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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INTERSTAGE SURVEYS AND ANALYSIS OF VISCOUS ACTION IN LATTER
STAGES OF A MULTISTAGE AXTAL-FLOW COMPRESSOR

By William B. Briggs and Charles C. Giamati

SUMMARY

An eight-stage axial-flow compressor having a design- -stage pressure
ratio of 1.23 was investigated to determine the character of the boundary
layers in the last four stages. The over-all performance was determined
at speeds from 40 percent to 100 percent design, and detailed interstage
surveys were made for four different weight flows at both 50 and 100 per-
cent design speed. The surveys were made radially at one circumferential
position behind the guide vanes and behind each blade row from the fifth
rotor back. The survey data are presented as plots of the axial and tan-
gential velocity profiles from which the boundary-layer parameters of
displacement and momentum thickness were calculated. An analysis of the
variation of these parameters was made to show how flows which are
imposed upon the main through flow affect fluid particles whose momentum
has been depleted by viscosity. A statement of current qualitative ideas
and the status of quantitative theory regarding the imposed flows was
made. Pronounced velocity peaks did not occur at midchannel. It was
found that low-momentum fluid particles are carried into the main stream
flow, where energy is interchanged to promote homogeneity, instead of
accumulating on the annulus walls to effectively constrict the passage
as in duct flow.

INTRODUCTION

The effects that viscosity impose on the flow through the latter
stages of a multistage axial-flow compressor are incompletely under-
stood. Investigators have in some instances reported serious flow
blockages in the latter stages. The detrimental effects of boundary-
layer build-up’along the annulus walls and blade surfaces are usually
given as an explanation. A compressor designer must have a detailed
knowledge of viscous action so that each specific portion of the flow

‘area may be tailored most advantageously. Since the knowledge at the
present time is limited, designers must use some gross effect which makes
the gross area through the rear stages greater than that indicated as
necessary by perfect fluid calculations. If the values of the two
boundary-layer parameters, displacement and momentum thickness, could be
known when the area variation is being calculated, any of the various
gross-effect schemes could be used and they would give the same configura-

tion.
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Investigations have been made to determine typical values of these
parameters. Previously reported studies have, however, been stringently
limited in their range. Reference 1 presents results from a four-stage
compressor having a constant-diameter hub and casing and running at Mach
numbers less than 0.15. The constant annulus area contributed to large

peaks in the hub-to-tip velocity profiles of the third and fourth stages.

Reference 2 presents data from a three-stage compressor also having a
constant-diameter hub and casing and operating at a low tip speed of
approximately 120 feet per second. The annular wall boundary layers were
reported as being relatively constant in thickness from a position ahead
of the guide vanes to one behind the last stator.

The investigation presented herein was conducted at the NACA Lewis
laboratory to extend this understanding of viscous effects. An existing
eight-stage axial-flow compressor that had been designed for a tip .speed

" of 925 feet per second and an over-all pressure ratio of 5.25 was used.

Over-all performance runs were first made to ascertain the compressor
performance. The compressor was then instrumented to permit interstage
measurements throughout the last four stages and behind the inlet guide
vanes. The guide-vane surveys were made to obtain a reference inlet
value of the flow characteristics at each test condition. Unfortunately
the casing could not be adapted to permit circumferential surveying

~ behind the stators. All surveys made were on a radial line midway

between two adjacent stator blades, and either slightly ahead of the
leading edges or slightly behind the trailing edges. Behind the rotor
this gives a circumferential average eXxcept for the_presence of wakes
which pass through the rotor from the upstream stator and which shift

in circumferential position with changes .in weight flow and speed. It
is felt that stator wakes will have diffused sufficiently to cause only
small deviations from the true circumferential average. Behind a stator,
however, only conditions along the midline are obtained. These surveys
behind the stators must be interpreted with caution and not as being the
averaged values which a complete area survey would give.

The way in which the indicated boyndary-layer parameters vary
through the latter stages is shown and an analysis relates the various
individual causes which contribute to the flow losses.

APPARATUS
Compfessor Design

An existing eight-stage compressor having aluminum rotor, blades,
and casing was utilized for this investigation. The hub and casing were
those. of the original NACA eight-stage axial-flow compressor that is
described in reference 3. The compressor was made for a program unre-
lated to the one reported herein and sought to produce special velocity
profiles entering an early, a middle, and a rear stage. To achieve this, .
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a bastard design was necessary because in some instances compromises of
good over-all design practice had to be made. A design pressure ratio
of 5.25 at 17.5 pounds per second and 925 feet per second tip speed was
chosen. In calculating the stage variables, an adiabatic efficiency of
86 percent was assumed and no additional allowances for viscous effects,
such as arbitrarily opening the annulus passage, were made. The blading
was designed from cascade turning data reported in reference 4. Table I
gives a tabulation of most of the pertinent physical characteristics.
Figure 1 shows the details of the assembled compressor.

The physical arrangement of the air supply systems serving the com-
pressor 1s schematically shown in figure 2. It is very similar to the
setup recommended in reference 5 (figs. 1(a) and 2(a)) because the
standard arrangements and methods of reference 5 were followed wherever
they applied. The inlet duct, settling tank, and compressor were insu-
lated. A calibrated adjustable orifice was used in the inlet duct to
measure the mass flow. Motor-driven butterfly valves upstream of the
stagnation tank and downstream of the collector controlled the inlet and
outlet pressures at the compressor as well as the mass flow. Refrigerated
air at a pressure of 10 pounds per square inch gage and any required tem-
perature above 390° R as well as atmospheric air were available at the
inlet to the system. A vacuum of 20 inches of mercury was L. ntained
downstream of the outlet valve to exhaust greater quantities of air during
the maximum mass-flow runs than would be possible with an atmospheric
outlet. The compressor was driven through a speed-increasing gearbox by
a variable-frequency electric motor.

Instrumentation

Conventional instrumentation was installed for the determlnatlon of
over-all performance. Four static-pressure taps, four total-pressure
tubes, and four thermocouples were distributed in the stagnation chamber.
Static-pressure taps were located in the compressor casing at four cir-
cumferential points behind each blade row. Total temperature was meas-
ured behind each stator row by fixed, 3/32 inch-diameter spike-type
thermocouple rakes. Each rake consisted of three thermocouples spaced
‘radially at one sixth, one half, and five sixths of the channel height.
Total pressure and temperature in the constant-area annulus behind the
last row were measured with two Kiel type total-pressure probes and two
double-stagnation-type thermocouples fixed at different radial and cir-
cumferential positions. Also a static-pressure wedge and a ten-tube
total-pressure rake, which covered the channel between two adjoining
blades, were mounted in the outlet annulus in remotely controlled actu-
ators; and radial variations were measured to give a mass-flow check on
the orifice-measured flow and to give an integrated average outlet total
pressure.

CONFIDENTIAL
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The motor speed was measured with a chronometric tachometer. The
orifice pressures were measured on water manometers, the survey total
pressures on tetrabromoethane manometers, and all others on mercury
manometers. Temperatures were measured with a Brown potentiometer that
had a dial calibrated to «1/2° F accuracy.

Semiautomatic instrumentation was developed for the interstage meas-
urements to keep the running time required for each point from becoming
prohibitive. Oblong mounting holes were made in the compressor casing
to orient each mount parallel to the compressor axis and were so located
that probes could be moved radially between the blade rows. It was '
impossible to adapt the casing for circumferential movement of the probes;
therefore each hole was located equidistant from two adjacent stator
blades and out of the path of wakes from the upstream stator row insofar
as possible. For the principal body of data, a remotely controlled actu-
ator was mounted after the guide vanes and one after each blade row from
the fifth rotor back.

In figure 3 is shown an actuator holding an 1/8-inch-diameter claw
total probe. The side tubes (claw) of the probe are connected to an
automatically balancing capsule. A diaphragm in the capsule is deflected
by the difference in pressure produced by misalinement of the probe with
the flow so that an electric contact is closed, energizing the rotational
motor which turns the probe into alinement.  This maintains the tube in
continuous alinement throughout a survey. Tees in the claw-tube leads
went to a manometer in the control room affording a visual check. Prior
to running, a program of survey points was built into an automatic radial
positioner so that any or all probes could be quickly moved into posi-
tion. This effected a large time saving with the slight handicap that
some blade rows (after the sixth stator, for example) had to be surveyed
with fewer points than might be desired. The angle and radial orienta-
tion of the probe were known at a remote place and were controllable
through a potentiometer geared to the probe shaft and wired to similar
potentiometers in the control room which were geared to graduated dials.
Manual overrides were built in-with all the automatic features. The
survey total-pressure values were measured on tetrabromoethane manometers
and all nine were simultaneously recorded by a remotely controlled K-22
aerial camera located alongside the compressor. All other compressor
pressures were recorded with a manually operated camera in the control
room on a mercury-manometer board.

Accuracy of Data

Runs were repeated on occasion to determine'if the data could
accurately be reproduced. A typical comparison may be seen on both fig-
ures 7(g) and 7(h) after the fifth rotor where the maximum difference in
the measured velocity at any point was 2 percent and the average dif-
ference
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tip
Veircle - vsquare ar
V. )
average AV 100 = hub circle (1)
Veirele Thub - Ttip

was less than 1 percent. (All symbols are defined in the appendix.)

Although the velocity plots behind a stator row represent only one
circumferential position and the ones behind a rotor row are customarily
high (because of total-pressure readings. usually being high), weight-
flow checks of the orifice value were made by assuming the velocities as
calculated to be constant circumferentially. Nearly all the runs that
were checked agreed within 5 percent. ‘ ’

It might be pointed out that the velocity distribution can have a
large error in magnitude, but the boundary-layer parameters will be
unchanged if the relative shape is maintained; that is, a proportional
increase in v and vp,, ‘leaves 8 and 6 essentially unchanged.

PROCEDURE

The over-all performance map of the compressor was first made to
insure that no peculiarities existed and that the compressor was suitable
for the interstage program. Runs were made at speeds from 40 to 100 per-
cent design. Data points were taken at each speed over the range of
weight flow from maximum (where the back pressure was the lowest obtain-
able) to minimum (incipient surge point where the slightest decrease in
flow would result in unstable operation, that is, surging). This com-
pressor had a particularly violent surge that produced large amplitude
deflections in the outlet piping system and other attachments which were
not bolted directly to the bed plate; therefore no surge data were taken.

The aluminum blades of the compressor imposed a temperature limit
upon the outlet air because their allowable stress diminished as their
temperature exceeded 300° F. Thus the runs were carried out in the
following pattern: At speeds of 50 percent of the design spéed and
lower, room air was used at ambient temperature between 70° and 900 F.

At speeds of 60 percent design or above, refrigerated air was used at
decreasingly lower temperature until at 100 percent design, air at an
inlet temperature no greater than -60° F was required to provide a margin
of safety. The stagnation chamber pressure was maintained at 25 inches of
mercury absolute during runs at 80 percent design speed or lower and at

15 inches of mercury absolute during runs at 90 and 100 percent design

" speed. No overspeed runs were made.
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RESULTS AND DISCUSSION
Over-All Performance

In figure 4 is plotted the over-all-pressure ratio against the
corrected weight flow with parameters of corrected-percent design speed
and adisbatic thermal efficiency. The over-all pressure ratio is the
ratio of the total pressure measured in the outlet annulus approximately
1 inch behind the eighth stator row (by the ten-tube rake averages over
three radial positions) to the stagnation-chamber total pressure. The
correctéd weight flow is that value measured by the adjustable orifice,
multiplied by the square root of 4§, and divided by 8. The corrected-
percent design speed is the actual speed indicated by the chronotachometer
instrument divided by the square root of ~ §. The thermal efficiency is
calculated with use of the air charts of reference 5 and is

TAV: )
Tad = AR ' 2
8~ Aljeqs : ' (2)

. with the AH taken across the entire compressor from the stagnation tank
to the instruments after the eighth stator.

As can be seen from figure 4, the weight.flow at design pressure
ratio fell 3 percent below the design weight flow. The extensive area of
peak efficiency (over 80 percent was realized at all speeds shown) indi-
cates good off-design operating characteristics. It is felt that the com-
Promises required to. produce specified velocity diagrams entering speci-
fied rows handicapped the performance because design velocity diagrams
such as shown in figure 7(c) after the fifth rotor; which require a strong
radial work input gradient, were not achieved; so succeeding stages suf-
fered. The surge line is smooth except for a slight hump where the weight
flow reduced to a very low value at 60 percent design speed, which indi-
cates that any deleterious stage matching effects that may be present
must be small.. The static-pressure rise through the compressor indicated
that the stages were all properly loaded when the compressor was operating
at the minimum weight-flow point at each speed. The compressor was satis-
factory in range and efficiency for the investigation of interstage losses.

_ After the compressor had been operated for a total of 255 hours, it
was disassembled and examined. Fatigue cracks were found in 18 blades of
the first rotor, in 12 blades of the sixth rotor, and in four blades of
the sixth stator. Cracks in the first rotor were parallel to the hub,
in the center of the chord, and much deeper on the pressure surface than
on the suction. The cracks in the sixth stage were ones starting at the
small radius fillet, where the after portion of the blade overlapped the
blade base, and growing diagonally across the blade. The significance
" of these cracks will be examined in detail later. '
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The adiabatic thermal efficiency, with the use of the charts of
reference 5, and the static-pressure rise, as measured with the casing .
static taps, were calculated for each stage throughout the compressor
and are shown in figure 5. In the design of this compressor, the axial
velocity increases through the first seven stages so that much of the
energy added is kept in the kinetic form. Thus for this compressor the
static-pressure rise and efficiency would be much lower than the total-
pressure efficiency.

Caution must be used in singling out any given stage as bad or good -
from static-pressure efficiency data because the outlet values of static
pressure and temperature of one stage are the inlet values of the next.
An inaccuracy in either reading will give a falsely high efficiency in-
one stage and a falsely low one in its adjoining stage. In the second
stage, a 5-percent change in the efficiency will be brought about by an
error of either 0.7° F or 0.07 inch of mercury at 50 percent design speed
and either 1.6° F or 0.2 inch of mercury at 100 percent design speed.

In the seventh stage, a 5-percent efficiency change is effected by 1.2° F
or 0.15 inch of mercury at 50 percent design speed and either 2.5° F or
0.5 inch of mercury at 100 percent design speed. Some insight into the
individual stages is afforded, however. The first stage is seen to be
operating.inefficiently throughout the weight-flow range at both speeds.
At 50 percent design speed, the first stage was undoubtedly operating at
a high angle of attack and was stalled, while at 100 percent, mismatching
and Mach number effects gave rise to the low efficiency of the stage.
Also, subsequent figures of interstage surveys after the guide vanes will
show that at some operating conditions the flow is largely tangential or
in a negative axial direction at the casing. This is probably a condi-
tion induced by tip separation in the first rotor which would have an
attendant. low efficiency. The second stage (fig. 5) shows complete
recovery Iin nearly all cases because it operates at the average efficiency
of the downstream stages. The low back pressure at high weight flows
draws air through the latter stages, causing them to turbine and their
efficiency to drop to zéro. This influence extends as far forward as the
fifth stage at 50 percent design speed and to the sixth at 100 percent
design speed. The minimum weight-flow curve at 100 percent design speed
shows an efficiency in the neighborhood of 80 percent in all stages but
the first and sixth. Weight flows between the maximum and minimum values
(designated quantities 2 and 3), however, show no unusual drop in the '
sixth stage. This suggests that the vibrations which cracked the blade
in the sixth rotor and stator were present at the minimum weight-flow
operating condition and provides a starting point for an investigation
into the cracking trouble.

Interstage Measurements

The circles on figure 4 indicate the points at which interstage
measurements were made. The extensive instrumentation used for. the
interstage surveys affected the compressor operating characteristics so
that these survey points did not lie on the constant-speed lines
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determined for the compressor configuration without interstage instru-
mentation. Surveys of total pressure and flow direction were. made behind
the guide vanes and behind each blade row from the fifth rotor back at
each operating point. Only a few surveys were made in other stages early
in the program, but the data from them have been used where applicable.
The static pressure on the casing behind each row and the interstage tem-
perature behind each stage were taken from fixed instruments. . In calcu-
lating the velocity from the data recorded, three assumptions were used:
(1) The temperature ahead of a stator row is the same as that measured
‘behind the stator at the same radius. (2) The total pressure indicated
by the survey tube in the unsteady flow was the true total (when corrected
by the tube's calibration factor) at that position. (3) The static pres-
sure behind a blade row 1s constant radially at the value that is meas-
ured on the casing. The third assumption should introduce errors no
greater than would attend a radial static-pressure survey, since the size
of a wedge instrument in a small channel will affect its readings.

Radial static-pressure variations may be expected in stages with low hub-
tip ratios or in stages with high tangential velocities. A check was
made of the velocity distribution behind the inlet guide vanes at each
operating point calculated by the method of reference 7, which includes
the radial static-pressure change due to the radial distribution of the
tangential velocity as determined from the simple radial equilibrium con-
dition. The absolute velocity behind the guide vanes at radius r is

given by ,
. ' ref .2 dr )
V = Vpef exp sin® p =) (3)

The reference velocity Vyer Wwas taken as that at approximately the mid-
channel survey point. As can be seen in the guide-vane plots of figures 6
and 7, very small differences are produced by assuming the change of
static pressure with respect to the radius to be zero. This results from
the extremely low absolute tangential velocities after the guide vanes.

A further check of the calculated velocity distribution was made
after the sixth rotor (figs. 7(g) and 7(h)) and after the eighth rotor
(figs. 7(e) and 7(f)) where the tangential velocities are high. As a
velocity check in these blade rows, use was made of the method of ref-
erence 7 for calculating velocities at a station having a radial varia-
tion in enthalpy, with simple radial equilibrium assumed. The method
of reference 7 was modified for the present application by considera-
tion of the effects on the velocities of varying entropy along the
radius. The small differences between the two calculated results
indicate that the assumption of constant static pressure can be con-
sidered valid in the present case..

The velocity is presented in its axial and tangential components.
Figure 6 shows the four 50-percent-speed runs and figure 7 the four
100-percent runs. 1In instances where the data were incomplete or its .
reliability suspected, the curves were estimated as accurately as pos-
sible and drawn with dashed lines.

CONFIDENTIAL
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The great majority of the profiles are similar to a turbulent
channel-flow profile, increasing monotonically from the walls to the free
stream. Some, however, reveal multiple velocity peaks, areas of seemingly
great boundary layer, or even separated flow. These unusual effects
appear almost exclusively behind stator rows and may be ascribed to one
or more of three things: (1) upstream disturbances such as the wake from
a blade in the preceding stator row; (2) the artificial scheme of resolv-
ing the flow velocity into axial and tangential components which have no
relation with the direction of the viscous forces and thus create peculiar
views of the flow pattern or false illusions of separation; (3) the limi-
tations of one circumferential surveying position. ‘The false impression
and the circumferential limitations are very apparent in the velocity
pictures behind the guide vanes in figures 6(a) and 6(b). The axial
velocity has a separation profile at the casing and there seems to be no
net through flow. The tangential-velocity plot, however, reveals that
the air is not separated, only that ‘it is traveling primarily in a cir-
cumferential direction at the casing with a slightly negative axial com-
ponent. Because there is considerable through flow, it must be passing
at other circumferential positions, probably nearer the pressure surface
of the adjacent vane than the surveying station.

In figures 8 and 9 the boundary-layer-thickness parameters from the
axial-velocity profiles are plotted to show the variation through the
compressor. The regions classically designated as boundary layer are
those in which the viscous forces predominate over the inertia forces, but
the smooth rounding of these velocity profiles from the latter stages
makes it unreascnable to pick a definite point as the termination of the
steep Bva/ar gradient. Therefore the viscous effect was assumed to
extend from the wall to the radial point of maximum velocity ry in each
case. For example, on the axial-velocity plot after the fifth stage in
figure 6(a), the point at r = 6.53 was taken as the maximum. The curve
was extrapolated to the hub and the areas indicated by cross hatching were
considered as the loss in velocity from viscous action. This criterion
was used throughout in the absence of a more reasonable one that could be
universally applied. Irregular curves for which this criterion could not
‘be used, such as after the eighth stator in figure 6(a), where the veloc-
"ities at the edge of the boundary layers on the hub and casing reached
different maximum values at r = 6.61 and r = 6.92, respectively, were
- calculated in a manner as consistent as possible with the criterion. It
must be borne in mind, throughout the remainder of the data, that the
losses indicated by the values of the boundary-layer parameters thus
obtained will, in most instances, be numerically larger than may rightly
be attributed to the boundary layer.

The values of the displacement thickneés

r

8* _ 1 V- ( ) ar .
& " Vg pax . \WVa,max -~ Va (4)
’ wall
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and the momentum thickness

1 v '

(v :
a,max Twall

were obtained by graphical methods with a planimeter.

Figures 8 and 9 show the displacement thickness to vary much more
in magnitude than the momentum thickness. At low weight flows the
boundary layer on the casing is large behind each rotor row and small
behind each stator row almost without exception. The hub boundary layer
has the opposite variation. Thus, behind a blade tip (having a clearance
space) the boundary layer is proportionately large and behind a blade
base (which is attached) the boundary layer is proportionally small.
In table I the running clearance is given as 0.018 inch or less, which
is roughly l%
of the passage after the eighth stator. This is the same order of magni-
tude as the boundary-layer thickness in many locations: With the con-
tinuously positive pressure gradients at low weight flow, the magnitude
of the total thickness increases through the latter stages. As the pres-
sure gradients decrease at higher weight flows, the boundary-layer values
show less fluctuation and the magnitude becomes relatively constant or
even diminishes through the latter stages.

percent of the passage after the fifth rotor and 3 percent

The two parts of figure 10 show that the magnitude of the momentum
thickness in the latter stages at 100 percent design speed is practically
the same as at SO percent design speed. Figure 10(a) presents the maxi-
mum size of the momentum thickness appearing in the latter stages. It
is labeled the reasonable maximum because the two or three largest values
are considered rather than the greatest one only so that a single, iso-
lated, extreme value will not have undue importance. Figure 10(b) is
the arithmetic average of the total momentum-thickness.values in the last
four stages. :

The sixth stage has erratic boundary-layer values at some of the
conditions tested, especially at 100 percent design speed. Table I
shows that the blades at the hub of the sixth rotor have a greater
design turning angle than any other blades in the compressor and prac-
tically 20 more.than any other blades in the rear four stages. The
sixth stage might logically be expected to develop a rotating stall
in the rotor before any other rear stage would (reference 8). This, of
course, affects its stator, the interstage pressures measured, and hence
the velocity, boundary-layer values, and efficiency characteristics cal-
culated. When the compressor was disassambled and examined after the
program was completed, this was the only stage (except the first rotor)
that had fatigue-cracked blades (see Over-All Performance section). A
vibration was obviously present in this stage that was not in the other
rear stages. The erratic boundary-layer values might well be expected
from vibrating surfaces of a blade driven by an unsteady exciting force

CONF IDENTIAL
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and the rotating stalls themselves. The design turning angle, which is
greater-than 27°, evidently did not allow sufficient margin for the
greater-than-design angles of attack that are produced by overturning
in the wall boundary-layer regions and by off-design operation.

ANALYSIS |

It is seen in figures 6 and 7 that the axial velocity profiles in
the latter stages are not sharply peaked at midpassage similar to
Poiseuille flow, as has been indicated by past investigations (refer-
ences 1 and 2). 1In order to understand the flow pattern that exists,
the flow mechanisms present in a turbomachine must be studied. The
motions that are imposed upon the through flow can be individually con-
sidered and then their combined effects can be grasped more clearly.

- It is recognized that the air flow at any point in a compressor is
nonsteady in stator rows as well as rotor. This is due to the wakes and
the variations in flow velocity that exist from the suction-to-pressure
surface of the upstream row of blades which are moving tangentially with
respect to the point. Although an airfoil behaves differently in fluc-
tuating flow than in steady flow, the effects of changing angle of ‘
attack, increasing and decreasing circulation, and so forth,are damped
in each stage and are recorded by a pressure tube immersed in the stream
as steady flow at some averaged value. From the aerodynamics of
unsteady motion it is known that a variation of circulation with time
leads to the shedding of free vortices from the trailing edge, the
kinetic energy of which must be considered as a loss except for the
benefit of its mixing effect. The action of turbulence in a stream is
incompletely understood aside from its tendency to make the flow energy
homogeneous throughout. The high turbulence level in a compressor is
an asset in that it readily disperses surface friction effects through-
out the flow by an interparticle exchange of energy. This might be
thought of as a minor macroscopic motion in the sense that it is local
in its scale and effect. '

Flows Imposed upon Through Flow

Motions which might be called major macroscopic motions are impressed.
upon the through flow and these motions will usually be present under .
steady or unsteady conditions with little or much turbulence. It is
these motions that transport particles of air that have been retarded by
friction along the, annular walls into the main flow, thereby decreasing
their rate of build-up under the large positive pressure gradients
encountered. These may be separated into categories of local pressure
deflection (so-called secondary fldw), tip-clearance flow, and motion -
due to irrotationality. The moment of momentum balance, in addition,
indicates the radial forces that particles with depleted momentum will

‘
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experience, hence their radial motion. The unsteady properties of the
flow will not be examined further. The approximately root-mean-square
averaged values recorded from the pressure tubes will be considered the
steady condition as the large macroscopic motions are examined.

Secondary flow. - By secondary flow is meant the flow motions of
the viscously retarded fluid particles, adjacent to the annular surfaces,
that are induced by the pressure field produced in a curved blade pas-
sage. This motion is illustrated in figure 11.

This secondary flow has been explored by many authors. Reference 9
follows the blade vorticity approach and presents a qualitative dis-
cussion of the general nature of secondary flows within the passages of
stationary annular cascades for'the through-flow regions as well as the
end-wall boundary-layer regions. Quantitative evaluation of the radial
variation of the actual mean flow caused by the wall boundary layers

" was successfully obtained by using a distribution of vorticity related

to the blade design superimposed on the ideal blade-element flow of the
cascade. An empirical factor was developed to correlate theoretical
and experimental results.

The approach that uses the fluid vorticity distribution at the
inlet and the action of forces within the channel has been used with
success in references 10 and 11. Reference 10 deals with two-dimensional,
steady, incompressible, viscous flow to describe small-scale secondary
effects. By assuming a reasonable velocity distribution and friction
law for the turbulent boundary layer, solutions for the momentum thick-
ness and the direction of the deflected flows in the boundary layer are
obtained.  This has been directly applied to an axial-flow compresscr
(reference 12) and shown to be useful in predicting some viscous deflec-
tions of the main flow. The component of the low-momentum flow which is
perpendicular to the main flow is useless energy, but it is demonstrated
that succeeding stages with their alternating curvature induce a redirec-
tion of some of this energy into a utilizable direction. Reference 11
treats the steady, incompressible, inviscid case and applies it to duct
bends by considering the component of vorticity in the flow field which
is alined with the velocity vector. A relation is shown between the
change of this vorticity component and the velocity, streamline curva-
ture, and total-pressure gradient. Also, that more than one stable. flow
pattern can result from a given inlet condltlon is shown to be p0831ble.

Tip-clearance flow. - The values of the boundary-layer parameters
in figures 8 and 9 are almost, without exception, much larger behind
the unattached tips of the blades than behind the attached roots of the
blades. This is true of both the rotors and the stators.
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Tip-clearance flow is the product of the pressure difference which
exists between the pressure and suction side of a blade (as on a wing)
.and the viscous forces of the annular wall (which has a velocity relative
to the blade). The studies of reference 13 reveal the nature of the flow
(which is imposed upon the through flow) to be ‘as sketched in figures 12
and 13. When there is no relative motion between the blades and the wall,
the investigation of reference 13 for the same type of blading as that
used in the compressor reveals that the tip-clearance vortex is approxi-
mately of the same order of magnitude as the secondary flow across the
passage. These opposing fields prevent fanning out of the tip flow into
the passage, so that it rolls into a tight, rapidly rotating vortex in
the suction-surface corner, as pictured in figure 12. The secondary flow
is deflected around the vortex with no apparent mixing. With-a relative
motion between the blades and the wall, the flow entrained by the vis-
cous action of the wall is of a much greater order of magnitude than the
secondary flow and largely obliterates it. The aspirating effect at the
trailing-blade surface (cf. reference 13) even draws flow on the suction
. surface toward the tip. The viscous region at the leading-blade surface
is highly turbulent and extends perpendicular to the wall a distance
many times the magnitude of the clearance. A much larger quantity of
air is deflected tangentially than can pass beneath the adjacent blade
tip so that it is rolled up in the pressure-surface corner, as shown in
figure 13. Because of this tangentially deflected flow and the energy
tied up in turbulent eddies, a pressure probe surveying at -the midchannel
position will see particles with less axial momentum when in"a blade tip
region than in a blade base region. " This result will be accentuated by
the effects of radial pressure gradients and centrifugal action on the
boundary-layer particles.

Figure 10 shows the magnitude of the losses at 100 percent design
speed to be practically the same as at 50 percent. An examination of
the factors that control the tip-clearance flow reveals that, as the
speed is increased, the viscous forces increase as the first power of
the tip speed; the blade loading rises, increasing the pressure forces
(which affects the clearance flow as the 0.286 power of the pressure
_ ratio); but the blade is stretched and the clearance area is decreased
as the square of the tip speed. It appears that these effects in con-
Junction with the centrifugal-force effects and the radial pressure
gradients attained some sort of balance which kept losses relatively
constant for the conditions of 50 and 100 percent design speed.

Past evaluations of tip loss that have been published were on
single-stage units, and the results were presented as gross effects in
terms of a decrease in stage efficiency or work. Since the losses are
appreciably greater at the free end of blades than at their attached
end, the tip-clearance flow contributes to the viscous diminishing of
the downstream velocity which affects succeeding stages. This veiled
influence makes the efficiency loss in a mﬁltistage greater than in a
single-stage machine. References 14 and 15 are two early tip-clearance
investigations. In reference 14 a theoretical analysis is made but
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found to agree poorly with the experimental data. Reference 15 presents
the effect of tip clearance on efficiency and the surge line in a
single-stage compressor. It was concluded, with the assumption that the
efficiency is a linear function of the clearance in the range

0.002'§ é% £ 0.012 invéstigated, that for the commonly used value

(é%'= 0.002) there is a reduction in efficiency of 2 to 3 percent.

Reference 16 examines flow details in a turbine and presents a theory
that agreed well with experimental results. It was found that the
Yosses at the tip due to clearance flow were 3 times the losses
due to all other causes, for example, secondary-flow vorticity. How-
ever, the range of c/l considered was from 1.5 to 8 times as great as
the extreme in the eight-stage compressor herein. Also, the opposing
pressure and viscous forces across a turbine blade tip make it necessary
to modify any application to a compressor. Reference 17 sums up the
gross effect of compressor tip clearance as producing a reduction in
efficiency of 1.5 to 2.5 times c/h. Some approximate calculations are
quoted that show one third of the loss at the free end of the blade to
be attributed to the reduction in blade height and the remainder to
induced flow. Also results of varying tip clearance in multistage com-
pressors are quoted which suggested that losses per stage are less than
for a single stage. This conclusion, undoubtedly, did not consider the
veiled influence upon downstream stages, discussed previously, as a part
of the clearance loss. Reference 18 analyzes the flow on a volumetric
efficiency basis but does not consider the change in clearance with
blade speed. The data show that doubling the clearance at design speed
drops the efficiency 3 to 4 percent. However, only one thermocouple
located at the mean blade height was used to calculate the efficiency.
All but reference 16 consider the gross effect of tip clearance
upon efficiency. Until a more complete understanding is achieved, all
indications are that it is advisable to keep running clearances small.

Motion due to irrotationality. - In accord with Newton's first law,
fluid which has no rotation (with respect to absolute coordinates) that
Passes into a rotor will have a rotation relative to the rotor and oppo-
site in sense to. the rotor rotation. This characteristic of a fluid to
maintain its absclute orientation is its irrotationality. A real fluid
will maintain only partial irrotationality because viscous action
opposing the relative rotation in a rotor imparts small sbsolute rota-
tion in the rotor direction to the fluid which it will carry, by Newton's
first law, into the following stator. Hence in each blade row after the
guide vanes there will be a rotation of the fluid relative to the blades.
This is illustrated in figure 14. Because the fluid is without rotation
initially, the magnitude of the motion will be much greatéer in a rotor
row than in a stator row. Each stator will act as a damper although
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less rotation can be damped out in a stator than is imparted in a rotor -
because the relative motion is less. 1In all rotors and in the stators
of the latter stages (where the accumulated absolute rotation will be

of sizable magnltude) this must be considered as a major macroscopic
motion. :

. If an average air velocity of 600 feet per second (from figs. 6(g)
and 6(h)) at 50 percent of design speed is assumed, it will take
1.4%X10"% seconds to pass through a rotor blade passage having 1.013-inch
chord (from table I) and the passage will rotate through 6.4° in that
length of time. An average air velocity of 700 feet per second (from
figs. 6(g) and 6(h)) at 100 percent design speed will take 1.2x107% sec-
onds to pass through and the passage will rotate through 11°© in that
length of time. Thus the flow from a stator row including the depleted
wake and wall losses it carries is rotated in the rotor row and enters
the following stator skewed. Likewise the absolute rotation that the
rotor has given the fluid will skew the rotor wakes and wall losses as
they pass through the stator row. This rotational motion acts, there-

. fore, as do the other macroscopic motions, to transport low-momentum
regions away from the surfaces upon which they can build up.

Moment of Momentum Stability

For air flowing over a surface that is at a different temperature
from the air, it is easily seen how the body forces that are changed by
‘the heat transferred will produce a stable boundary layer on a surface
colder than the air and an unstable boundary layer on a hotter surface.
Similarly, for air flowing between two concentric rotating cylinders,
the stability controlllng factor of major importance is the balance
between the inertia and pressure forces. This equation of motion

2 .
e ST I S AN (6)
at " r “pdr 3 POr

where rvy is the moment of momentum, shows that the unsteady ‘velocity

in the radial direction is determined by the centrifugal force and
pressure gradient.

A solution of the complete stability problem considering the pres-
sure, inertia, and viscous forces in unsteady flow is given in refer-
ence 19. Instability within the channel is analyzed as a function of
the rotative speeds of the hub and the casing. This compressor has a
stationary casing and rotating hub which is shown to have an instability ’
level lower than.any other combination and would be the most favorable
'boundary layer wise. The flow pattern is, of course, greatly changed
by the blades and through flow.
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This stability has been applied to turbomachihery in reference 20.
A particle will retain its initial moment of momentum rvy, by the law

of conservation of momentum, when displaced to a position where a dif-
ferent moment of momentum (rvt)d exists. A restoring force, propor-

tional to- the difference, will be felt by the particle if the existing
moment of momentum is less than rv{ and an accelerating one if it is

greater

2 2
Dd(I'Vt)d D(I‘Vt)
force = - (7)
3 3 |
a Ta

or, with the density change neglected,

force = K(rvy),y [(rvt)d T (rvtﬂ . | (8)

where the proportionality constant K is equal to Zp/rg and (rvt)av
is the average moment of momentum.

The rotating hub and the stationary casing have little effect upon
the pressure field because it is imposed by the main body of flow. At
the hub the air particles have the tangential velocity of the hub which
1s much greater than that of the main stream air (figs. 6 and 7), so
that the centrifugal force upon them is greater than the imposed pressure
gradient and a displacement moves them farther away from the hub. Moving
particles at the casing are slowed by viscosity so that they have less
centrifugal force than the main stream air and will be moved away from
the casing. Since this resistance to low-momentum particles accumulating
on the annular walls is present, blade wakes will remain in the main body
of flow to be dissipated, making no contribution to the boundary-layer
build-up but diminishing the average main flow velocity.

Modification of'Velocity Profiles in Latter Stages by Viscosity

The minimum-weight-flow curve of figure 8 shows a gradual increase .
in the total values of the boundary-layer parameters through the seventh
stage, then a rapid decrease through the eighth. The low-weight-flow
curves' of figure 9 are similar; the increase is proportionately greater
and the drop off is more severe. As can be seen from figure 7(c), the
design values of the axial velocity increase through the seventh stage
then decrease through the eighth. Comparison of design values and
actual values show that the boundary layer does not continuously build
up, as has been considered in the past, to produce a pronounced velocity
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peak at midpassage. Rather, the macroscopic motions have produced a
mixing of the depleted air with the main stream flow to make the whole
of the main stream velocity more uniform. The behavior of low-momentum
fluid particles seems to be as follows: Low-energy fluid near an annular
wall is moved across the passage, up a blade, and into the blade wake
where it is mixed with the main flow. The boundary lajyer measured
behind the attached end of a row of blades is relatively new because it
has flowed over only a short friction surface, that is,. down a portion
of the blade and across a small annular surface distance. The boundary
layer behind the free end of a row of blades is increased by the clear-
ance flow. The tip-clearance vorticity that opposes.the secondary
motion moves low-momentum fluid away' from the annular boundaries. The
clearance flow is not necessarily of low momentum (it may be high), but
it requires redirecting, which the following stage does to a limited
degree. High vortical velocities of some imposed flows (secondary, tip)
create low-static-pressure regions into which low-momentum air will be
drawn and a core of low-energy air exists which the subsequent row moves
into the free stream to be dissipated.

‘The eight-stage compressor of this investigation had an increasing -
axial velocity through most of the stages, which is not a common condi-
tion in present commercial compressors. Increasing axial velucity is
possibly more favorable boundary-layer wise because the increase of
energy is kept in a kinetic form and is a restriction upon the gen- .
erality in interpreting these results. The stage static-pressure rise,
which is the principal factor, is thus kept less than the stage total-
pressure rise but still has a significantly large value because the
total-pressure rise was 1.23, much larger thar practically all commer-
cial compressors. '

Choking tendencies in the rear stages, as have been found_in some
compressors, were not found in this compressor. One compressor which
exhibits choking tendencies in the ninth to the twelfth stages was
designed with a 0.6 Mach number 1imit, and the combination of stage pres-
sure and temperature rise gave an increasing axial velocity throughout.
It was designed by using an efficiency factor and then opening the area
10 percent throughout; this area increase may have been too much in the
early stages and too little in the latter, which would result in poor
stage matching. It has extremely small blades (0.40 in. high by

f Thub
R

0.429 in. chord in the twelfth stage) and high hub-tip ratios > 0.9

in the last. four stages with a twelfth stator value of 0.952) with a

1.20 stage total-pressure ratio. As a comparison, the eighth (final)

stator blade of the compressor investigated herein had a height of

Thub
R

0.58 inch, a chord of 1.013 inches, a radius ratio = 0.924, a
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decreasing design axial velocity, and a design stage total-pressure
ratio of 1.23. There seems to be a lower limit to the physical dimen-
sions permissible that was exceeded by one and not by the other com-
pressor. The compressor of reference 21 was designed by a method very
similar to that of the preceding twelfth-stage compressor, and its per-
formance was outstanding. The increased physical scale must have
sufficiently separated the high-loss regions at the blade ends to per-
mit the dispersion and absorption of low-energy particles in the main
flow.

The use of suction on the walls of the annular passage of the later
stages has often been contemplated. The phenomena observed in this
investigation permit some conclusions to be drawn on the advisability
of using suction. The fluid motions that bring higher-energy fluid to
the annular surfaces in alternating blade rows effectively reenergize
the boundary region and diminish the area blocked (the displacement
thlckness) This makes the use of suction in a properly designed com-
pressor .unpromising. A compressor from which it is necessary to bleed
air for turbine cooling, accessory operation, and so forth, could remove
the air from such a location (probably over the rotor tips) that the
lowest-energy fluid is taken and the flow aerodynamics would be aided.
An existing compressor with choking difficulties might be improved by
suction. Of itself, however, suction appears to offer little gain at a
large cost in additional apparatus.

Design Compensation for Viscosity

Since the action of viscosity is to decrease the weight flow, a
design must include an enlargement of the flow area in order that the
desired weight flow will be passed. At the present status of the art,
this is handled as a gross effect in the design. The use of both an
efficiency factor and an arbitrary increase of the flow area has the
same effect as using a lower efficiency without increasing the flow
area. There are three schemes designers commonly employ to compensate
for viscosity: A "work done" factor, as described in reference 16, can
be applied. A conservative efficiency value can be taken which will
give a relatively large amount of area increase. Or a high value of
efficiency can be used, with the assumption that the calculations apply
to the main flow, and then the area can be increased proportionately as
assumed boundary-layer parameters indicate is necessary. The polytropic
eff1c1ency used to calculate pressure ratio (and consequently area ratio)
from the temperature rise will show a greater area correction for a
design having a high stage pressure ratio. Also, as Mach numbers above
approximately 0.55 are used, the rate of change of weight flow with
efficiency increases greatly as the Mach number increases. Thus, the
choice of efficiency becomes critical as high stage pressure ratios and
Mach numbers are utilized. -
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CONCLUSIONS

The following conclusions are drawn about the action of viscosity
in the latter stages of a multistage axial-flow compressor having a
design similar to the compressor reported herein:

1. The fluid retarded by viscous action does not accumulate pri-
marily along the annular surfaces but is mixed into the main body of
flow by distinct macroscopic motions that are imposed upon the main
flow. Velocity profiles do not exhibit pronounced peaks such as in
pipe flow.

2. The annular wall boundary layers, as measured by a single radial.
survey at midchannel, are small behind blade roots because the secondary
flow motion has swept away the entering boundary layer and carried a small
boundary layer down off the pressure side of the adjacent blade. They
are large behind blade tips since the roll up of flow on the leading-
blade surface is accentuated by the effects of radial pressure gradients
and centrifugal action on the boundary-layer particles.

S. An intermediate stage can have an unusually large boundary layer
in the axial direction and still be highly efficient.

4. The maximum values of the boundary-layer parameters increase as
the weight flow decreases, that is, the static-pressure gradient
increases, at a given speed.

5. At high weight flows the annulus wall boundary layers remain
relatively constant in magnitude or diminish through the compressor.
At low weight flows their magnitude increases through the compressor.

6. There is a lower limit to the physical blade size that can be
used in the latter stages of an axial-flow compressor. The macroscopic
mixing motions cannot prevent choking in blades that are too small.

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

The following symbols are used in this report:
tip clearance, ft

entahlpy corresponding to stagnation condition, Btu/lﬁ
blade height, ft |

proportionality conéiant

blade chord, ft

compressor speed, rpm

total pressure, lb/sq ft abs

static pressure, Ib/sq ft abs

casing inside radius, 0.583 ft (7 in.)
radius, ft

radius at which maximum velocity occurs, ft
time, sec

absolute. velocity, ft/sec

velocity component, ft/sec

equivalent tangential velocity of hub (2“rhub ft/sec

_N_

)
60 3
weight flow, lb/sec

coordinate perpendicular to the surface

angle between absolute velocity direction and axial direction,
deg :

ratio of stagnation chamber total pressure to NACA standard sea-
level pressure (14,696 1b/sq in.)

boundary-layer displacement thickness, ft

total boundary-layer thickness
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ul efficiency

e boundary-layer mémentum thickness, ft

K} ratio of stagnation chamber total temperature to NACA standard
sea-level temperature (518.6 OR)

o density, slugs/cu ft

Subscripts:

a axial

ad adiabatic thermal
av average

d displaced

max maximum

meas measured

min minimum

r radial

ref feference

t tangential
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Figure 1. - NACA eight-stage axial-flow compressor with collector.
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Figure 2. - Schematic dlagram of compressor testing arrangement.
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NACA

C-29715

Figure 3. - Three-spike thermocouple rake and instrument actuator having 1/8-inch-diameter claw
total tube and automatic angle-balancing capsule mounted.
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Static-pressure-rise efficlency
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Figure 5. -~ Variation of static-pressure-rise efficlency through
compressor.
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Figure 6. - Velocity profiles after indicated blade rows. Speed, 50 percent design.
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Fiéure 7. - Continued. Veloclty profiles after indicated blade rows. Speed, 100 percent design.
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Figure 7. - Continued. Veloclty profiles after indicated blade rows. Speed, 100 percent design.
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Flgure 7. - Continued. Velocity profiles after indicated blade rows. Speed, 100 percent design.
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Figure 7. - Continued. Velocity profiles after indicated blade rows. Speed, 100 percent design.
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Figure 7. - Continued. Veloclty profiles after indicated blade rows. Speed, 100 percent design.
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Figure 8. - Values of boundary-layer thickness through compressor at

S0 percent design speed. GV, guide vane; R, rotor; S, stator.
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Figure 8. - Concluded. Values of boundary-layer thickness th‘rough

compressor at 50-percent design speed. GV, guide vane; R, rotor;
S, stator.: ’
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Flgure 9. = Values of boundary-layer thlckness
through compressor at 100 percent design
speed. GV, gulide vane; R, rotor; S, stator.
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Figure lO.’- Variation of maximum-momentum—thickness

values in last four stages with mass flow and
speed.
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Inlet
velocity
profile

Figure 11. - Secondary flow deflections in
curving channel.

Stationary casing and stator blades

1/ M
Tip-
» clearance
Suction . flow
surface
— — — — Secondary
Pressure flow
surface

W
-
Stationary hub

. Figure 12. - Looking upstream at flow motions in

blade passages produced by tip-clearance flow
and its interaction with secondary flow with
no relative motion between blades and walls. .
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’ Stationary casing and stator blades
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flow
LQ Ce
. -
Rotating hub and blades - Rotating hub
(a) Rotor blades. Velocities (b) Stator blades. Velocities
indicated are relative to indicated are absolute.

the rotor.

Figure 13. - Looking upstream at flow motions in blade Passages produced by
tip-clearance flow and its interaction with secondary flow.

-

—— N \
(a) Rotor. - (b) Stator. -

Figure 14. - Flow motion induced by rotating coordinate frame (with no -
through flow). :
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