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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

AN INVESTIGATION OF CONTINUOUS BOUNDARY-LAYER REMOVAL IN
AN AXTAL-FIOW COMPRESSOR WITH POROUS WALLS

By John Wlodarski
SUMMARY

An investigation was made of the possibility of improving compressor
performance by bleedoff of detrimental boundary layer through a porous
compressor casing. A jet engine with a compressor modified for bleed-
off was used in this experiment. Tests were conducted through a range
of engine speeds with approximately 4 percent of the inlet flow bled off.
The resulting data were compared to performance characteristics of the

original engine.

Bleedoff of the casing boundary layer appears to increase the com-
pressor efficiency slightly although the results are inconclusive because
of the scatter of experimental data. The power required to pump the
bleedoff air, however, was equivalent to the power gain through improved
compressor efficiency. Thus, no net saving in compressor power would
occur except in cases where useful work could be obtained from the
bleedoff air after it leaves the casing.

The lower mass flow through the combustor and turbine plus mis-
matching of the engine components resulting from bleedoff of air caused
a T-percent thrust loss and an‘il-to 16 percent increase in specific
fuel consumption of the engine.

INTRODUCTION

The presence of boundary-layer flow on the casing of an axial-flow
compressor decregses the efficiency of compression due principally to
the distortion of the radial velocity distribution which causes the air-
foil sections to operate at less efficient angles of incidence, as shown
in reference 1. In multistage axial-flow compressors, the boundary layer
and the growth of boundary-layer-supported secondary flows would be
expected to deter efficient operation. Removing the outer-wall boundary-
layer flow through porous boundaries, therefore, may result in improved
compressor efficiency. In addition, the air so bled off in aircraft
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turbojet engines which would otherwise represent a loss may in some cases
be useable as a source of compressed air for operating auxiliary equipment.

In an attempt to obtain an indication of the effect of boundary-
layer bleedoff, an existing multistage axial-flow compressor component
of a turbojet engine was modified by installing porous surfaces on the
outer casing over the rotating elements of the compressor. The twofold
purpose of this investigation was to determine the effect of limited
bleedoff by porous walls on compressor performance parameters and on
over-all engine performance.

The engine was tested over a range of speeds of 12,000 to 17,500 rpm
in both the original condition and with a porous casing over the compressor.
No attempt was made to modify the internal configuration of the engine to
account for the effects of bleedoff on the other components of the engine.

SYMBOLS
H stagnation enthalpy, Btu/lb
P shatic pressure;, lb/sq ft abs.
B total pressure, lb/sq ft abs.
N engine speed, rpm X
T total temperature, °R s
W air flow, 1b/sec
77 ratio of specific heats at constant pressure and constant volume
o) ratio of absolute total pressure at compressor inlet to absolute

sea level static pressure of NACA standard atmosphere at sea
level (P/2116 1b/sq ft abs.)

Na, adiabatic efficiency as defined by equation (1)
My adiabatic efficiency as defined by equation (2)
Ne adiabatic efficiency as defined by equation (5)
0 ratio of absolute total temperature at compressor inlet to

absolute static temperature of NACA standard atmosphere at
sea level (T/519° R)
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Subscripts:

0 free stream

i compressor inlet

2 outlet, compressor third stage
5 compressor outlet

s isentropic

APPARATUS

The engine, a Westinghouse 19-B turbojet, is described in reference 2.

It consists basically of a six-stage axial-flow compressQr, annular com-
bustion chamber, a single-stage turbine, and a variable area exit nozzle.
The engine was mounted in a test stand which consisted of two independent
frames interconnected by steel suspension straps, (fig. 1) . The outer
frame, supporting the engine, was suspended from the inner stationary
frame giving frictionless horizontal movement. A calibrated null-type
pneumatic capsule was attached to the stationary frame to measure thrust
of the engine. In order to ensure uniform entering flow and as a means
of measuring the rate of flow entering the unit, a calibrated bell-shaped
inlet duct was added. A cross-sectional view of the modified engine is
shown in figure 2.

The compressor casing with provisions for bleedoff is shown in
figure 3. It consisted of a shell with a series of drilled holes, over
the rotating row of blades, covered by porous material attached by flat-
head screws. The boundary layer was bled off from the casing over the
rotating row of blades into two separate compartments, one on top and
one on bottom of the engine. Bleedoff from each of these compartments
was vented to the atmosphere by means of a stack which incorporated an
orifice for measuring the rate of air flow. Some control of the amount
of air bleedoff was obtained by means of a butterfly valve located at
the end of the stacks. The first stage, which operated at a static pres-
sure lower than atmospheric, did not have any provision for bleedoff,
having a solid wall over the rotating blades.

The porous material consisted of a hammered perforated brass sheet
backed by six layers of 16-mesh wire screen. An estimate was made of
an average porosity necessary for an assumed bleedoff of approximately
1 percent of the mass flow per stage and the perforated brass sheet ham-
mered until the required porosity was obtained. These semicircular
strips, shown in figure 3, were formed and bonded together with solder.
Attachment of the screens did not affect the porosity.
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Provisions were made for obtaining static and total pressure at
various points in the compressor. Static taps were located in the com-
pressor casing at the exit end of each rotating row of blades. Radial
rakes of static and total pressure probes were used to survey the exiting
air flow at the discharge end of the compressor. Three iron-constantan
thermocouples, spaced 30° apart, were used for temperature measurements
of the compressed air at station 3.

For interstage survey of total pressure, a rake was located after
the third rotating row of blades. This was accomplished by embedding
five tubes into a stator blade as is shown in figure k4.

Fuel flow was measured by calibrated rotameters. A standard gen-
erator tachometer, part of the original engine equipment, was used for
engine-speed measurement.

PROCEDURE

The complete investigation was carried out under static thrust con-
ditions with all data resolved to sea-level standard conditions. Tests
were made through the full range of the engine speed, varied from
12,000 rpm through 17,500 rpm. All the data presented in this report
are for the tail cone set in the in-position giving maximum exhaust area
to permit comparisons at all speeds.

The amount of bleedoff was chosen arbitrarily. A typical distri-
bution of bleed for each stage through a range of engine speeds is shown
in figure 5. Inasmuch as the material used in all the stages was of the
same porosity, the last stages had a tendency to bleed off more air due
to a greater pressure differential. In setting the bleedoff at each
stage, some adjustment of the valves was required in order to obtain
equal amounts of bleedoff in the top and bottom compartments of each
stage. After this setting was made, runs for a series of engine speeds
were made.

Readings of temperature, thrust, and fuel comsumption were taken
at each test point. The pressure measurements were obtained by photo-
graphing a multi-tube mercury manometer board.

The compressor adiabatic efficiency was calculated by the following

25l -
equation ’ 5
(152) R ¢
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where average total pressure and total temperature were used. This equa-
tion is valid only if no air is bled off. When bleedoff is in effect, an
accounting of the energy for the extracted air must be made. Therefore,
computing efficiency on a work output to a work input basis evolves the
following equation:

i W3<H3 i H;)S ot (:2 W Mpjeedoff air)s
b =
Ws(Hz - Hp) + > W MBp)eedoff air

(2)

where EEEW M is the summation of the enthalpy of the bleedoff air at

the various stages in the compressor. The isentropic values of AH were
based on the mean stage static pressure before bleedoff. This formula
credits the compressor with useful work in pumping the bleed flow. The
difference between methods (1) and (2) was approximately 0.3 percent.

It is possible to define a third or more conservative efficiency

where all the energy imparted to the bleedoff air is assumed to be
unavailable for useful work. Thus

Ws(Hs - Hy ) (3)

Wy(Hy - Hy) + > W M) cedors air

Ne =

RESULTS AND DISCUSSION

The effects of bleedoff on the over-all engine parameters of thrust
and specific fuel consumption are shown in figures 6 and 7. Engine per-
formance suffers as a result of bleedoff, showing a definite loss in
thrust and a decisive increase in fuel consumption. This is in agree-
ment with what can be expected, that is, a decrease in thrust due to a
reduced mass flow through the engine and a greater fuel consumption
required by the necessarily higher energy output per pound of flow
through the turbine to maintain a given speed operation. An average
decrease in thrust of 7 percent and an increase of 11 to 16 percent in
specific fuel consumption was obtained. This is in qualitative agree-
ment with previous work on compressor outlet bleedoff described in
reference 3.

A complete investigation of compressor characteristics was not
made because of the limitations imposed by the over-all operating char-
acteristics of the engine. This fixed the range of testing to the engine
operating line, which is a unique relationship of compressor pressure
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ratio to mass flow, fixed by the exhaust area and the ratio of the tur-
bine inlet to compressor inlet temperatures. These limited compressor
results are shown in figures 8 to 10.

The variation of compressor adiabatic efficiency with engine speed
is shown in figure 8. Bleedoff, in general, appears to increase the
compressor efficiency, n, or =, although the results are inconclu-

sive at lower speeds because of the scatter of the test points. An
increase can be attributed to the reduction of frictional and secondary
flow losses due to bleedoff of boundary layer. It is also possible that
the reduction of mass flow into the given stages places the stage oper-
ating point in a region of higher efficiency giving better over-all com-
pressor performance. If the energy in the bleedoff air is dissipated,
the efficiency 1, shows practically no change from the original con-
figuration. Thus, the pumping power for the bleedoff air is equivalent,
with regard to percentages, to the reduction in compressor power input
caused by a rise in compressor adiabatic efficiency and, except in cases
where useful work can be obtained from the bleedoff air, this pumping
power nullifies the power saving resulting from the increased efficiency
of the compression process for this engine.

The variation of total pressure ratio with mass flow remained
unchanged with bleedoff within experimental accuracy as shown in figure 10.
At the same inlet rate of flow, a rise in pressure ratio would be expected,
inasmuch as the reduced flow through the compressor will lower axial veloc-
ity resulting in a higher angle of attack on the blades. 1In this inves-
tigation, the amount of air bleedoff was small so that no change in pres-
sure ratio occurred. Thus, a plot of pressure ratio as a function of
air flow entering the combustor or turbine shows a shift of the operating
line to the left rather than up and to the left as occurring where tail
pipe throttling is in effect. Figure 11 shows the variation of pressure
ratio with engine speed.

The displacement of the operating line with bleedoff also affects
the operating line of the component parts. Thus, the shift to a point
of operation at lower mass flow but at the same engine speed placed the
combustor and turbine at less efficient operating points as shown in
references 4 and 5. This mismatching, caused by a lower mass flow due
to bleedoff, produced a lower over-all engine performance which is in
agreement with the results of reference 3 in which air was bled off at
the compressor outlet.

A study of the static pressure along the compressor casing was
made to give some indication of the work performed by each individual
stage. Figure 12 shows a comparison of the static pressure distribution
for the two configurations. Agreement was good for the first five stages
but the data available for the sixth stage was in error, possibly due
to a leak in the pressure tap.
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The total pressure ratio profile after the third rotating row of
blades is shown in figure 13. With bleedoff in effect, the pressure
distribution changed to one which was more uniform radially.

The imposed penalties on engine performance due to bleedoff are in
agreement with previous results (ref. 3). They bring out the importance
of careful matching of component parts to operate efficiently as a unit.
Thus, though the results are not to be construed as conclusive, they are
indicative of the possibilities of porous surface bleedoff as a method
of increasing compressor efficiency.

CONCLUDING REMARKS

The effects of boundary-layer bleedoff through a porous surface
surrounding an axial-flow compressor component of a turbojet engine were
determined experimentally. Since the compressor was tested as a com-
ponent part of an engine, the range of conditions studied was restricted
to the engine operating line.

Bleedoff of the casing boundary layer appears to increase the effi-
ciency of the compression process although the results are inconclusive
because of the scatter of test data. The power required to pump bleedoff
air, however, was equivalent to the reduction in compressor power input
obtained through increased compressor efficiency. Thus, no net saving
in compressor power would occur except in cases where useful work could
be obtained from the bleedoff air after it leaves the casing.

The over-all performance of the turbojet suffered because of bleed-
off. The reduction in tailpipe mass flow and associated mismatching of
components resulted in an average decrease of 7 percent in thrust and
an average increase of 11 to 16 percent in specific fuel consumption.
This is in agreement with previous work on compressor outlet bleedoff.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., August 14, 1953.
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Figure 1l.- Installation of turbojet engine modified for compressor
boundary-layer bleedoff.
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Figure 2.- Schematic sketch of modified jet engine, in thrust stand,
showing measuring stations.
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Figure 3.- View of compressor casing showing porous boundaries.
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Figure
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L-63791
4.- Total pressure rake embedded in stator blade after third
rotating stage.
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Figure 5.- Typicel distribution of air-flow bleedoff through the compressor.
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