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DISCUSSION OF BOUNDARY-TAYER CHARACTERISTICS NEAR THE CASING
OF AN AXTAL-FLOW COMPRESSOR

By Artur Mager, John J. Mahoney, and Ray E. Budinger

SUMMARY

The boundary-layer velocity profiles on the casing of an axial-
flow compressor behind the guide vanes and behind the rotor were meas-
ured by use of total-pressure and claw-type yaw probes. These veloci-
ties were resolved into two components: (1) along the streamline of
the flow outside the boundary layer, and (2) perpendicular to it. The
‘affinity among all profiles was thus demonstrated with the boundary-
layer thickness and the deflection of the boundary layer at the wall
as the generalizing parameters. By use of these results and the
momentum-integral equations, boundary-layer characteristics on the
walls of an axial-flow compressor were qualitatively evaluated.

The important parameters concerning the secondary flow in the
boundary layer are shown to be the turning of the flow and the product
of the curvature of the streamline outside the boundary layer and the
boundary-layer thickness. '

Finite tip clearance is shown to affect the secondary flow prima-
rily at high weight flows and high speeds. :

The losses near the tip of the rotor blades and near the hub of the
stator blades are traced to the predominantly tangential direction of
the flow in the boundary layer. It is demonstrated that at large turn-
ings the flow does not necessarily part with the surface when a separa-
ted axial velocity profile is present. :

The preliminary considerations show that many of the phenomena
observed in axial-flow compressors (such as relatively large losses in
the rotor stages near the casing, in spite of actual energy addition to
the boundary layer) are explainable when three-dimensional boundary-
layer flow on the walls of the compressor is considered.

- RESTRICTED
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INTRODUCTION -

A large percentage of the losses through an axial’ compressor are
concentrated in the regions immediately adjacent to the walls of the
annulus (references 1 to 3). The origin of these losses has been traced
by various investigators to:

(a) skin friction losses on the walls

(b) secondary flows resulting in vorticity being shed from the
blades

(¢) radial displacement of the boundary layer over the blade sur-
faces

(d) tip clearance effects

It was also noted that the decrease of axial velocity next to the
annulus walls, which accompanies these losses, forces the stators and
rotors to operate at angles of attack hlgher than design values; low
lift- drag ratlos thus result.

These effects, when considered separately, are known to increase
the losses in axial’ compressors; however, the relative magnitude and
significance of each effect has not been precisely determined. Some
attempts to separate the various losses have been made (see reference 4)
and a system which accounted for these losses in an arbitrary manner
has been established (reference 1). It was next necessary to examine
the process through which these losses take place simultaneously, so
that steps could be taken toward their reduction. Skin-friction losses
_failed to account for the variation in the magnitude of the losses from
stage to stage, when the boundary layer on the walls was treated simi-
larly to an entrance section of a pipe, although the over-all boundary-
layer growth was approximately equivalent (reference 3). Similarly, it
became apparent that the tip-clearance effects alone could not be the
chief mechanism for these losses since the losses persisted even for
compressors with very small tip clearances. The large loss areas were
then thought to be primarily due to secondary flows and the centrifuga-
tion of the boundary layer.

A quantitative investigation of secondary flows has been attempted
first, largely because of the existence of analytical methods based on
the image system of vortices (references 5 and 6). Although these
methods gave fairly good qualitative answers, .certain effects predicted
in relation to flow direction behind cascades were exactly opposite
- from those actually measured. An explanation of this phenomenon was
~usually given in terms of large induced velocities (reference 7), which
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could actually be observed, but since the method required- a priori the
existence of rolled-up trailing vortices (so that the induced veloci-
ties could be created), some doubt about its validity remained. In
addition, since the magnitude of the centrifugal effects on the boundary
layer over the blades was unknown, and since these effects theoretically
must exist, further question on the validity of the secondary flow
“approach has arisen.

Recently, however, it became apparent that, at least in compressors
‘designed for little or no radial flow, the effects of centrifugation
must be small., The radial deflection of the boundary layer in the
absence of radial flow outside the boundary layer is shown (reference 8)
to depend on the ratio of the component of the rotational velocity per-
pendicular to the blade surface to the local velocity along the stream-
line and outside the boundary layer. Accordingly, the effects may be
expected to be of the same order of magnitude on the pressure surface
as on the suction surface of the blade. The chemical tracest which
were used to show the direction of the boundary-layer flow, almost
always indicated strong deflections on the suction surface and practi-
cally no deflection on the pressure surface for all compressor designs
investigated.

For the -most part, therefore, the observed boundary-layer deflec-
tions must be due to forces other than the centrifugal forces on the
blade. Appreciable centrifugal force may nevertheless exist in some
cases, but the process through which the observed boundary-layer
deflections take place must depend principally on effects other than
centrifugation of the boundary layer. Similar conclusions.were reached
by Carter (reference 7) on the basis of experiments and by Fogarty
(reference 9) on the basis of actual computations of laminar boundary-
layer flow over a rotating slender infinite blade.

Recently it has been shown by Squire and Winter (reference 10) and
Hawthorne (reference 11) that in the case of thick boundary layers and
turning, a redistribution of vorticity takes place, such that the ratio
of the component of vorticity in the direction of flow to the initial
vorticity is directly proportional to the turning. A mechanism for
secondary flows was thereby provided that was independent of the exist-
ence of rolled-up trailing vortices. The indication was then that the
losses may occur because of secondary flows, which in turn occur because
of the redistribution of vorticity due to turning.

A logical step from here was to investigate three-dimensional
boundary-layer characteristics on the walls of the compressor. This
study was facilitated by the flow equatlons presented in reference 8,

In order to apply these equations the velocity profiles in the boundary
layer must be known, Velocity profiles on the casing of a single-stage
axial compressor were measured at the NACA Lewis laboratory by use of
total-pressure and yaw probes. The results of this investigation,
together with an interpretation of boundary-layer enaracterlstlcs on
axial compressor walls, are reported herein.,
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Because of the great complexity of the problem and mechanical dif-
ficulties, the information obtained herein is not detailed enough to
permit even an approximate computation of boundary-layer characterigtics
on the walls of the whole compressor. Furthermore, since these results
are preliminary and of a piloting nature only, certain simplifications
had to be made, both in the analysis of boundary-layer flow and in the
interpretation of the data. The following assumptions were therefore
made: The flow was considered incompressible, with zero velocity

", gradient normal to the surface at the outer extremities of the boundary

layer; the pressure probes were assumed to read the correct mean values,
not only of turbulent fluctuations, but also of the variation due to
blade rotation; and the concept of boundary-layer thickness was inter-
preted as the region where frictional effects were noticeable. Such
regions may be quite thick and reach well into the passage.

The 1nformatlon obtained is still largely qualitative, although
some quantltatlve results appear to be of the right order of magnitude.
The main purpose of this report is, however, to show that many of the
hitherto unexplained phenomena appear to fall into a logical and well-
defined pattern when the problem is examined with regard to three-
dimensional boundary-layer flow on the walls. Thus, although the pic-
ture of flow obtained by this analysis is not accurate in all details
(such a picture is still somewhat difficult to grasp), the model seems
to be good enough to warrant a considerably more extensive study. In
addition, the investigation discloses certain design parameters, the
importance of which has previously been overlooked.

APPARATUS

Experimental data for this report were obtained from boundary-layer

1 investigations on a 30-inch-tip-diameter axial-flow compressor stage,

which consisted of 40 circular-arc constant-thickness guide vanes and

29 constant-chord NACA 65-(12)-10 rotor blades (reference 12). The

guide vanes imparted a wheel-type rotation, and the rotor imposed a
vortex-type rotation on the air. A cross-sectional view of the com-
pressor and inlet bellmouth is shown in figure 1, which also shows the
location .of the measuring 1nstruments. For part of the investigation,

a 1/8-inch spoiler consisting of a circular ring (fig. 1) was installed
1/2 inch upstream of the leading edge of the inlet guide vanes. The sta-
tionary clearance between the rotor blade tips and the compressor casing
was 0.030 inch. -
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INSTRUMENTATION

Compressor speed, weight flow, and inlet conditions were measured
as described in reference 12. Outer-wall boundary-layer conditions
were investigated at one circumferential position and axially at sta-
tions I, II, and III (fig. 1).

Station I was located approximately 1/6 rotor chord length upstream
of the leading edge of the rotor blade tips. The one circumferential
position at this station was chosen to deviate least from the mean flow
values over three passages. In order to obtain this mean, total pres-
sure and angle readings outside the boundary layer were averaged arith-
metically. Total pressures were obtained with a survey probe of the
type shown in figure 2(a). A claw-type yaw tube (fig. 2(b)) was used
for flow angle measurements and a wedge-type static probe (fig. 2(c))

- completed the instrumentation at this station. A

The survey instruments at station II (approximately 1/4 chord
length downstream of the rotor) were similar to those at station I,
except for the addition of five thermocouple rakes (fig. 2(d)). A tem-
perature gradient across the free-stream passage was determined from the
rake readings and extrapolated to the outer wall in order to determine
velocities in the boundary layer.

At station III (l% chord lengths downstream of the rotor blades),

the instrumentation was similar to that used at station II.

A1l instruments were calibrated in a steady-flow tunnel as
described in reference 1l. - On the basis of this calibration, the
accuracy of measurements is estimated as follows: static pressure,
+2.0 percent of dynamic head; total pressure, +1.0 percent of dynamic
head; and air angle, +1°.

Attention is called to the fact that estimates of accuracy based
on the calibration in a steady-flow tunnel are not strictly applicable
to the present investigation and are included only as an indication of
the quality of instruments. It may be mentioned, however, that the
obtained readings were easily reproducible and it was presumed that,
because of the small size of instruments as compared with the pitch of
the blading and the diameter of the compressor, the readings were not
appreciably affected by circumferential gradients or the curvature of
the wall.

OPERATIONAL AND ANALYTICAL PROCEDURE .

Outer-wall boundary-layer investigations were conducted at the
design rotor speed of 840 feet per second over a range of weight flows
from the upper limit (reference 11) to a flow at which stall occurred
across most of the blades.
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Initial tests were made with no spoiler, and the entire procedure
was repeated with the 1/8 inch spoiler installed in place. Additional

. surveys were made at 60 percent of design speed. In this report, how-

ever, the presentation of data is limited to the velocity profiles cor-

. responding to the following three weight flows only: the weight flow at

which the maximum efficiency (of the whole compressor) occurs, and the
highest and lowest weight flow for any speed. The exact values of the
important parameters and the symbols designating each survey are shown
in table I:

The extent of the boundary layer has been determined by plotting
the measured angle and velocity against the radial position. Outside
the boundary layer, the variation was small and almost linear. Near the
walls, however, pronounced changes could be observed, usually with
especially clear demarkation in the character of thé changes in direc-
tional readings. Consequently, in order to establish the boundary-layer
thickness ©, the flow angle was plotted against the distance from the
wall y. The boundary-layer thickness was determined from this plot
(fig. 3) at the value of _y where the slope of the flow-angle curve
starts increasing at a dlfferent rate, .

The value of the measured angle at the position closest to the wall
was considered always indicative of boundary-layer deflections there,
although the velocities at this position were usually not zero. The
readings of the velocity at the wall were disregarded and all curves
were drawn as culminating at the zero value.

VELOCITY PROFILES ON CASING COF CQMPRESSOR'

General explanation of coordinate system and parameters employed. -
The momentum-integral equations developed in reference 8 (see also
appendix A, equations (Al) and (A2)) are applicable to three-dimensional

© boundary-layer flow over rotating or stationary surfaces. One of the

main assumptions in the derivation of these equations was that in the
boundary layer the velocity component in the direction perpendicular to
the wall is of the order of magnitude of & and may thus be neglected
when compared with terms of order of magnitude of one. A direct result
of this assumptlon is that the change in pressure through the boundary
layer is small (of the order of magnitude of &) and can also be neg-
lected. In order to check this agsumption, static-pressure measurements
were taken at all three stations. Since the greatest variation observed
(&t station II and low weight flows) amounted to 3 percent of the

value measured at the wall, neglecting the pressure change through the
boundary layer appears to be valid. Consequently, if the flow conditions
outside the boundary layer are known and if the’ shape of the velocity
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distribution in the direction perpendicular to the wall (through the
boundary layer) is described approximately as same function of y/8
these equations may be integrated to give a measure of the momentum lost
in the boundary layer and of the flow direction near the wall.

Inasmich as one aim of this investigation was to provide a basis
for the prescription of the boundary-layer velocity distribution so that
it could be used in the momentum-integral equations, the measured veloc-
ity profiles reported herein are resolved into components according to
the theory of reference 8. This theory is developed for a set of ortho-
gonal curvilinear coordinates x,y,z with the restriction that y be
perpendicular to the wall over which the flow takes place and x be in
the direction of the streamline outside the boundary layer. The cor-
responding velocities (always relative to the wall) are u,v,w.

For the particular case of the boundary-layer flow over the casing
(see fig. 4), the x-axis is therefore laid out along the streamline of
the absolute flow and the positive direction of the y-axis is toward
the hub. The positive direction of z-axis must be chosen so as to keep
‘the system right handed. Since the system does not rotate, all com-
ponents of w are zero. .

It should be noted that in a right-handed system the angles in the
zx-plane are positive from 2z to x.

If the boundary-layer flow over the hub of a compressor were con-
sidered and the hub were forming one continuous surface rotating with
the blades, the system would have to be applied in a sllghtly different
manner. The x-axis would have to be matched to the relative streamline
and the positive direction of the y-axis would then be toward the N
casing. Because this system would be rotating (w1th positive rotation
determined by the right-hand rule), the components of ® would in
general be different from zero.

By use of these coordinates, therefore, the velocity profiles at

various measuring stations will be described by G and g, functions
of y/& only (all symbols are defined in appendix B):

| -t

. and
<= ee(8)
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where € = tan o, and « is the boundary-layer deflection angle meas-
ured from the direction of the resultant skin friction stress to the
direction of flow outside the boundary layer.- This angle was assumed
to be correctly represented by the difference in value of the flow angle

. as measured at the position closest to the wall and at y = d.

It is thus seen that the additional degree of freedom existing in
three-dimensional boundary layers over the two-dimensional is generalized
by the use of a new parameter, boundary-layer deflection at the wall.
Physically, this parameter is .connected with the magnitude and sign of
the velocity w and is thus a direct measure of the secondary flow in
boundary layers. Furthermore, since the velocity v (in the direction
perpendicular to the wall) is neglected, the parameter € represents
also the limit, at the wall, of the ratio of vorticity in the direction
of the streamline to that perpendicular to the streamline. (See appen-
dix A.) It can thus be used as a basis for comparison with somewhat-
different considerations of the same flow by Hawthorne (reference 11)
and Squire and Winter (reference 10).

In the actual solution for these parameters, additional quantities
describing the shape of G and g are convenient to use. These quan-
tities H, K, J, L are so related to G and g that they permit
expression of all significant momentum and displacement thicknesses in
terms of one; the momentum thickness in the direction of the streamline.
The numerical values of these quantities may be obtained by integration
of proper products of (1-G), G, and g (reference 8). The physical
significance of these quantities is given by:

B
H = o
X
2]
X
¥
.18
T e 0
X
L1
- 2 6

Velocity profiles behind the guide vanes., - The velocity profiles
behind the guide vanes are plotted nondimensionally against y/8 in
figure 5(a). It can be seen in this figure that regardless of the weight
flow, the boundary-layer thickness, the value of €, or the speed of
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rotation, all the experimental points appear to fall fairly well on a
single set of curves. A more detailed plot of the functions G and g

shown in figures 5(b) and 5(c) indicates that G = (%)‘“ and

m .
= ( -.%> with n~9 end m ~ 2. The larger scatter of points in

figure 5(c) at small values of (l - %) is undoubtedly due to the fact

that for a fixed error in a yaw tube reading, the accuracy with which g
can be determined decreases as y —» 9, since the direction of the flow
in the boundary layer approaches that in the free stream.

For n=9 and m = 2, the integrations necessary for the deter-
mination of H, K, J, L may be performed analytically (reference 8)
to yield '

H=1.22
J = 0.556
K = 3.35
L = 1.52

It is thus seen that for the cases investigated the profiles behind
the guide vanes on the casing of an axial-flow compressor are very simi-
lar to those obtained in an ordinary curved duct (as shown in refer- ‘
ence 8) and are practically unaffected by the rotation of the rotor
blades.

Velocity profiles behind the rotor. - The discussion and inter-
pretation of the measurements behind the rotor blades are somewhat more
complicated than in the guide vanes. This complication arises because
the velocity in the boundary layer is considered relative to the casing,
which is fixed, while the rotor blades exercise their effect on the flow
through rotation. In order to avoid the difficulties connected with an
unsteady flow, which could only be properly measured by means of instru-
ments having an instantaneous response, a concept of a mean-force flow
is introduced into this discussion. This imaginary flow is that cor-
responding to a system of infinitely thin blades with zero pitch and
whose mean lines are such as to represent the action of the rotor and
thus to affect the magnitude and direction of the mean absolute veloci-
ties outside the boundary layer. No instantaneous variations corre-
sponding to individual blade movement exist in this concept. As a
result of friction on the casing, this mean-force flow can be thought of
as forming a boundary layer which is analogous to that formed in guide
vanes or any curved passage. However, the velocity profiles of this
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boundary lsyer may be affected by both the variations in the mean-force.
flow along the streamline outside the boundary layer and the disturbances
caused by the actusl presence of the rotating blades. These velocity
-profiles are assumed to be given correctly by fixed pressure prdbes
behind the rotor.

The measured velocity profiles immediately behind the rotor (sta-
tion II) are shown in figures 6(a) to 6(e). A study of these figures
reveals that although the u-velocity profiles appear to be quite simi-
lar (except at small values of y/8), the w-velocity profiles show defi-
nite changes in form. These changes in form appear to be concentrated
at low values of y/8 for the runs with the spoiler (fig. 6(d)) but
extend over the whole boundary layer for the runs without the spoiler
(fig. 6(b)). Moreover, when the speed is decreased to 60 percent of
design value (fig. 6(e)), the differences between the profiles practi-
cally disappear.

The velocity profiles were assumed to be affected both by the
changes in the mean-force flow and by the disturbances due to the pres-
ence of rotating blades; the problem of separating the effects therefore
arises in an analysis of the measured profiles.

Such separation of the effects is obtained at the reduced speeds,
when the disturbances tend to die ocut more rapidly because of low veloci-
ties. Thus the profiles obtained at 60 percent design speed may be con-
sidered as more nearly'corresponding to those of the mean-force flow
‘without additional effects due to the actual presence of the blades. A
" plot of these profiles on logarithmic coordinates (figs. 7(a) and 7(b))
shows that, as_in guide vanes, the function G is fairly closely repre-.

5
and m ~ 2, The signiflcant increase in the value of n as compared
with data obtained downstream of the guide vanes indicates that the
action of the mean-force flow is such as to add energy to the boundary
layer in its passage through the rotor. This phenomenon is similar to
- the changes occurring in two-dimensional boundary-layer profile form -
when the flow outside the boundary layer is accelerating. It should be
realized, then, that the mean-force flow profile is considered to
account for the possible variation in rotor-blade profile form and its .
effect on the energy addition by adjustment of the value of n. In
other words, the value of n measured in this compressor may be quite
different from that measured in another compressor.

sented by (xjn and the function g wvaries as {1 =~ L for4 n ~ 19

According to the preceding discussion, all deviations from

n m
G ==(%> and g = (l - % are considered to be caused by the dis-

turbances originating from the actual phyéical presence of the rotating

7
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"blades. A plot of G and g (figs. 7(c) and 7(d)) for the runs with
the spoiler (when the initial boundary-layer thickness is large) indi-
cates that, regardless of the weight flow, this deviation appears to be
concentrated roughly within the half of the boundary layer immediately
adjacent to the wall. A similar plot (figs. 7(e) to 7(h)) for rums
without spoiler (when the initial boundary-layer thickness is small)
shows that, although the effect for corresponding weight flows is simi-
lar, it appears to extend (especially in the case of g) over the whole
boundary layer. Since the presence of the spoiler indicates a. smaller
value of the ratio of tip clearance to initial boundary-layer thickness
than for the runs without the spoiler and since when this ratio is
smaller, the deviations from the mean force profile appear to be con-
centrated closer to the wall, difference between the runs with and with-
out the spoiler p01nts to the tip clearance as the origin of the dis-
turbances. This conclusion is not surprising, since a leakage flow from
the pressure surface to the suction surface of the blade must. take place
and also since the tip surface of the blade drags with it some fluid,
tending to reduce the relative velocity to zeéro.

If the mean-force velocity profile is assumed to be represented

. 1 A\n
correctly by G =,(% and g=1\{1 - 5) , the relative component of
the tip clearance flow may be obtained at any given value of % and €
by use of the velocity diagram. This component is shown in figure 8(a)
for the case of high weight flow. The (absolute) values of u and w
in this diagram were obtained by setting n =19, m =2 at y/5 0.10 .
and using the measured values of ¢, U, and B for this run. The
difference between the calculated and measured values of u and w is
represented by Au and Aw. The vectorial sum of u and w then re-
presents the assumed mean-force flow in the boundary leyer, while the
vectorial sum of (u + Au) and (w + Aw) represents the actual flow in
the boundary layer. In order to obtain these velocities in the relative
sense, the tip speed is subtracted (vectorially) from the velocity U.
This subtraction gives the relative direction of u,. A similar sub-
traction is next made from the mean-force flow in the boundary layer.
The resulting vector is resolved into two components: along the direc-
tion of relative U and perpendicular to it. These components are
denoted by the subscript r and represent the relative values of u
and w. Finally, the tip speed is subtracted from the absolute actual
flow in the boundary layer. If a vector is now drawn from the relative
mean-force flow to the relative actual flow, the magnitude and direction
of the so postulated tip clearance flow is obtained.

A similar breakdown, at low weight flows when € 1is increased (as
follows from the actual measurements and the equations of reference 8),
indicates that the tip clearance flow has increased in magnitude over
that at high weight flow (fig. 8(b)). The direction of the tip clearance
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flow at low weight flow is also more nearly perpendicular to the blade
chord than at the high weight flow. It is thus indicated that the
change in magnitude and direction of the tip clearance flow occurs
because of pressure difference between the two sides of the blade. This
difference is larger at low weight flow because of higher angle of
attack. :

The changes in shape of functions G and g are thus seen to fol-
low a logical behavior with weight-flow variations and the origin of
these changes may be traced to tip clearance flow. For compressor rotor
blades in general, flows due to a finite tip clearance thereforé have an
adverse effect on the mean-force-flow boundary-layer profile; they cause
a decrease of the u-velocity component and an increase of the
w~velocity component. The decrease in the u-velocity component is more
pronounced at the low weight flows, while the increase in the w-velocity
component is more apparent at the high weight flows.

In view of the preceding discussion, the profile form parameters
H, J, K, and ‘L might be expected to change with speed, weight flow,
and the ratio of boundary-layer thickness to tip clearance. A plot show-
ing the values of these parameters (fig. 9) shows that although H
remains almost constant, J, K, and L show large variations with
weight flow. The trend of the changes in J, K, and L with weight
flow is similar for the runs with or without the spoiler. At 60-percent
of design speed the values of these parameters may be expected to change
considerably less than at the design speed, as the plotted values show,

In order to obtain a further check on the validity of the conclu-
sions concerning the changes in shape (due to the tip clearance) of
functions, G and g, an additional set of measurements was obtained

at station III, 1£ chord length downstream of the rotor. If the changes

n m
from G = (% and g =11 - %> were caused primarily by the tip
clearance flow, the effect of these disturbances should diminish down-
stream of the rotor and the profiles should be characterized by

1
= m
G = <%>n and g = <l - %> . This effect is shown to be true regardless

of weight flow or inlet boundary-layer condition (figs. 10(a) and 10(b)).
Figures 10(a) and 10(b) indicate that a plausible value of n at sta-
tion IIT is approximately 19 and that the value of m varies between
1.03 and 2.14, with most points falling on m = 1.7 curve.

It is thus seen that the characteristics of the flow at station III
appear to confirm the previously made observations of the origin of the
changes in boundary-layer profiles in passage through the rotor,
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GENERAL REMARKS ON BOUNDARY-LAYER CHARACTERISTICS IN
AXTAL-FLOW COMPRESSORS

The previously discussed velocity distributions have indicated
the magnitude and chénges of functions G and g describing the
boundary-layer profile. This information may now be utilized to obtain
a very general idea about the boundary-layer characteristics in axial-
flow compressors. Although the information obtained is not detailed
enough to allow an accurate computation of boundary-layer growth, it
should permit a somewhat more significant evaluation of important
parameters and trends than hitherto obtained.

Flow near casing in region of guide vanes. - Because the velocity
profiles measured downstream of the guide vanes are similar to those
obtained in an -ordinary curved duct, the boundary-layer equations of
reference 8 should be directly applicable when the magnitude and direc-

.tion of the absolute velocity outside the boundary layer are known. The
procedure would be first to compute € (the deflection at the wall) and

then in turn to use these values of € to obtain O = GXR1/4, the

generalized boundary-layer momentum thickness. In the computation

for ©, however, an empirical constant is necessary which could not be
evaluated from the measurements obtained; therefore, only speculation
as to the actual growth of ® will be attempted.

In order to obtain a general idea of the important trends, two
approximate computations of € are carried out by use of simplifying
assumptions. First, the curvature and velocity along the streamline
outside the boundary layer are assumed constant (case A, appendix A).
These assumptions are very similar to those of references 10 and 11.

1
K-Jd
1.0 in order to facilitate the integration. For these conditions it is
shown in appendix A that the equation for € reduces to:

In addition, H and (l + ) are assumed to be approximately

cotinba Ao O/ )s

S0 € T 2B \g/x + 0.01569 1

The Squire and Winter and Hawthorne solution in terms of the initial

vorticity is
R
o}
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Although the two expressions are not exactly comparable, it is
apparent that, in general, the effect of viscosity (which was neglected -
in references 10 and 11) as given by the approximate solution of the
turbulent-boundary-layer equations is to change only the constant in the
dependence of vorticity on turning.

A somewhat more significant approximate solution may be obtained
with slightly different initial assumptions. If the velocity along the
streamline is permitted to vary so as to satisfy the equation of con-
tinuity U, = U cos B, and if ¢ and © are assumed to have some mean
constant values (the flow is along a circular arc), the equations reduce -
to the following form for H = 1.0 (see case B, appendix A):

c®
2 (ttGormten® (1)
€= "~ 2.762 | 0.0171 cO

c® T 0.0171

: The solution of this equation in terms of a is shown in fig-
ures 11(a) and 11(b) and the maximum values of « for any given turning
are shown in figure 11(c).

It should be noted that € as given by equation (1) represents an
odd function, which means that a change in sign of ¢ and B corre-
sponds to a change in sign of €, Physically this means that the
boundary-layer deflection at the wall will be always such as to increase
the curvature of the particle path in the boundary layer over ‘that in
thé free stream. Because of the approximations made in reference 8 in

'obtaining the solution of the boundary-layer equations, it is doubtful

whether the results given in figure 11 apply for values of o larger
than approximately 45°.

For the guide vanes used in this investigation, the measured turn-
ing was approximately 27°. The straight-line distance (chordwise) in
which this turning was accomplished is estimated at 4.3 inches. The
expression for curvature of a circular arc in terms of B and chord
when B, = 0 is:

. s ﬁ ' . ‘
2 B
o sin <2 .
~  chord
When the previously given values are .substituted into this expression,.
= -0.108 inch-l. For a rough approximation of the mean value of O,
one-third the measured value at the high-weight-flow condition may be
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. taken. For the run without the spoiler, then, ¢® = -0.0029 and with
the spoiler ¢® = -0.0099. For these values of c¢® and turning, the
boundary-layer deflections are 7.5° and 22.20, respectively (see

fig. 11(b)). The measured values may be obtained from table I: they
‘are 6.8° and 16°, respectively. Although the results obtained from the
approximate solution do not agree accurately with the measured values,
they are of the right order of magnitude.

It can thus be stated on the basis of figures 11(a) and 11(b) that
boundary-layer deflection on the bounding walls in guide vanes (and any
other similar configuration, for example, two-dimensional, stationary
cascades) is primarily dependent on two parameters: the actual turn-
ing B, and the product of the generalized boundary-layer thickness: ©

and the curvature of the streamline outside the boundary layer c.

For the range of ¢® in which guide vanes and cascades usually
operate, the dependence of o on c¢@ is practically linear and the
turning acts to determine the slope of the curves.

For c© values larger than those usually encountered in guide vanes
or cascades, a certain value of ¢@ exists at which the boundary—layer o
deflection is maximum (see fig. 11(c)); beyond that value of c®, the
boundary-layer deflection.decreases with further increase in c® (see
fig. 11(a)). This decrease is more pronounced for small values of turn-

ing.

With respect to guide-vane design and cascade testing, these fig-
ures indicate that an increase in aspect ratio by decrease of chord
alone, because of the increased curvature, may actually result in
increased secondary flows in the boundary layer. The increase in curva-
ture must, of course, be large enough to offset a possible reduction in
boundary-layer thickness due to a reduced length.

Experimental evidence of this phenomenon may be found in figure 12,
which is reproduced from reference 13. In this figure the ordinate
represents the ratio of dynamic pressures across the cascade and can be
construed as indicative of the ratio of the area blocked by secondary
flow to the free area. In addition, the aspect ratio 2.0 cascade dif-
fered from the aspect ratio 1.0 cascade only in chord, while the
aspect ratio 4.0 cascade differed from that of aspect ratio 1.0 only
in span.- .

A decrease in chord is seen to result in an increase in the ratio.
of the areas, while the increase in span results in-a decrease in the
ratio of areas (fig. 12). Furthermore, the differences between the
aspect ratio 2.0 and aspect ratio 1.0 cascades appear to increase
somewhat with turning.
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The growth of boundary-layer thickness has not yet been considered.
Inasmuch as the empiricel constant necessary in the computation of @
could not be evaluated, it was impossible to compute the growth of @
with any degree of accuracy. It can be pointed out, however, that refer-
ence 8 shows, in general, an increase of ©® with €. On the other hand,
the difficulty with which € is introduced into the equations precludes
any speculation as to whether a decrease in curvature of the streamlines
will decrease the generalized boundary-layer momentum thickness. In
fact, for any given turning the decreased curvature of the streamlines
might conceivably result in an increase in © because of the increase
in flow-path length.

The problem of the secondary flow in the boundary layer on the
bounding walls of the guide vanes or cascades has been treated in a
somewhat general manner. A more detailed picture of the streamlines
through the configuration (fig. 13) shows that the streamlines nearest
the pressure surface for conventional compressor blades are generally
almost straight and that those near the suction surface have the great-
est curvature. Since the deflection in the boundary layer depends on
curvature and is such, in most cases, as to increase the curvature of
the particle path in the boundary layer over that in the free stream, a
rough qualitative speculation may be made on the direction of the flow
in the boundary layer, once the streamline paths are known. Close to
the pressure surface the boundary layer. should show little deflection
from the direction of the streamlines. On the other hand, close to the
suction surface the boundary-layer deflection should be largest and
should be directed toward the actual blade surface. Because of the

.presence of the blade surface; the velocity perpendicular to this sur-

face must vanish; that is, Ow/dz must be such that w—» O along any
path adjacent to the blade surface. : '

Thus, whether the outer or inner wall is considered (fig. 13),
dw/dz < O next to the suction surface and Ow/dz > 0 next to the pres-
sure surface.

Inasmuch as the continuity equation must also be satisfied (refer-
ence 8):

ow Jdu OV .
5= - 5% - oy - e

and since OJu/dx is generally quite small in boundary-layer flows,

with w—O0 at the wall, Ov/dy must be large (of the same order of
megnitude as Ow/dz). These considerations imply that the flow moves
over the suction surface toward the midspan of the blade and over the
pressure surface toward the walls. The order of magnitude of ow/dz is
expected to be larger near the suction surface than near the pressure
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surface, because of the shape of the streamlines outside the boundary
layer; larger radial flows of this type should therefore occur in the
boundary layer at the suction surface. As a result of this change in
direction and the friction acting.over both the wall and the blade sur-
face, a large accumulation of low-energy air may be expected in the
corners between the suction surface and bounding walls. No such accumu-
lation will occur near the pressure surface, because even if any large
deflections were present close to this surface (as might happen in highly
cambered blades), this deflection would, in general, be away from the
blade surface. Much experimental evidence of these phenomena is avail-
able (for example, references 5, 6, and 13). ;

Because of small curvature of the streamlines near the pressure
surface and because of the physical presence of the wall on the suction
side of the passage, the deflections near both surfaces will be small
(fig. 13). The largest boundary-layer flow-angle deflections may there-
fore be expected in the midregion of the passage, and these will be so
oriented as to cause flow toward the suction surface.

Inasmuch as the losses should be at & minimum for any given turn-
ing, the preceding discussion and figure 11 indicate that, from the
" ptandpoint of secondary flows in the boundary layer, the product of
streamline curvature and generalized boundary-layer momentum thickness
-must be kept low. High values of c® may perhaps be permissible only
at very low turning without excessive increase of secondary boundary-
layer flows.

In general, design practice is to keep the curvature as high as
possible so as to reduce the axial length; inasmuch as a decrease in
curvature may even result in an increase of boundary-layer thickness,
the most promising way of reducing the secondary losses is apparently
the reduction of boundary-layer thickness through positive means such’
.as suction. . :

Flow near casing in region of rotor. - A discussion of the boundary-
layer flow over that part of the casing which covers the rotor blades
cannot be reduced to such simple parameters as those employed for the
region near the guide vanes, even though the previously introduced con-
cept of mean-force flow is utilized. Large changes in form parameters
are caused by tip clearance effects, which are altered by speed, weight
flow, and the ratio of boundary-layer thickness to tip clearance. Fur-
thermore, in the flow through the rotor it is uncertain that the curva-
ture of the mean~force flow streamline retains its sign. . For these
reasons, only very qualitative conclusions are drawn herein.

The changes in profile parameters G and g were attributed to
tip clearance effects. These changes (at constant speed) were such as
to increase the w-velocity profile at high weight flows and to decrease
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the wu-velocity profile at low weight flows. An increase in w-velocity
usually signifies an increase in the secondary flows, which, for this -
case (as will be discussed later) means an increase in loss. The effect
of tip clearance on efficiency should therefore be most proncunced at
high weight flows. Inasmuch as the mean-force profile was shown to be
practically unaffected by tip clearance disturbances at low speeds, .the
effect of tip clearance on efficiency should, in general, decrease with
decrease in speed. The curves presented in figure 14, which were repro-
duced from reference 4,support these conclusions.

If the relative magnitude of the form factors (which are important
in the determination of the deflection €) is considered (see fig. 9),
it becomes immediately apparent that K+J > 0 for all cases investi~
gated. According to the equations for €, given in reference 8, there-
fore, ¢ will in general be of opp051te sign from the curvature, when

= 0 (which is true on the nonrotatlng casing). Thus, the deflection
of the particle paths in the boundary layer is always such as to
increase its curvature over that of the mean-force flow streamline. If,
however, the curvature of the mean-force flow streamline changes sign,
the deflection €, which is obtained by a process of integration, will
first decrease to zero somewhat further downstream and later reverse
sign as well,

The main purpose of the guide vanes for conventional subsonic com-
pressors is to prerotate the flow, so as to prevent compressibility
effects near the tip of the first stage. As a consequence of this pre-
rotation and the turning given to the streamlines by the rotor blades
(see fig. 15), the mean-force flow streamline downstream of the rotor
is curved a considerable amount away from the axial direction. In view
of the discussion of €, which i1s measured toward the direction of the
streamline, not only will € be large (because of large turning and
curvature), but also the actual direction of the flow in the boundary
layer near the wall will be almost tangential. Furthermore, because of
the changes in shape of the function g due to tip clearance effects,
the already large w-velocity (caused by large €) will be even more.
magnified. The flow in the boundary layer near the rotor tips must
therefore be largely tangential. Because of the deficiency of the axial
velocity, the work done on the fluid in these regions cannot be utilized.
That the work is actually done on the boundary layer flowing over the
casing and near the rotor tips is evidenced by the increase in the values
of n. Some of the energy added is utilized to improve the u-velocity
profile, some of it is absorbed to create the secondary motion, and the
rest serves to_heat up the flow and the compressor. In any event,
because of the axial velocity deficiency, little of the energy added
ever appears as useful work. Consequently, the change in the direction
of the flow in the boundary layer near the rotor tips away from axial
results in a loss., It should be noted that this loss is not caused by
a separation from the casing in the conventional sense where the gradient
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(normal to the wall) of the velocity in the boundary layer is zero or
negative at the wall. The flow in the boundary layer merely changes
direction so that the axial velocity profile is separated, but the

u- and w-velocity profiles show no separation whatsoever. It is shown
in appendix C that the condition for an axial velocity separation is ‘
a = n/z + B, regardless of the shape of the u-velocity profile. 1In
figure 16(a) the axial and tangential velocity profiles are shown for

G = (y/6)1/9, &g=(1-y/8)% B=-60° and «=30°. This is the
case for which the gradient (perpendicular to the wall) of the axial
velocity is zero at the wall. When o 1is further increased to 40°
(fig. 16(b)), a definite reversal of axial velocity near the wall may
be noted. Similar observations about the three-dimensional boundary-
layer flow are made in reference 14, where it is noted that a separated
chordwise profile does not necessarily mark the beginning of the tur-
bulent wake for a yawed wing.

When the curvature of the streamlines outside the boundary layer
changes sign, as is usually the case in the next stator row, the value
of € drops (and possibly also reverses sign) and causes an improvement
in the axial velocity profile. A similar decrease in the value of €
can be seen from measurements teken at station III, where the value of
B has decreased (in the absolute sense) from that at station II because
of the convergence of the passage. As may be ascertained from table I,
the value of € parallels the trend of B.

From this discussion, it is possible to construct the picture of
boundary~-layer flow over the casing and along the compressor. The
direction of the streamline outside the boundary layer oscillates .about
the direction of the mean absolute velocity and successively assumes the
values of the absolute inlet and absolute exit velocities. The deflec-
tion € oscillates about the direction of the oscillating streamline
in such a way that large flows in the tangential direction are caused in
each rotor row, but an improvement in the axial velocity profiles is
caused in the stator rows.

The large tangential flows in the rotor rows are caused primarily
by the fact that the absolute turning in the rotors is toward the tan-
gential direction and also by the tip clearance effects and the initial
prerotation due to the guide vanes, which impart high absolute stagger.

For secondary boundary-layer flow on the casing, both the magnitude
of the absolute turning and the direction of the mean gbsolute velocity
have been shown to be important parameters. In addition, it appears
from the equations of reference 8 that the boundary-layer thickness
plays a role similar to that in the flow through guide vanes. The exact
nature of the variations in © may not as yet be ascertained, but it is
conceivable that the value of @ may remain surprisingly small even
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after quite a few compressor stages, because of the oscillation of €
and the energy addition in the rotors. Locally, however, the boundary-
layer thickness may increase in some blade rows and decrease in others.

When the velocity w is considered in the relative sense in the
rotor row (see fig. 8), it becomes apparent that this velocity is
directed from the suction side -of one blade to the pressure side of the
adjacent blade, Furthermore, the relative magnitude is somewhat smaller
than the absolute magnitude. As a consequence of this fact and in con-
Junction with the tip clearance, the changes in v-velocity should not
be as pronounced as in the guide vane case; more important, the
v-velocity should now be positive (directed toward the hub) on the pres-
sure surface, but negative (direc%ed toward the casing) on the suction
surface. The traces of boundary-layer flow near the tip obtained in
reference 15 show a very small deflection toward the hub on the pressure
surface of the blades and no deflection on the suction surface. It
should be noted here that all these considerations apply only in the
absence of shrouding over the rotor blades. For shrouded blades, as
was the case in reference 2, the streamlines outside the boundary layer
must be considered in the relative sense (because the shroud rotates
with the blades), which gives results similar to those discussed in the
guide vanes. Near the tip a deflection would occur on the suction sur-
face of the blade, and practically no deflection would occur on the
pressure surface., These results agree with those of reference 2.

Flow near hub (unshrouded stators). - Inasmuch as the velocity pro-
files on the hub were not measured, this discussion can point out only
the basic similarities and differences as they follow from the theory
presented in reference 8. Because boundary-layer velocities are always
taken relative to the surface over which the flow is passing, near the
hub the whole coordinate system will rotate with the hub. Thus, the
components of ® will not be zero. It has been shown (reference 8) for
such cases that the change in pressure through the boundary layer is of
the order of magnitude of the boundary-layer thickness. For thick
boundary layers, the pressure change may be considerable and neglect of
the equation of motion in the y-direction may not be justified. Should
actual measurements show that ignoring this equation is justified, the
streamlines outside the boundary layer (known usually as relative) must
be considered (see fig. 15). These streamlines will curve away from the
axial direction through the stators and toward the axial direction
through the rotors. In the notation of figure 15, this statement means
that the curvature will be positive through the rotors and negative
through the stators. In the notation of the same figure, 4
Oy = = ® sin v, where Yy 1is the angle of inclination of the surface
(see fig. 15). According to the equations for €, the effect of
is to offset to some extent the negative curvature obtained in the
stators. Large values of ¥ should then be advantageous from a ‘boundary-
layer standpoint. On the other hand, the tip clearance effects in the
stators will be similar to those near the tips of the rotors. As a con=-
sequence, larger losses may, in general, be expected through the stators.
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The flow through the rotor row will resemble that previously dis-
cussed through the static cascade: large flows toward the tip on the
suction side and little change in direction on the pressure side of the
blade. Experimental evidence may again be found in traces of boundary-
layer flow, as presented in references 2 and 15.

In the problem of loss reduction, aside from positive control of
boundary-layer thickness ©, it may be possiblée to achieve some success
through the control of absolute turning and of absolute mean-velocity
direction. In later stages, where the compressibility effects are not
great, changing the direction of the absolute mean velocity near the
casing and the relative mean velocity near the hub toward axial may per-
mit increased turning and reduce the secondary boundary-layer losses.
From preliminary considerations, it appears that this end may be
achieved by an increased turning near the blade roots (casing end of
stators and hub end of rotors). An improvement should thereby be
effected not only with respect to secondary flows in the boundary layer
but also in strengthening the blades. However, a more careful evalua-
tion of other design variables should be made before any such changes
are .actually attempted.

SUMMARY OF RESULTS

- The following results were obtained from experimentally obtained
velocity profiles 'in the boundary layer on the casing of an axial com-
pressor and from a qualitative analysis of the boundary-layer charac-
teristics on the walls of the compressor:

1. The profiles behind the guide vanes on the casing were very
similar to those obtained in an ordinary curved duct and were practically
unaffected by the rotation of the rotor blades.

2. The velocity profiles behind the rotor indicated that the rotor
stage adds energy to the boundary layer. '

3. Flows due to a finite tip clearance for'coﬁpressor rotor blades
had an adverse effect on the boundary-layer profiles. The effects of
tip clearance flows on the sécondary flow in the boundary layer were
most pronounced at high weight flows at high speeds.

4, The secondary losses in guide vanes and cascades generally were
concentrated near the suction surface of the blades. In other configura~-
tions, it is important to consider whether the surface over which the
boundary layer is flowing rotates integrally with the blades. |

5. The losses near the tip of the rotor blades and near the hub in
the stator stages occur because of the predominantly tangential direction
of the boundary-layer flow near the walls.
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6. The preliminary considerations indicate that a large angle of
inclination of the hub surface with respect to the axis of the compressor
(large hub taper) is favorable from the standpoint of secondary boundary-
layer flow on the hub.

CONCLUSIONS
The following.conclusions can be drawn from the investigation:

1. The velocity profiles in the boundary layer show a definite
affinity when resolved into components along the direction of the flow
outside the boundary layer and perpendicular to it. The generalizing
parameters are the boundary-layer thickness and the limiting deflection
at the wall.

2. The important parameters concerning the secondary flow in the
boundary layers are turning and c¢®, where c¢ 1is the curvature of the

' streamline outside the boundary layer, and © is the generalized

momentum thickness of the wall boundary layer. For the range of c@

in which guide vanes and cascades usually operate, the dependence of the
secondary flow on c¢® is practically linear, and turning acts to deter-
mine the slope of the curves.

3. Two types of separation may ex1st in a three-dimensional boundary

~ layer. One is the conventional separatlon where all velocity components

are separated, and the second is the directional separation, where one
velocity component is separated, but others are not. Because of the
directional separation, the axial velocity profile on the compressor )
walls may be separated in spite of the fact that the flow has not parted
with the surface.

4., Although additional experimental data are necessary to improve
and extend the analysis, many phenomena observed in compressors appear
to be accounted for qualitatively by the method of analysis presented
herein.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics .
Cleveland, Ohio
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APPENDIX A

-

~ COMPUTATION OF € FOR SPECIAL CASES

The components of vorticity (reference 8) are:
_|ow _ Bv]
t =3y 32

1 ov d
22
‘ ov

Because of the assumptions of order of magnitude, g% and 5z are

neglecfed in boundary-layer flows when compared td g% and. ~g¥,

respectifely. These expressions for vorticity thus-reduce to:

But by definition,

thus,

€ = lim 4
}’—-)0C

The following equations from reference 8 are used to compute € :

23
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RC) SH + 9) 19U . _
. +[( Hr2) 55| @= o.01s69 (A1)
d¢ ,[4130 9 103U  0.01255 1 1 %y]
+ —— —_—— e — — o e— - e
5% [5@&_+5U&+ K-J 0| "T-% [(1+H)° i3
(42)
Substituting equation (Al) into equation (A2) gives
d¢ 1 )1 Eav]l. 1 ?my]
S5+ 0'01255(1+K'-J@_ﬁ&€_ J_K(lfH)c—HT
| (43)
? This equation is solved for tﬁo special cases:
Case A. - If -g-g = 0, ¢ = constant, and Wy = 0, equation (A3)
Case A. =
reduces to:
.3£+o.01255(1+ = )E=1+Hc (As)
ox K-J/@ J-K
the solution of which is:
~ 1+ H x '
¢ E(x) = Constant + T—¢ C;I; E(x) dx - (as)
where
| 1 ¥ ax
E(x) = exp [0.01255 (1 + )f 5] - (48)
O M

and the boundary condition is at x=0, ¢=0, © = Cg. Thus. the
constant in equation (AS5) is zero.
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Equation (Al) is again used to evaluate equation (A6),

%@ = 0.01569 (A7)

<1+K}‘T)

alw

E(X) = El(x) =0

=é(1+ L >z1.o but K - J %2.8,

If it is now noted that -3

equation (AS) becomes:

w

2
€ - 5%

X .
(o4
z.séj; © dx | (a8)

and when equation (A7) is substituted,

o (S e

€% " 28 \®,/x ¥ 0.00569 "

Inasmuch as c = %% and at x =0 Bo = 0, by definition equa-

tion (A9a) may also be written

e / ‘
1 o/ X
€ - limf=- ( +1>B (A9b)
y;>0§ 2.8\9,/x + Q.01569
Case B. - If c¢ = constant, wy =0 and © = constant (mean value)
but U = U cos B then equation (46) (whlch is not restricted to the

llmltatlons of case A) becomes:
E(x) = Ex(x) = exp (0.0171 %)

The solution of equation (A3) is now:

(i +‘H) c .X 9 e ;H ‘
(3.- K) cos® p Ep(x) f Ep(x) cos™ B dx (A10)
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This equation can be integrated in closed form if it is recalled
that H #1.0 and B = cx:

c®
2 [1+ gL ran b

€T3 x| @ 00171 (a11)

0.0171 T " <o

“The value of c® .at which € is a maximum is found from equation (a11)
by differentiation, and so forth, to be:

(ccbe = 0.0171 @ (A12)
max
where

Q= tan B-i,/tanz B+ 1

The values of € max can now also be found:

‘ 29 1+ Q@ tan B Al
€ = ( 5)
max J-K( Q2.+l > |
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APPENDIX B

SYMBOLS

The following symbols are used in this report:

G,g

H,J,K,L

X,Y,2

rotor chord
curvature of x-axis, dB/dx
functions describing boundary-layer velocity profile .

quantities describing relations among various characteristic
loss thicknesses in boundary layer

exponent in expression for g

reciprocal of exponent in'expression for G
Reynoids number baéed on Oy, QXU/D
Reynolds number based on rotor chord, CU/v

velocity outside boundary layer along streamline of potential
- flow (relative to wdll over which the flow takes place)

weight flow
weight flow at maximum efficiency

time-averaged velocities in curvilinear coordinate system
(relative to wall over which the flow takes place)
orthogonal curvilinear coordinate sYstem with x along stream-
_line of potential flow and y perpendicular to wall over
which the flow takes place,

,boundary—layer deflection angle measured from direction of

resultant skin-friction stress to direction of flow outside
boundary layer

angle between axial direction and tangent to x-axis (angle
between axial direction and streamline outside boundary layer)

angle between tangent to hub surface and axis of compressor

boundary-layer thickness
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5

displacement thickness in x-direction (U - u) ay

=]l

0]

J
¢

Gl

displacement thickness in z-direction

w dy

measure of boundary-layer deflection near wall, tan o

generalized boundary-layer momentum-loss thickness, Gle/4

momentum thickness in x-direction of flow in x-direction

()
1 - .
55\[; (U-w)uway

momentum thickness in z-direction of flow in z-direction

ol
1 : 2
- we dy
UZ‘Jﬂ
0

momentum thickness in z-direction of flow in x-direction

. |

—%-J. (U - u) v dy

ue . s
0

kinematic viscosity

components of vorticity vector in x- and z-directions,
respectively

shear stress at wéll ’

To
w’ angular velocity
I; 17, measuring stations
IIT
Subscripts:

in axial direction

a

max

maximum
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o] initial value
r relative to blade
t in tangentiél direction

y in y-direction

29
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APPENDIX C

CONDITIONS WHEN AXIAL VELOCITY PROFILE BECOMES SEPARATED

The expression for axial velocity is:

= ucos B +wsinp

ua ~

In order to find the separation point it is necessary to investi-
gate the conditions under which the axial velocity becomes tangential
- to the y-axis at the surface :

’ EE;] = QE] cos B + EE] sin 83 =0
"dy ly=0 = dy|y=0 dy Jy=0 -

But by definition

aw
lim QX = €= tan
o
y— dy
thus
dua] du]
—-— = — cos + € sin =
& ly=0 =G ly=o (cos P 2
This equation is obviously satisfied regardless of the value of
du :

E§]y-0’ when

+ B

Q
]
njR

and the flow near the wall is tangential.
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TABIE I - SUMMARY OF EXPERIMENTAL CONDITIONS

Symbol N v v A o] 8] < >
Design speed 100 100 100 100 100 100 60 60
(percent) '

Corrected weight 59.9) 51.6| 38.8| 59.3| 51.8| 41.7{ 35.7| 28.6
flow, (1b/sec)™* '

Efficiency 0.796]0.898]0.786|0.7650.885|0.833|0.878|0.885
Spoiler thickness 0 0 o 1/s8{ 1/8| 1/s 0 0
(in.)
5 ) 0.1800.2000.290[0.350[0.400]0.450[0.200[0.200
(in. :
B 26.7| 27.2] 29.0| 26.1| 26.1] 27.5| 25.9| 26.6
(deg)
: ] 560| .466| 325| 558| 469| 354| 309| 247
Station | (ft/sec) '
T @ 6.6] 6.8| 14.6| 16.4| 16.0| 19.2| 8.5| 9.0
(deg)
€ 0.1150.120]0.261 |0.294 |0.287 |0.349 |0.149 [0.095
® 0.081 |0.104 [0.149|0.275 [0.286 |0.344 [0.073|0.108
(in.) .
Rex10-%4 | 60.0| 52.5| 37.7| 59.6| 52.1| 40.0| 35.3| 28.6
( 5 0.610[0.780]1.320[0.780]0.800|1.320{0.528{0.780
in.) - .
B 41.9| 52.4| 60.1| 41.6| 51.4]| 56.3] 44.5| 53.5
(deg) ‘
U 689| 680| 659| 696| 675| 657| 412| 394
Station | (ft/sec) :
11 @ 11.6] 14.4]| 25.0] 15.5]| 15.1| 30.2| 13.1| 14.6
(deg)
€ 0.206]0.257 |0.467 |0.277 |0.269 [0.583 [0.233[0.260
e 0.3040.271]0.859 |0.524 |0.358 |0.852 [0.208 |0. 261

(in.) _ ‘
Rex10-4 76.1{ 81.5| 78.0| 76.1| 79.7| 77.7| 48.0| 46.6

o) 0.684| 1.15|0.950(0.68410.820] 1.39| ===-| =-==-
(in.)
B 37.3| 45.7} 57.81 38.3| 47.0| 53.1| ====| -==-
(deg)
. 8) 764 702 612 751 687 655 | —-ca| ===
Station | (ft/sec) '
IIT a 7.9 9.0 13.7 8.1 8.1 lG.Q e | ————
(deg) 1 : .
€ 0.13910.158(0.243(0.142 {0.143({0.287 | ====| ===-
© 0.34110.301{0.435{0.32510.425 [1.215| ==~=| ===
(in.) v .

Rex10-%4 | 84.0| 83.2{ 73.2| 82.6| 89.1| 79.4| === | ==~

~_NACA

*To standard conditions.
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(a) Total-pressure
gurvey probe.

(b) Claw-type (c) Wedge-type
yaw tube. static-pressure
survey probe.

Figure 2. - Instruments.

*‘Iﬂ:ﬂ!"’

C-24838

(d) Thermo-
couple
rake.
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(b) Function G.

Figure 5. - Continued. Velocity profiles downstream of guide vanes. (See table I for
explanation of data points.)
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(¢) Function g.

Figure 5. - Concluded., Velocity profiles downstream of guide vanes.

(See table I for explanation of data points.)
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(b) Function g; no spoiler; 60 percent of design speed.

Figure 7. - Continued. Functions G and g downstream of
rotor (station II). (See table I for explanation of data
points.) ’
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(d) Function g; %—inch spoller; design épeed.

Figure 7. - Continued. Functions G and g
downstream of rotor (station II). (See
table I for explanation of data points.)
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(f) Comparison of function g with and without
spoiler; ‘high welght flow; design speed.

Figure 7. - Continued. Functions G and g
downstream of rotor (station II). (See
table I for explanation of data points.)
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(h) Comparison of function g with and without
spoiler; low weight flow; design speed.

Figure 7. - Concluded.
rotor (station II).
points.)

Functions G and g downstream of
(See table I for explanation of data
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Tip speed
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Figure 8. - Velocity diagrams at % = 0.10. %—ineh spoiler; design speed,
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(b) Function g.

Figure 10. - Concluded. Functions G and g at station III.
(See table I for explanation of data points.)
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Boundary-layer deflection at wall, o, deg
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(a) Boundary-layer deflection angle at wall for

constant turning.

Figure 11. - Approximate solution for'boundary;layer

deflection. U cos B = Ugs Bo = O.
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Boundary-layer deflection at wall, a, deg
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Figure 11, - Continued., Approximate solution for

boundary-layer deflection. U cos B = Uy B
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Figure 12. - Dynamic pressure ratio as measured in the various tunnel
configurations tested. (Fig. 12 of reference 13.)
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Inner wall

Outer wall

Figure 13, -~ Picture of flow and coordinate systems in

guide vanes and cascades in boundary layer near wall,
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Rotating
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mean velocity
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Path of absolute streamline A Path of relative streamline B
(small arrows indicate wall \x-direction/ (small arrows indicate boundary-
"boundary-layer direction) layer direction relative to hub)

Figure 15, -~ Path of streamlines in compressor.
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