhere ’fT = (:%?Z) 7;’1 quh

The first order term of the axial flow component ig the varistion due

to accelerations caused by the component of velocity at right angles.



This profile is assumed to be & fractional part of the zero order
distribution and its form will be similar to that indicated by
mezsurements carried out in an actual compressor, _(See. Ref. &)'

Therefore:

' 2 a2
T = RFG, were G (17 36), = (1)
The profiles of F and GF are shown in Fig. 3. Kis a dimensionless
scale factor end is & function of X znd 2.

The velocity distribution in the & direction will be considered
as having the seme form as that in the X direction and can be written
ass _

{
- =Fliveq]
where £ = £(x,%) is snother dimensionless scale factor,
The functions F andG are considered as zero order terms and since

\ _
M is & first order term and very much less than unity, K must be a

T
term of the first order and very much less than unity. The term _‘-‘U'rﬁ:
is of zero order end therefore E must be of zero. order,

Flow conditions in the boundary layer are completely described
when the value of the mean flow, and the small variations which cccur
about this mean flow are determined., Therefore by evaluating the
" momentum thickness ,6: ’ K, end £ the flow in the boundary layer can be

completely described since the momentum thickness is a measure of the

mean flow while K and & determine the emall variations, It is asgsumed
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7‘aha’o the ﬁrofile shape does not change with suction.
Consider, as an example, the velocity profile in the axial dir-
ection just at the point where separation is about to occur. At
this point, U2+ U’'= Oas R —» 0, so that at the point of separation
u® = ~u’at the wall, From the definitions of the velocity profiles,
u® = B°F
u' = T°’KFa
ul u, :
so0 that u° = KG and as vl—’-o,—azzK..
At the point of separation %'3 =—=Jand K= -], so that to prevent
separation of the axizl flow K must be greater than -1,
Considering  as the angle between the axial velocity compénent

and the actual flow direction in the boundary layer, the following

relation may be observed:

. w o _wrlirécl
€tCan A uo‘,u' aaF(J*'KG] '

Since K is a first order term and very much less than unity, the

following approximation may be made:
' 4
w w
u~°+'u‘ = —_a’o' [l +£G]

and as \\—-) e

. W’
W = — (1+€)
) ' a°

u+d ll—-’o
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The shear stresses have the same directions as the velocities

at thé wall so that the following relation may also be defined:

tano{ - bO*

. ‘ : -
Being a first order ternm, tax may be considered negligible with

o E
respect 1o ox S0 that the following approximation may be made:

tan ,Ccl> Z ! |
o X
From the above relations invelving & , it can be seen that if

€= O the flow at the wall has the same deviation from the axiél

direction as the flow outside the boundary layer, since then

/
"' _ -
W+ o' VZ—? o L

But if & 74' O the flow at the wall has a different deviation from the

axial directioﬁ than the flow outside the boundary layer. Therefore
the qua,nti'byf may be considered a measure of the crossflow in the
boundary layer. Determining values of & for varying amounts of suction

velocity would shdw in what manner, if any, the boundary layer suctiocn

- would change the crossflow,

Solution of the Momentum-Integral Equations: In order to solve the

équé.tions describing the flow in the boundary layer, some expression
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must be introduced for the shear stress at the wall, Falkner in
Ref. li proposed the form which will be used in this analysis. This
form has the advantage of being very convenient for purposes of ~cal~-
culation, and also agrees quite well with experimental data’. Thé

empirical expression may be wribten:

,C’cox = C 2
e Ucz' (R e)"\

C Lis a constant determined for fully turbulent flow; C,Lz 0.00653L
and m = 1/6., '

It has been shown already that the tangential shear stress at
the wall may be written in terms of the shear stress due to the mean

flow:

‘ ° w'
Cor = Tox s C1+8)

The Falkner expression for shear, although used here with zero
pressﬁre gradient s is also used when such pressure gradient exists.
It is known thét such an application gives good resulbs as far as
momentum loss is concerned. Consequently, the effect of c;ha.ngés in
the :axial velocity on the shear in the X direction is neglected and
Col x 18 assumed zero.

Having assumed the velocilty profiles and expressi;:»ns for the
shear stresses in the boundary 1ayei', it is now possible to proceed
with the solution of equations (3.a), (3.b), and (3.c). The terms

] o o
(2] etc. may now all be written in terms of @ and the
x s YUxz) X
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 scale faciors K and €.

§¥ = e H
9;; - Ox(1-€1)

O, =-65 KI,

°
ex Z

]

O
kY

+

™M
—
[
N

where
H - L’ (I-Fldn . 1.5

A (1-F)Fdy
I L E2G dn __ __ 2130

f (1-F)Fdy

1 A (1-F)FGdy . 0.5425
S C1-F)Fd |

The generslized momentum thickness éis also introduced to eliminate

the Reynolds number from the equations.

® =0 (Ry)”

where Re = T° Bx
.v

Y]
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In view of the previcus discussion of the eoptimum distribution
of the suection veleocity, that velocity will be prescribed as directly
proportional to the momentum loss of the unperturbed flow, Thus, the
greatest suction will be applied to the thickest boundary layer and
a lesser amount of air will be drawn off where the momentum loss of
the unperturbed flow is low, Therefore

L - 8% ¢ ®
Lo tox " x(Re)"M

where C is the parameter determining the values of suction velocity
desired. Equations (3.a), (3.b) and (3.c) can thus be written con-

taining three unknown @, K s and E .

e an) 2= @ < €, (4.2
K (1 oo ®) . , .
%T%m)( 5t )k- ﬁ-[a—f-'*Iz;sa;(wa]“‘b)

pY3 L+1 ] 300e® L
2% +}/I|(H'M)] 2 gr + )%w —..—‘L_La'_ E_H"fl hw (4.c)

2 X ? X

These equations can be solved for the three unknown by first determin-
ing @ trou (4.a), proceeding to solve (4.c) for & with the value of @
previously determined, and then substituting into (4.b) fiﬁally s0lv-
ing for K . The solutions of the 9quations ares

0 C,(/';‘a)
@z_z-___x.;-(x @L-..'__g_z-___ XL, (5.2)

——y

x(f /-C',(/ru.)
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20 2.
D% +I‘a%

-

(ew) 0" dx+C)

i

(5.5)

(5.¢)



IV -~ APPLICATION TO A SPECIFIC MODEL

Model of a Compressor Stage: To determine the effect of suction

applied to the boundary layer, a simplified model of a compressor
stage will be utilized to determine the solutions of eguaticns (5.a),
(5.b) and (5.c). Variocus values for €, will then be assuﬁed showing
how the boundary layer changes with variation in suction velocity
and whether the crossflow is affected., A sketch of this model is
shown in Fig. 4. The flow through the approach passage is considered
purely axial in direction. No sucticn is epplied prior to the‘rotor
blade row and the boundary layer grows unhindered in this region.
Boundary layer suction is commenced at the leading edge of the rotor

and continued throughout the length of the stege. This boundary

<

layer suction is distributed in the assumed manner &Q_g-, e, e ;
This means that the suction must be varied continuously over the
length of the stage conceivaﬁly by varied porosity.

It is assumed that the flow through the stages of a compressor
is periodic in tkat the turning accomplished in é rotor passage is ex-
actly reversed in a stator passage. The mean path of fiuid perticles
fellows a spiral path through a compressor at a constant deviation
from the axial direction. There is a variation about this mean path
which varies periodically in both axial and tangential directions,
Furthermore, the flow will be changed in different designs by utiliz-
ing blades of different camber and thus changing the amount of turhing

accomplighed.
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With these ideas in mind, it is felt that an expression approx—

imately describing the flow through a compressor can be written as:

{

% = [, - cos(amw %:‘2] Cy sinz(ﬂ'fx') + Cx
(See Fig. 5.) The constant S is the distance between corresponding
points on adjacent blades measured in the & direction., This will not
be a constant value for an actual compressor stage due to the radial
divergence of the blades, but for simplicity of calculation it will
be considered constant. The length of the compressor stage is given
by £ . The term C is a measure of the inclination of the mean flow
path from the axial direction and because %—; is assumed a small
quantity, the value of this term must be small. The trigonometric
ferxﬁs take into account the periodic nature of the flow,

The constant Ct is a measure of the amplitude of the variation
from the mean path and has a direct relation with the tui'ning angle
of the flow through a blade passage. The turning angle is denoted
by ¢ , and ¢ = ¢, - where $, is the angle between the absolute flow
direction and the axial direction at the inlet to the blade row, and
@, is the same angle at the outlet. Fig. 6 illustrates this defini-

dion, and

5
*
n
<
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W _is a first order term and the approximation tan d), = Cbl can be
I’O .

used. Considering the length of one passage only, the term sin*(Ww-%)

can be written as sin (1 X_i-’-‘ ) so that:

cb,_g,-] =ct[/-c“m-.g) ey
e+ 9 o

Therefore | 4)-.—. Cbz~<tbl=ct[l-coo(2'ﬂ‘js_)]

Now solving for the average value of the turning for one blade pasg—

‘age where é goes from O to 1;

o
¢m=%f@~w(w—§-)]di

Gives " ¢ e = Q .
Given various amounts of average turning accompiished in a biade pPass-
agé, the value of C t is immediately given. Values of tﬁrning angles
up to approximately 2D° are used in compressor design and while the
approximations made in this analysis are not strictly‘valid for these
high values, it is hoped that the indicated trends will be correct,
Furthermore there is & direct relation between the turning angle
and the pressure rise occurring in a blade passage., This can be deter-

mined in the following manner:



APt - ()‘[Ig(w."-)[tun 43-,_ - tan 4’,]

or

é§3J3:EIu,Z) = (31: [ [= Coo (aTT “%%ﬂl]

The aversge value for this expression is determined in the same menner

es for the average turning angle and actually equals the same value,

A Pe
[cu:"cm) }OM =Ce = Cf)“""‘

Therefore any increase in the average turning angle will be reflected

in an increase of the pressure rise across the passage.

Date repo:ted in Ref. 8 obtained from experimental runs was con-
sidered in order ¢ azssume reslistic initial values for the boundary
layer dimensions. The following values are assumed for this applica-~
tions

@, = 0.0618 in. g 51in. X< = 20 in,

Re = sa.5x 10*%  S. .36 in.

Upon substituting the expression for the flow outside the bound-
ary layer and the agsumed initial conditions into equations (5.a),
(5.b) and (5.c) the following equations are obtained., These are only
appliceble to the initial stage of the chosen compressor model since
they do not contzin the terms which would be cbteined from the con-

stants of integration C 3 and C "
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®--S= Y. (6.2)

O — X"‘(xxa )

=€ (14n) ‘1-¢ (ith)
€ ciae . ] ue][ar .
= '
- [rem@rE)] ® "X I I 7 G
L,+! a, |
IM(TF ) b (r 2)@ M X7 dx (6%)
7o

y 4,
SsK  _® 2T L% 1+n (6.¢)
SnGTE) T [Ct Su:\ (1r T)*'Kf @ dx

£

g
wheres in (6.c) is egqual to — .
(6.¢) is e L [-Co(aT2)]
Values of C: equal to O, -20, -80, =100 and -120 were used to
give various amounts of suction velocity. The corresponding aversge
_suqtion velocities over the total stage length are given in Table I.

o

Values offztcorresponding to average turning angles of 5‘: io", 15,
and Eorwere used to show the effect of suction velocity on the bound-
ary layer parameters. The solutions of egustions (G.b).and (6.¢)

were obtained ﬁumerically using Simpson's rule for which the total
length wes divided into ten equsl intervals of ohe-half inch., Since
at £he stage inlet the flow is purely axisl with no first order varia-
tions of velocity, the constants of integration Cs and Cf4jn ecuations

(5.b) and (5.c) connected to the initisl concéitions are both equal to

zero and do not appear in (6.b) and (6.c).
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V -~ DISCUSSION OF RESULTS

The effect of variation in suction velocity and turning angle on
the boundary layer parameters i1s shown in Figures 7, 8 and 9. The
values of these parameters are shown over the axial lengtﬁ of the com-
pressor stage. The sﬁallest value of X corresponds to thé inlet to
the rotor at whiéh poiat suction of the boundary layer commences, The
greatest value of X is the outlet of the stator. The dimensions of X
are in inches and both the rotor and stator are 2.5 inches long.

For the distribution of suction assumed in this analysis, only
small average suction velocities would be required to drastically re-
duce the momertum thickness of the unperturbed flow in the boundary
flow, as shown in Fig. 7. This momentum thickness and its growth
over the length of a compressor stage for a solid boundary ére shown
as a reference for comparison with the momentum thickness experienced
with boundary layer suction applied, For the solid wali, the momentum
thickness incréases continuously throughout the sﬁaée.‘ As suction
velocity is applied and is increased, the loss décreases and tends to
becbme a constant value over a certain portion of the stage. This can
be seen in Fig. 7 for c (= 150, where the momentum loss is practically
a consbant velue over 80% of the stage, |

The deviation of the direction of the flow at the wall from the
direction of the main body of flow outside the boundary layer is indi-
cated in Fig. 8. Again, the results obtained for a solid boundary are

plotted for reference. This reference curve shows a greater deviation
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‘at the ouﬁlet of the rotor than at any other point in the stage. TFor
small values of suction velocity an increase in this deviation taskes
place; for é%{]uLi 0.624% the deviation is almost double the maxi-
mun deviation experienced on the solid wall., This maximum deviation
still occurs at the outlet of the rotor., 4s the suction velocity is
increased above this value, the deviation begins to decrease until at
%%? ajl 0.703% it is mgain at approximately the value experienced on
the solid wall., A shift of the point of maximum devistion has taken
place, however, and it is now almost at the midpoint of the rctor,
Thus the change in direction of fleow at the wall is following the
change in direction of flow outside the boundary leyer more closely.
Purther increase in the suction velocity reduces the deviation and
an improved flow condition results, For the highest value of suction
velocity computed, the deviation has been considerably reduced and is
periodic in nature over the stage length. In the second stage, the
initial values of the characteristic factors would thus be lower than
for a solid wall and the beneficial results would carry over to the
second stage. The deviation differs scross the blade passage with the
variation in .§_ , and for % = %, the deviation will have its greatest
value., The increased deviation of the boundary layer flow for low
suction velocities is believed to be the result of an increased grad-
ient in the crosswise direction due to the decreased thickness of the
boundary layer. The suction appears-to have some minimum value that
mast be reached before the effects of this gradient increase can be

overcome.,
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The effect of turning angle and suction velocity on the tendency
toward Separa‘bion of the axial velocity component can be debermined
from Fig. 9, for any amount of spacing between blades. The value of
for this analysis is known and the value at vhich axial velocity
separation will occur at some particular point is shown on the curves,
Since§ = 3.36, the value of § K which would lead to separation

somevhere in the passage must be greater than 3.36. The point at

2

3 =3/Li. Correlating

which axial separation will occur first is where
Fig. 8 and Fig. 9 shows that the tendency for separation of the axial
velocity is greatest for the greatest crossflow., It can be seeﬁ from
Fig, 9 that the stator is the area in which separation has the great-
est tendency to occur., This figure refers specifically only to the
éxié.l velocity component. For true separation of the flow to take
place, the total velocity at the wall must be zero. This. means that
the variation asbout the mean velocity in both the axial and tangential
directions must be equal to and in the reverse directiqn of these mean
velocities, Thus, to determine the point of true | separation, Fig. 8
and Fig. 9 must be compared to £ind that common point in ‘the passage
where % €=-|and s K=-3.36. It must be remembered, however, that
the approximate method of computation used in this ana.lysis does not
permit accurate evaluation at separation and beyond, but the results
are shown to indicate the trends.

The results indicate that for this first stage true separation
will not take place up to turning angles of 20°, For the solid wall

with no suction applied, separation of the axial component just be-



gins to teke place at 20° turning angle, approximately half way
through the stator. At this same value of turning angle, the very
low values of suction velocity show axial flow separstion over/khe
entire stator. The higher suction velocities do not show any tenden-
cy for axial flo# separation to take place. A greater amount of
turning could be accomplished before these higher suction vélocities
would allow axial flow separation to teke place. Thus, there is an
indicetion that crossflow can be reduced using reascnable vélues of
suction velocity. A value of;ééiku‘-greater than 0.7% should‘pro-
duce beneficial results. Any value less than this, however, would
be detrimental.

The results seem to indicate that the effect of boundary layer
‘control would be more prenounced if suction were started prior to the
rotor inlet. The momentum loss could thus be reduced to = véry low
end practicelly constant value throughout the stage. Crossflow could
thus be kept to a2 minimum and therefore the flow should be even fur-
yher improved. In a multistasge compressor, this would indicete that
suction should be epplied prior to the first stage which undergoes

separation effects.

Concluding Remarks: It has been shown that boundary'iayer control

can produce improved flow conditions in an axial flow compressor
stage by reducing the crossflow in the boundary layer and thereby re-
ducing the tendency toward separation at the cesing. Therefore, it

should be possible toc increase the pressure rise per stage of an
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axiel flcw.compressor by utilizing a grester turning angle and apply-
ing boundary layer control on the casing., It remaing to znalyze
whether the sdvantages gained from a reduced number of stages with
suction required to achieve a2 gliven pressure ratio outweigh the loss
of partially compressed air arising from suction and the necessary

weight of suction eguipment.
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TABLE I
z

C, T ane

0 0

—20 0,624%

=50 0.703%
-100 0.857%
-150 0,874%
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