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1. A thirty-six inch tip diameter axial flow sir com-
pressor, auxiliary apparatus and instrumentation have
been constructed and have been successfully operated

for securing accurate test data.

2. Special instruments for detailed flow measurements
near bounding surfaces have been constructed and success-

fully used.

3, On the basis of data secured from the test installa-
tion, it has been established that flow energy losses
which result from fluid friction on actual compressor
blade surfaces are considerably greater than would be
expected from measured or calculated two-dimensional
results. Furthermofe, the range of low-loss operation

is significantly reduced.

L. Test results indicate that the outer and inner wall
boundary regions, which are affected by fluid friction,
may or may not become more extensive through several
stages of an axial flow compréssor, depending on the

specific compressor design.

5, Measurements indicate that a considereble portion
of overall compressor losses occur near the outer end
inner extremes of the blade sets because of poor flow

incidence conditions in the wall boundary regions.
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I Introduction

By the year 1946 the multi-stage axial flow air com-
pressor had become a frequently used comnonent in gas
turbine systems. Single stage axial flow pumps and com-
pressors had found numerous industrial applications. How-
ever, a great deal of the developmental effort on such
devices had taken place under conditions which required
that a practical working machine be produced in the shortest
possible time, hence relatively few fundamental investiga-
tions of internal flow patterns had been made. It was
apparent at that time that further gignificant improvement
in the axial flow compressor reouired careful theoretical
and experimental investigations, portions of which could
appropriately be conducted in the Institute laboratories.

It was believed that a coordinated theoretical and
experimental research program could contribute substantially
to the improvement of overall compressor efficiency, to the
extension of the useful performance range and could pro-
vide information which would aid compressor and pump
engineers in designing machines to suit a wide variety of
prescribed operating conditions. A great deal of the ex-
perimental work required by such a program could be done
in the low-speed, low-Mach number regime of operation,
vparticularly since considersble test accuracy could be
achieved with a relatively inexpensive and convenient
installation.

Such a program was undertaken by the Mechanical



Engineering Laboratory with the support of the Office of
Naval Research, Department of the Navy. Professor W, D,
Rannie supervised the entire program. Design and super-
vision of construction of the test installation was con-
ducted as a joint project by Mr. R. H. Sabersky and the
writer. The program could conveniently be divided into
three portions: determination of overall compressor per-
formance, investigation of the ideal, "perfect fluid"
internal flow, and investigation of fluid viscosity ('real
fluid") effects in the internal flow. The first program
was conducted jointly; experimental and theoretical work
for the second was conducted by Mr, Sabersky, and has been
reported in Reference 5. Experimental and theoretical
work on viscosity effects was conducted by the writer,
and constitutes the subject of Sections III, IV and V

of this report.

A convenient and adequate design theory for axial
flow turbomachines, based on the eguations of motion of
an inviscid fluid, had already been developed by Professor
Rannie. A substantial portion of the overall program was
devoted to detailed experimental confirmation of the
theory. However, little or no theoretical information
was available on viscosity effects, and such experimental
evidence as had been secured was largely uncoordinated.

The investigation of viscosity effects was therefore
begun by locating those regions of the compressor flow

stream were such effects are most important. Near the
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surface of the compressor hlades and near the outer and
inner compressor walls, viscous effects appeared to be
of decisive importance. Hence these regions were
selected for initial theoretical and experimental investi-
gation, It is believed that some significant results
have been obtained, but many questions remain to be
answered by further investigation,

Construction and operation of the test equipment
and instrumentation are discussed in Section II. Section
IITI provides a general introduction to viscogity effects
in axial flow turbomachines. Sections IV and V present
specific results and conclusions on viscous effects.
Some detailed information, which may not be of general
interest, has been included in Apvendices I to V., All
figures and tables are grouped in the final pages of

the report.



II The Experimental Program

2:1 The Test Equipment

2:1.1 Design Criteria and Principal Dimension

In accordance with the purpose stated in the intro-
duction (Sec. I), the test installation was to be con-
structed so as to be suitable for a large variety of
different research experiments. To limit somewhat the
scope of the problems to be investigated it was decided
to restrict the present work to low speed flow. It was
felt that a more thorough understanding of this field
would contribute most to successful arprlicastion of multi-
stapge compressors.

To satisfy the requirement of a flexible instsllastion,
the compressor was designed so that each blade (and each
blade row) would be removable and also have an adjustable
angle setting. For the same reason, instrumentation was
provided to allow detailed measurements near the blade
rows as well as overall performance measurements. The
compressor was to be sufficiently large to permit the use
of instruments of reasonable size without causing undue
interference with the flow. The compressor speed was
ehosen high enough to produce pressure difference that
could be measured with good accuracy. On the other hand
it was to be low enough to avoid structurasl difficulties
inherent in the design of an adjustable blade fastening

arrangement, and to keep within the power limitations of
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the available laboratory. The hub ratio was to be relatively
low to simulate a design requirement of modern high perform-
ance compressors and to allow study of three-dimensional
flow patterns.

There was to be a sufficient number of stages to permit
duplication of conditions typical of the middle and last
stages of a multistage compressor. In addition, one row of
entrance (pre-rotation) vanes and two rows of rear (recovery)
vanes were required. It was felt that the effects of axial
spacing between blade rows had been established by other
investigations, hence fixed axial positions could be adopted
for all blade rows (Ref. 1). The blade aspect ratiog and
cascade solidities were to be typical of modern high per-
formsnce compressors. Finally, the compressor stfucture
was to be quite rigid, so that tip clearances and general
alignment could be maintained.

With the above considerations, the following charac-
teristics were adopted for the compressor:

l. Tip diameter of 36 inches ( = 2 R)

2. Hub ratio of .60 (inner diameter 21.60 inches)

= 5

3, A maximum of three complete (rotor and stator)

stages plus entrance vanes.

L. All blede angles adjustable by 1/2° increments.

5. Maximum power consumption of about 100 H., P.

6. Speed range up to 2000 R. P. M, (315 f.p.s. tip

speed ).
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7. Thirty rotor blades per row and thirty-two

stator blades per row,.

The compressor and test instasllation were con-
structed to these specifications and have been in opera-
tion for some months.

The compressor is driven by a cradled electric dyna-
mometer, from which torque and speed measurements are
derived and input power computed. The total flow volume
is measured by a calibrated entrance duct which precedes
the compressor. The flow is regulated by a throttle
following the compressor. The average pressure rise is
computed from detailed surveys taken immedistely behind
the last blede row in the compressor. These internal
surveys are possible through a system of access ports.
Thus, from dynamometer measurements and internal surveys,

overall performance snd efficiency are established.

2:1.2 The Compressor Installation

A general view of the compressor installation is
given in Fig. 1. The air enters from the left through
a screen and bell mouth (F-1). It passes through the
calibrated cylindrical duct (F 3) and into the compressor
(F 5). Leaving the compressor the air is deflected
vertically upward through a vaned elbow (F 7) and passes
out into the room through the throttle velve (D 7). The

dynamometer (F 9) drives the compressor by means of a

coupled shaft which passes through the elbow., The
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dynamometer is supplied with direct current from a motor-
generator set (A 7), which is controlled from the panel
(E 6). The main operating desk (E L) contains various
recording and measuring apparatus. Directly in front of
the desk is a 20 tube manometer bank (D 1). Compressor
assembly is facilitated by a two ton electric hoist, which
covers the working area.

The laboratory floor is 17 ft. below the ground sur-
face. DBoth the compressor and dynamometer are mounted on
foundation blocks insulated from the floor slab. The lab-
oratory has adequate light and ventilation and the interior
air temperature is between 65 and 90OF year around. Alter-
nating current (60 cycle) power is asvilable at 2300, LL4O,
220, and 110 volts. The motor-generator set supplies
D. C. nower at zero to 250 volts for the dynamometer and
auxilisry equipment. Wet cell storage batteries are used
to supply direct current for instrumentation. Water,
steam and compressed air are available in the laboratory.

In addition to the space shown in Fig. 1, adjacent
floor area is available for compressor maintenance and
auxiliary test equipment. A nearby room at the same level

is used for storage.

2:1.3 The Compressor Structure

Throughout this description of the axial flow com-

pressor structure reference will be made to the cross-
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section drawing, Fig. 2, and to illustrations of the com-
pressor in several stages of assembly, Figs. 3 to & in-
clusive.,

The outer case consists of two cast iron half-cylin-
dricael shells bolted together along a horizontal plane
through the central axis of rotation, (see Fig. 2 and 3).
The rows of stator blades are mounted in these shells.
Within the outer case a hollow steel shaft supports three
cast iron drums, each capable of carrying one row of rotor
blades (see Fig. 4 and 5). The hollow shaft is supported
by two grease lubricated roller bearings, the outer races
of which are pressed into the supporting strut sssemblies
(Fig. 2). These steel strut assemblies rest in close
fitting channels at either end of the outer case (Fig. 6)
and may be rotated about the central axis. The latter
feature enables strut wakes to be positioned with respect
to measuring instruments. Attached to each strut assembly
is a cylindrical agluminum filler section of the same
diameter as a rotor drum, extending to within 1/16 inch
of the rotating assembly. (Figs. 2 and 4).

An essential feature of the test compressor is a set
of six rectangular instrument ports on the upper half-
cylinder (Figes. 2 and 7). Ports are located at 221° on
either side of vertical and are exially placed in the
second and third rotor planes, the first, second and third
stator planes, and behind the third stetor plane as shown

in Fig. 2. A special instrument cerrisce (see Sec. 2:2.3)
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can be held in any of the ports, and thus detailed surveys
can be made behind any stage or partial stage.

In order to maintain uniform clearance hetween blade
tips and the outer casing or rotor drums, it was necessary
to require close machining of the comrressor structural
elements as well as the blades themselves. Careful in-
spection was made with these results:

The inner surface of the assembled case is cylindrical

within .001 inch, its exact diameter is 36.000 in. at

68°F,

The rotor drums are 21.600 * ,001 inches in diameter.

The rotor drums are concentric with the inner surface

of the case within .001 inch.

The counter bores, which position radially rotor and

stator blades, are of uniform depth within .002 inch.

Other significant dimensions (blade hole location,

port location, etc.) were held generally within .010

inch. The instrument carriage casting and port plugs

were machined in the case and are therefore abso-
lutely flush with the inner surface.

Discussion of blade tolerances and tip clearances
will be reserved for Sec. 2:1l.L.

It will be of interest to describe the sequence of
operations in assembly and disassembly of the compressor
and to give approximate time estimates for the operations.
For this purpose the compressor is assumed to be completely

assembled with three stages of blading plus entrance vanes
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and rear vanes., It 1is desired to remove the present
rotor and stator blades and entrance venes, to replace
them by another set, to re-align the rear vanes, and to
reassemble the equipment.

a. Connecting ducting and the upper half of the
outer case are removed, Fig. 3. (Time 3.0 man hr.)

b. The rotor and supvorting strut sssembly is re-
moved from the case, Fig. 5, and the filler sections and
rotor drums are disassembled sufficiently to permit re-
moval of the rotor blsdes, Fig. 8. (Time 5.5 man hr.)

¢c. Blading is removed from the outer casing and the
rotor drums.

Per row of rotor blades: Time 3.5 man hr.

Per row of stator blades or entrance vanes: Time

3.0 man hr.

To re-align rear vanes: Time 5.0 man hr.

d. The new rotor and stator blades and entrance
vanes are put in place:

Per row of rotor blades: Time 7.0 man hr.

Per row of stator blades or entrance vanes: Time

6.5 man hr.

e. The rotor assembly is prepared for replacement
in the outer case. (Time 4.0 man hr.)

f. The reassembly is completed. (Time 5.0 man hr.)

Total labor amounts to 92,0 man hr., or about 46

hr. assuming the usual crew of two experienced mechanics.
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2:1.4 Blade Construction

A procedure for selection of blade design parameters
and specification of individual blade cross-sections is
given in Section 2:3., It is assumed here that tables of
profile coordinates and orientations are available for
the desired blade sét. A typical set of data is given in
Table 1, representing the coordinates for the center
section of the "free vortex" stator. Depending on the
twist (radial rate of change of section-orientation) and
camber of the blade, from five to eight sections are
specified as shown in Fig. 9. Orientation of each section
is given by the angle between its chord line and that of
the (center) reference section. In addition one point
on each section is selected which is to be intersected
bv the centrsl axis of the blade shank (Fig. 9). This
point must be selected in some systematic manner in order
to avoid surface "waviness" and is usually taken as the
centroid of the cross section. Selection of the centroid
minimizes centrifugal bending effects for rotor blades.
In the case of compressor blades a theoretical airfoil
thickness distribution generally yields a trailing edge
which is too thin for practical fabrication or handling.
Consequently, the thickness is modified over the rear
15% of the airfoil section to yield a trailing edge of
.020 inch.

When the preceding pronerties have been determined,

a ten times size drawing of each section is prepared on
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a specially coated steel sheet similar to those used for
aircraft mastér layouts. The section profile, chord line,
centroid, appropriate reference lines and notations are
scribed through the surface coating snd are blackened with
a copper sulphate solution. This process gives clear lines
of good contrast (generally about .010 inch wide). A
typical 10 x section drawing is shown in Fig. 10.

The section drawings are next photographed and from
the resulting gless plate negatives full scale (1 x) metal
templates are printed. Two sets of these temrlastes are
made, one slightly greater than full scale to allow for
shrinkege in casting, and the other exactly full scale
for finishing and final inspection. A full scale tem-
plate print is also shown in Fig. 10.

Blade construction proceeds along the following
lines: a master pattern or permanent mold is constructed,
blades are cast, the blade shanks are machined, the sur-
faces are hand finished and the blades are then ready for
inspection. The two sets of blading ("vortex" and "solid
body") supplied to date for this project were constructed
by the Aerolab Development Co., of Pasadena, Cslifornia.
Since the sub-contractor was selected on the basis of
competitive bidding in every case, it appears that for
lots of approximately 100 blades of each design, casting
and hand finishing is successfully competitive with other

processes which have been developed.

Both sand casting and permanent mold castings have
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been successful. The metal used has been ALCOA 356,
aluminum alloy without heat treatment. In one case a
master pattern is first made, in the other a cast iron
mold. Shrinkage must be considered and sufficient
material sllowed for subseouent finishineg. The blade
trailing edge is cast considerably over thickness to
insure free flow of metal in cesting.

After the shénk ié turned, the blsde is mounted in
the finishing fixture where it can be checked against
accurate templetes as finishing proceeds, Fig. 1l1l.

Each of the specified sections is periodically checked
during the subsequent hand-filling and scraping process.
The surface is "faired in" between sections. A skill-
ful operator is ableto achieve remarkable accuracy in
finishing, as will be subsequently described.

Detailed physical inspection of each blade is made
in the template fixtures, Fig. 12. Fach blade is x-ray
photographed and inspected for internal and surface
flaws. The shank dimensions of each blade are checked.
In addition to routine inspection, one blade is selected
at random from each order of rotor or stator blades.
This blade is invested in a low melting temperature
alloy, reference surfaces are established and the blade
is cut at each of the originally specified sections.

The sectiéns are blued, reference lines are established
and all burrs are removed from the blade sections itself.

A prepared section is shown in Fig. 13. The sections
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are photographed and printed to ten times full size on
metal sheets. Previously, ten times size prints of the
original section drawings have been produced on glass plates.
By superposition of s gless plate on the corresponding
sectioned blade photograph, it is possible to check
the contour eccuracy within .0005 inch, full scale, and to
obtain an independent check on the entire process. A
typical comparison is shown in Fig. 14.

Experience with four sets of Dblsdes (approximately
100 per set) has shown that the following accuracy is eco-
nomically attainable with the preceding construction
method :

Profile accuracy - first 25% upper surface - .t;OOB

inch

Profile accuracy - other regions - # ,005 inch

Chord length - * ,015 inch

Section orientation - ¥ 15 minutes of an arc

Location of section centroids - 2 .015 inch

In order to attain angle adjustebility for the rotor
and stastor blades and entrsnce vanes, the fastening system
shown in Fig. 15 was adopted. Attached to the blade shank,
sand aligned within 5 minutes of an arc to the central
reference section, is en indexing plate containing holes
spaced at L% degree intervals. Fixed to the rotor drum
or case is a similar plate with holes gpaced at 4 degree
intervals. Thus by mating different pairs of holes, angle

ad justment by 3 degree increments is possible. The blede
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and indexing arrangement are securely clamped in place
by a bridge and lock-nut as shown in Fig. 16. Details
of the blade shank are shown in Fig. 9.

The tips of both rotor and stator blades are machined
to approximately 18.0 and 10.8 inch radii respectively
(Fig. 9). This procedure insures sccurate and uniform
tip clearance over the entire tip chord length. The root
sections are machined scquare to clear the adjacent wall
by epproximately .010 inch. Several counter-bored holes
are provided in the outer case through which rotor blade
tip clearance can be measured with a standard depth
micrometer. Such messurements have shown the tip clear-
ance to be uniform within ¥ .005 inch. The nominal clear-
ance used thus far has beeh .029 inch for both rotor and
stator tips. The clearance can be further decreased by
placing shims under the blade shanks or be increased by
re-machining the tips.

Special plugs are provided for filling the blade
shank sockets when lecs than three full stages of blading
are in use. The exposed surfaces are machined to the wall
radii so as to leave smooth wall surfaces. Rotor and

stator plugs are shown in Fig. 17.

2:1.5 The Dynamometer and Electrical System

During the design and procurement phase of the

project, it was found impossible to obtain a commercial,
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cradled dynamometer in the scheduled time. A preliminary
investigation of torque-measuring devices had indicated
that only a cradled dynamometer would reliasbly give the
desired accuracy of torgue measurement. Hence it was
necessary to construct a dynamometer starting with a
rebuilt 125 H. P. direct current motor. Concurrently
with the other construction, a 100 KW motor generator set
was procured and installed at the Institute's expence.
Electrical specifications of both dynamometer snd motor
generator set are given in Table 2.

A general view of the dynamometer is shown in Fig,
18. The outer case of the motor is supported by two end
pedestals containing counter rotating bearings which give
effectively frictionless suspension. A detail view of
one bearing is shown in Fig. 20 and a layout drawing in
Fig. 19. The bearings are driven in opposite directions
by auxiliary slow speed motors through chain and sprocket
arrangements. In order to eliminate a periodic drag
torque which excited oscillations in the measuring system,
it was necessary to use precision bearings mounted to con-
centricities of the order of .0002 inch and to load cen-
trally each bearing. Field and armature current is
brought into the dynemometer from above (Fig. 18) through
the mercury contacts shown in Fig. 21. These contacts
exert no appreciable toroue on the susvended system. A
tachometer generator and a centrifugal overspeed switch

are mounted at the rear of the dynamometer. The lead
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wires from thesge suxilisries are quite flexible snd there-
fore introduce little error. The dynamometer is szttached
to the compressor drive shaft by a solid courling which
is easily disconnected for dynamometer calibration.

The torque reaction on the suspended motor case, and
thus the compressor driving torque (plus windage) is
measured by a Hagan Thrustorg (size 3.5) mounted as shown
in Fig. 18, This instrument is further described in Sec.
2:2.2. The counterweights shown in Fig. 18 extend the
torque measuring range. A hanger for calibrating weights
ie provided on the opposite side of the dynamometer.

A wiring disgram of the principal electrical com-
vonents is shown in Fig. 23. In this diagram the wiring
of meters, protective devices, etc. is not shown. OCne
of the two 50 KW D, C. generators is operated at constant
voltage (125 v.) and supplies field current to the dyna-
nometer. Potential from the other generator is variable
and may be added to or subtracted from that of the "con-
stant voltage bus". Thus a range of zero to 250 volts
DC is available for the dynamometer ermature. In addition
the dynamometer field current may be varied. By these
means the full speed range frcm zero to 2000 RPM is attain-
able. The entire system is operated from the panels shown
in Fig. 22. This sequence of operations is followed in
starting the equipment:

a. The M. G. set is started.

b. The dynamometer field is excited.
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¢c. Dynamometer ermature voltage is reduced to zero.

d. The dynamometer armature contactor is closed.

e. Dynamometer armature voltege is increased and
the dynamometer speed increases proportionately.

f. Further speed increase or adjustment is obtained
by varying the dynamometer field current.

The equipment may be stopped by simply stopping the
M. G. set or, with better control, by reversing the above

sequence of opersations.

2:1.6 Ducting and Throttle

A drawing of the screeh, bell mouth and entrance
duct is shown in Fig. 24. The screen was instslled to
prevent foreign objects from entering the compressor air
stream. The bell mouth gradually accelerates the air,
guiding it into the duct. The cylindrical duct 1is two
diameters in length, with an interconnected set of four
wall static pressure orifices located one diameter from
the front. Calibration of the static orifices is dis-
cussed in Sec. 2:2.2. The duct is mounted om .a castered
carriage to facilitate its adjustment or removal. Interior
surfaces of the bell mouth and duct are enameled and
polished to give undisturmbed flow.

Attached to each strut assembly (Fig. 2) is s wooden
fairing whose purrvose is to accelerate gradually the air

from the cylindrical duct into the annusl compressor

cross-section. These fairings are ogival in shape (Fig. 24),
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and have waxed and polished surfaces.

Between the compressor and the exit elbow a short
cylindrical duct is installed. This duct may be parted on
a diametral plsne to facilitate disassembly of the compress-
or (see Fig. 1). A drawing of the elbow is shown in Fig.
25. Sheet metal turning vanes were installed to minimize
losses and thus permit operation at maximum flow rate.

The elbow is mounted on a carriage to permit its easy re-
moval or adjustment (Fig. 1). It was provided that the
elbow could be mounted horizontally for sttachment of an
auxiliary blower that would extend the flow range of the
compressor. A transition section connects the elbow to
the throttle valve. All joints in the ducting are ges-
keted to prevent excessive air leakage.

The throttle valve (Fig. 26) is provided for regu-
lating the flow resistance and thus the compressor flow
volume. It consists of two rectangulsr metal doors which
roll in gide beams, their position being controlled by a
right snd left hand threaded lead screw. The screw is
driven by a variable speed motcr. For normal adjustment
of the throttle a door speed of one ft./min. has been
found convenient. A revolution counter driven by the lead
screw indicates the throttle position. Thies latter feature
has proved very convenient for quickly obtaining the
approximate flow rate. The doors are equipped with elec-

trical 1limit switches and mechanical stops.
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2:2 Instrumentation

2:2.,1 Introduction

The test installation was designed to allow accurste
determination of compressor speed, total through flow
rate, driving torque, air density, static pressure rise,
work input to the air stream, and complete details of the
internal flow patterns. The first five quantities are
determinable by external measurement, the last two oniy
by means of instruments located within the test compressor.
In the following sections methods of determining, res-
pectively, the overall performance quantities, and deteils
of the flow pattern, will be discussed. ©Special emphasis
is placed on measurement of the internal flow pattern,
since the results of such measurements constitute the

subject of major portions of the subsequent discussion.

2:2.2 O0Overall Performance Measurement

a. Compressor Speed

Speed of rotation of the test compressor is deter-
mined by means of a commercial electric tachometer unit.
A small two pole generator is attached directly to the
dynamometer sheft (Fig. 20). The alternsting current
output of the generator drives electrically an indicating
instrument located in the control desk (Fig. 27). The

entire system is available commercially (Standard Electric
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Time Co.,, Chrono-Tachometer Unit, Type S G). An indica-
tion of shaft speed, accurate fo within*¥2 R, P. M., is
available on a 6" dial tyve instrumeﬁt. For more accurate
speed determination, a synchronized clock-revolution
counter is provided. The use of timing intervals which
are multiples of 1/10 minute is convenient. Intervals of
one minute were used during all test runs. The accuracy
thus obtainable istl/2 R. P. M., for the average speed.
Accuracy of the system was checked by recording the techo-
meter generator output and that of a standard 1000 cycle
tuning fork on an oscillograrh. The speed determined
in this menner was checked sgainst that obteined by use

of the indicating unit.
b. Torque

The compressor driving motor is cradled as described
in Sec. 2:1.5 so as to form a conventional dynamometer
system. The driving motor outer case actuates a self-
balanced pneumatic daphragm mounted at fixed distance
from the suspension center (Fig. 18). The diaphragm unit
is available commercially (Hegan Corp., "Thrustorq"

Model 3.5). Balancing air pressure is measured on a
mercury manometer. Accuracy is contingent upon mini-
mizing drag toroues which act on the cradled system. By
providing highly accurate, counter rotating support bear-

ings (Sec. 2:1.5) and low dragc mercury electrical contacts,
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an accuracy ofs.4 ft. 1b. is obtained (determined by casli-
bration data scatter).

A shaft coupling is provided so that the dynamometer
can be disconnected from the compressor. It is then
possible to calibrate the entire torque measuring system
with standardized hanger weights. In order to secure
satisfactory accuracy in the low-speed, low-torque oper-
ating condition, & "Thrustorq" unit waé selected which
has a range of 0O to 50 ft. 1lb. when actuated by the dyna-
mometer. Since a total torque range of 0 to 300 ft. 1b.
was required, the range is eitended in astepwise fashion
by the counter weights shown in Fig. 18. Complete torgue
calibraﬁion curves for the dynamometer are shown in Fig.
28, It will be noted that a linear torgue-mercury

column deflection relation is obtained.
c. Air Density

Wet and dry bulb temperature measurements are taken
in the moving air stream immediately in front of the bell
mouth screen (Fig. 24). Barometric height and temperature
are obtained from a standard mercury barometer located
approximately 25 ft. above the compressor center line.
Temperatures are read to the nearest l/lO degree Faren-
heit and barometric height to the nearest 1/100 inch. No

convenient air density computation tables were available,

hence the system of density determination given in
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Appendix II was developed. By this system density de-

termination, accurate to at least 1/4%, is achieved.
d. TFlow rate

As described in Sec. 2:1.6, a set of static pressure
orifices is located in the entrance duct. Using a 3/16"
tip diameter Prandtl type pitot tube, series of
velocity traverses were taken along two perpendicular
duct diameters at various flow rates. Simultaneously,
the duct static pressure and air density factors were
measured. Then by integration of the survey data, total
flow rate and average through flow velocity were obtained.
There was prepared a master calibration curve of mean
velocity, Ca (ft./sec.), through the compressor annulus
vs.j? , where h is the wall static pressure (below at-
mospheric) in inches of water and p the air density in
slugs/ft.3. A reproduction of this curve is shown in
Fig. 29. A precision water manometer (Sec. 2:2.4) is
used to determine the duct static pressure to within
*001 inch water and, if the air density is known, the
average through flow velocity is readily obtained.

‘Despite the absence of straightening vanes or a
settling chamber, flow in the entrancevseems reasonably
uniform and stable. Careful direction measurements in
the duct have indicsted that no large scale eddies are
present. However, since at the normal operating condi-

tions (750 R. P. M,, design flow) the duct pressure is
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only about .25C inch of water, the accuracy of mean
velocity determination is probably not bhetter than
1/2%. At higher compressor speeds and flow rates, the
accuracy is much improved. Further discussion of this

matter is given in Sec. 2:L.1.
e, Static Pressure

Static pressure orifices (.030" in diameter) are
provided in the outer casing of the test compressor. An’
orifice is located in the plane of the axial clearance
space between each blade row. Pressures measured at these
locations can be correlated with internal measurements

(See Sec. 2:4.2).
f. Work Input to the Air Stream

Work input or total pressure rise of the air stream
is determined by surveying in detail total pressure and
velocity in a chosen plane downstream of a particular
blade row. Usually, a circumferential sector of 15° is
explored (the stator blade spacing is 11.25°). In the
subsequent data reduction, this sector is assumed to be
typical of the entire annulus. ZFor checking the validity
of this assumption, holes are provided gt two additional
locations, equally spaced from the instrument ports
(sec. 2:2.3f), through which probes can be inserted. The
data of Fig. 30 are typical of a number of such checks

which have shown the assumption of circumferential uni-
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formity to be valid. Further discussion of internal survey

instruments is given in the following section.

2:2.3 Internal Measurements

For detailed measurements of the flow pattern inside
the test compressor a number of small total pressure, static
pressure and direction measuring probes have been used (Fig.
31). A svecial traversing carriage (Fig. 16) was constructed
to hold and position these instruments. In ordéer to check
blade surface pressures small orifices were inserted in a
stator blade. These instruments are described in detail

in the following paragraphs.
a. Total Pregssure Probe - Kiel Type

A total pressure probe of the design shown in Fig. 31
was used to determine total pressure (stagnation pressure)
where the air flow direction was not well known. A cali-
bration curve of pressure vs. air incidence angle is shown
in Fig. 32. It is seen that this construction causes the
pressure indication to be insensitive to incidence angle
over a range of approximately # 45°. Probes of several
sizes in this design are available commercially (Whitney

Instrument Co.).
b. Pitot Tube

The .058 inch diameter Prandtl type pitot tube shown

in FPig. 31 was used for both total pressure and static
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pressure measurement. It will be recalled that the accurscy
of static pressure indication depends upon the exact loca-
tion of the orifices and reasonable uniformity of the in-
cident stream. Cplibration curves of total pressure and
static pressure vs. air incidence angle are shown in Fig.
33. It is seen that the total pressure indication is
correct within # 6°© incidence angle, while the static
pressure is correct within 1% velocity pressure up to
¢ 79 incidence angle. The air stream velocity pressure,

£ v?, is equal to the difference of these two pressures.
2
c. Special Total Pressure Probes.

In order to measure accurately total pressures near
boundaries or compressor blade surfaces, impact tubes of
still smaller diameter were required. The two designs
shown in Fig. 31 were constructed to fill this need. Pieces
of .020"™ 0. D. by .010" I. D. stainless steel tubing were
bent to the required shape and cemented into the holder.
One design was used near the inner compressor wall and for
blade wake exploration; the other for measurement rear the
compressor outer wall. A celibration curve of pressure vs.
air incidence angle for the inner wall probe is shown in
Fig. 34. Total pressure indication is'seen to be correct
within # 8° incidence angle. If the static pressure field
is known, it is clear that velocities near bounding sur-

faces can be detéermined with the aid of these instruments.
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d. Cylindrical Direction Probe.

In flow regions remote from bounding walls and where
the radial velocity component was negligible, the three-
hole, cylindrical direction orobe shown in Fig. 31 was used
for determinineg flow direction. The instrument was used as
a null indicator, i.e., it was rotated about the cylinder
axis until the pressures at the two side orifices equal-
ized. A calibration curve of pressure differential vs.
yaw angle is shown in Fig. 35. When aligned in the flow
direction, the center hole indicates total pressure. Using
the electric pressure pickup subsequently described (See
Sec. 2:2.4), angular changes as smell as 1/10 degree were
detectible. The instrument was procured commercially

(Whitney Instrument Co.).
e, Claw Type Direction Frobe.

Since it was frequently necessarv to measure flow
direction near the outer and inner compressor walls and
in regions of large velocity gradient, the special claw
type direction probe shown in Fig. 31 was constructed
(the design was suggested by Ref. 3). As is true of the
three-hole probe, the instrument measures direction only
in a plane normal to its axis of rotation. However, radial
velocities are relatively small in the test compressor when
operating in other than the extreme "stalled" range, hence

either prohe gives a good measure of air flow direction if

its axis 1is directed along a radius. A calibration curve
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for the claw probe is shown in Fig. 36, although it was
also used as a null indicator. Its sensitivity is seen
to be equal to that of the cylindrical probe, however the
fact that its pressure orifices are only .0l5 inch avnart
rather than .090 inch, results in its indication being
relisble in a stream of much higher transverse velocity
gradient.

Both direction probes are furnished with locating
collars (Fig. 31) which fit accurately into the instrument
carriage (See Sec. 2:2.3f). The relation of the collar
flat to the compressor reference surfaces 1is accurately
known. Pressure orifice locations give a rough indication
of zero incidence angle, however more accurate knowledge
of the absolute zero angle 1s necessary. This information
ig obtained and frequently checked by placing the particu-
lar probé, mounted in the instrument carriage, in a one
inch diameter vertical test jet as shown in Fig. 37. A
reference surface on the carriage is carefully leveled
and the angle for null indication determined. The carriage
is then placed and re-leveled on the opposite side of the
jet, thus bringing the probe axis into its original hori-
zontal plane but directed oppositely. The sngle for null
indication is again determined. It is éeen that the mean
of these two determinations gives the true zero incidence
angle direction with respect to the carriage reference

surface.

f. Instrument Carriage.
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A special instrument carriage for radial and circum-
ferential positioning of test probes in the compressor was
provided. Detail design and construction were performed by
the Boller and Chivens Instrument Co. The carriage is shown
in two possible mountings by Figures 16 and 38.

In the first case (Fig. 16), the assembly fits into any
one of the six rectangular instrument posts which were des-
cribed in Sec. 2:1.3. The base casting is rigidly bolted
to the compressor housing and conforms perfectly to the inner
wall cylindrical surface since it was machined in place when
the compressor was constructed. The traversing carriage moves
in the base casting on a circular track, whose center coin-
cides with the compressor axis. By this means, a probe which
is held in the traversing carriage can be moved through a
total circumferential angle of fifteen degrees. Circumfer-
ential position is indicated by the lower dial (Fig. 16) to
the nearest .Ql degree of arc.

Within the traversing carriage, one drive is available
to position a pnrobe radially in the compressor and another
to rotate a probe about its own axis. Radisl position and
direction are indicated by the center and upper dials to
the nearest .0l inch and .1 degree, respectively.

A slot is provided in the base casting to provide clear-
ance for a probe as it is circumferentially traversed. An
important feature of the carriage design is a flexible
sliding tape (Fig. 39) whichovers this slot on either side

of the probe. The tape conforms closely to the inner cylin-
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drical surfece causing negligible disturbance to the flow.

Circumferential traverses are possible only before or
behind a blade row with the arrangement described above.
To provide for flow pattern measurement between and within
blade rows when the compressor is being operated with
several stages, a set of accurately located, 7/8 inch dia-
meter holes were bored in the outer housing. The location
of these holes is shown in Fig. 40. When the traversing
carriage is mounted as shown in Fig. 38, radisl and di-
rectional probe positioning is possible at one circumfer-
ential location upstream or downstream of each blade row.
Since the radial holes are arranged in pairs, accurate
alignment of the carriage for flow direction measurement
is achieved by use of the mounting bar and dowel pin system
shown. |

The entire instrument carriage arrangement was con-
structed with considerable precision and tests have shown
that the accuracy of positioning for each component is at

least as good as its indicator dial least count.
g. Static Pressure Blade.

For use in the calculation of cascade losses, (See
Sec. 4:2) it was desirable to determine, both by calculation
and measurement, the pressure distribution on cascade air-

"

foil sections. To aid in the latter objective, one "Free
Vortex" design stator blade was provided with static

pressure orifices as shown by Fig. 41. Eight .01C inch
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diameter orifices were spaced slong each blade surface
at the center section’( r = 14.40 in.). These orifices
were internally connected to small stainless steel tubes
which were brought out through the blade shank and
attached to the selector shown in Fig. 42. Thus with
the compressor msintained at a particular operating con-
dition, static pressures at esch of the sixteen locations
could be measured in turn. Insertion of the system of
orifices presented some problems, chiefly becsuse an ex-
isting cast aluminum blade was used and drilling the
relatively long, small diameter holes proved difficult.
However, the finished blede was quite satisfactory and
an accurate, undisturbed contour was maintained at the

megsurenment section.

2:2.4 Pressure-Indicating Instruments

Many of the instruments described in the preceding
sections require, ulfimately, the accurate measurement of
one or more static pressures. Three typres of pressure in-
dicators were used: a twenty tube vertical manometer
bank, sc-celled micro-menometers, end a special strain
gage pressure pickup which was used for accurate pressure

indication with instruments having very small orifices.

a. The Manometer Bgnk

A vertical bank of twenty, six m.m. dlameter, six
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;o - P manometer tubes was constructed (Fig. 27). Separate
instruments could be connected to the upper end of each
tube and the lower ends were attached to a common manifold.
A movable reservoir connected to the manifold could be
used to adjust the zero pressure reference level.

This msnometer bank was used only for iough pPressure
indication in the tests described herein, becasuse the com-
pressor was usually operated at low speed, and accuracy
obtainable with a vertical tube was insufficient. For

higher speed tests this instrument would be essential.
b. Micro-Manometers

Two precision water manometers were procured for use
with flow measuring instruments and as laboratory standards
(Fig. 27). The type used is commercially available
(Meriem Instrument Co., Micro-Manometer, Size 10). ZEach
has a range of 0-10 inches water pressure. A fixed, in-
clined glass tube contains a scribed reference line to
which the water meniscus is adjusted by verticel movement
of the fluid reservoir. The reservoir is mounted on a
precision lead screw whose position is indiceted by a
scale and micrometer disl calibrated in 1/1000 inch di-
visions. Pressure connections can be made either to the
(closed) reservoir or to the free end of the manometer tube,
thus allowing pressure differentials and pressures above
or below atmospheric to be measured.

The fluid used was supplied by the manometer mesnu-
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facturer. It is colored and has suitable surface tension
for good meniscus formation. Its density was checked and
found to be 1.000 ¥ .001 gm/cc over the laboratory tempera-
ture range, thus for the required accuracy temperature
correction was not ordinarily necessary.

These manometers proved most satisfactory for entrance
duct and compressor wall pressure measurements and could
also be used with the Kiel type total head probe. However,
reservoir and connecting tube gir volumes were too great
to permit their use with the pitot tube, yvaw probes, or

special total pressure probes.
¢c. Presgssure Pickup

For use with the smell orifice flow instruments, a
commercigl electric pressure pickup was procured (Stathem
Inst. Co., Model P-5, Size * .2 p.s.i.). This instrument
could be mounted near the test probe, thus minimizing
connecting tube volume {(Fig. 38). Internally it consists
of a small, low volume, metal bellows which can be sub-
jected to both internal and external pressures. Thus it
can be used as a differential gage or can indicate press-
ures above or below atmospheric. The bellows, in extending
a very small distance, actuates a set 6? electric strain
gages. Resistance change of the gages is remotely deter-
mined by the bridge circuit shown in Fig. 43. The bridge
is balanced to give zero deflection of a sensitive, light

beam galvanometer. Several sensitivity ranges are avail-
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able in the circuit for use with a variety of flow press-
ures. The entire system was calibrated (and freauently
checked) using one of the micro-manometers as a standard.
The overall system gives linear resvonse as chown by Fig.
LL., Overating in the 0-2 inch pressure range, the system
accuracy is % .002 inch of water.
Because of its speed of response, convenience, and

reliebility, this system proved highly satisfactory for
use with the direction probes, pitot tube, specisl total

pressure tubes, and pressure blede.

2:3 Design of the Compressor Blading

Blading for the test compressor was designed by use
of the applicable perfect, incompressible fluid equations
of motion, supplemented by certain empirical rules. The
entire subject of compressor blade design, as well as cal-
culation of perfect fluid flow patterns and compressor
performance, is treated in considerable detail in References
L, and 5. However, a brief resume of the design calculations
for the test compressor bleding is given here for complete-
ness. Verification of the design method by test data is

given in Reference 5.

2:3.1 Basic Equations

The steady flow of a perfect, incompressible fluid in

an annular duct is considered. The fluid is acted on by
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alternate rows of fixed and rotating blades which impart
energy to the fluid and raise its static pressure. Assume
that there is sufficient axial spacing between blade rows
go that equilibrium conditions are established. Assume
further that in such a plane of equilibrium; there exists
symmetry of all quantities about the axis of rotation, i.e.,
in effect, each blade row contains an infinite number of
blades.

Consider first plenes of equilibrium (1) and (2) up-
stream and downstream respectively of a rotating blade row.
Then the Bernoulli equation may be written along a stream-

line as

(1)

/CZ +§(w2_rlwoz) = /bz f,é‘i(%l_riwoa)

if the radial shift in streamline location is neglected

and where A static pressure

P = fluid density

s
"

fluid velocity relative to the rotor

radius from the centfal axis

Y
"

@, = angular velocity of the rotor
and if equilibrium plane (3) is downstream of the next

stationary blade row,

2
Lrg & = pre S (2)
where ¢ = fluid velocity relative to fixed axes.

Or if the fluid velocity is resolved into axial and



36
circumferential components C, and Cu« (from the boundary

conditions, no radial component can exist in the equilibrium

plane), Equation (2) becomes
por (G rCoL) = fr+e(Gras) (3)
From the velocity vector diasgram it is seen that
wi= G rlre, - c0?

-
2 - S 1
G r ra’ el - 2ro.c

and thus Eq. (1) becomes

/‘j+2ﬁ(C&,2+C'u7—2fa)°C‘ul) = /2*.%((&;.'@1-2,-&}0(‘“1} (ll')
The equations for radial pressure equilibrium must

also be gatisfied, thus

Ik = p Cuf
dr /o'FL

d = Cl-lzz
< B (5)
dps . p Ci
7= 7
And, finslly, the (incompressible) continuity ecuation is

(assuming cylindrical bounding walls)

I3 a3 r
Cl
JERE fcazrdr - fa,rd» - = (6)
r 7 I
where G = design volume flow rate.

If it is further assumed that the flow pattern is to

repeat throughout successive stages, i.e., flow geometry

at (1) end (3) are identical, ecuations (3) and (4) yield

(Bs-£) = prae(Cu, - Ca,) (7)

Then differentisting Eq. (3) and substituting Eq. (5)
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R
@ Jdrar 2 = 2 2 2
.__;‘_3 +:?l- ; ( a, * Gz ) = C\__,“,_J. # —-42/. _—-i (Q, + Cu, )

which may be rearranged as

2C@) + L d(riag) = dcal)+ 4 & raf) 2
The designer now has a choice of flow patterns sub-
ject only to the requirements of equations (6), (7), and
(8). Examination of these equations reveals that (7) and
(8) contain five unknown quantities, (4-4), G, , Ca, , Ciay €,
Eq. (6) serves to determine the constants of integration.
Thus with two equations and five unknowns, three addition-

al conditions may be imposed.

One convenient and desirable condition is that (A -£)

= const., independent of redius. Then defining
=~ BL (9)
£«

where «.-#«), the rotor tip velocity, Egq. (7) becomes

174

}é’= 2(-,’-;“) Cu, 'oC'u, = }? = const. (10)

Since for the test compressor the entering air is of

constant total pressure A , it follows that

Ir

Then as & consequence of the assumptions of repeating flow
pettern end ¥ = const., it follows that (11) must hold

at each station.
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Now since each side of Eao. (8) is merely a total press-

ure derivative, it follows from (11) that

F@ - HmgdEad) = o (12)
2 / 2“2 =
i(@,) *‘Ff;(’_c') 0 (13)

There thus remein three equations and four unknowns,
eand one additional condition can be chosen. In other words,
even with the design flow rate, design nressure rise and
entrance condition specified, one additional condition can
be imposed.

Examination of the equations will show that & condition

which results in a considerable design simplification is
4

" Cu= const. or  Cu = & (14)

the so-called "free vortex" velocity distribution. Then it

follows from (13) that Ce, = const. and from (10) that

Co. = IBlo }6‘ + K = const. (

and from (12) Ce, = const. Finally it will be convenient

to define

#= L | (16)

- 7 - - o
Hence ﬁ:;éz = fég = const. = Erie (17)

Thus if the design pressure and flow parameters %&
and é@ are specified and the compressor geometry is given,

only choice of the constant (K ) is required to fix the entire
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vortex flow pattern at the design condition. Then the prob-
lem remeins to choose a finite number of suitable blade
sections that will produce the flow pattern.
It may be well to recall here the assumptions on which
these design equations are based:
a. Perfect, incompressible fluid
b. Annuler duct of constant cross-section
c. KHquilibrium flow conditions
d. Complete axial symmetry
e. Repeating flow pattern in successive stages
f. Uniform stage pressure rise at the design con-
dition
g. Uniform inlet total pressure
h. Free vortex distributicn of circumferential
velocity
At the design condition, a flow pattern results which
has uniform axial velocity and uniform total pressure over
each section. There are, of course, numerous other useful

flow patterns, some of which are discussed in Ref. 5.

2:3.2 Test Compressor Blading

Because the design flow pattern described in the pre-
ceding section has frequently been used for gas turbine
system compressors, and beceuse of the simple velocity dis-
tribution at the design operating condition, & pattern of
this class was selected for desien of the first set of test

compressor blading.
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Choice of the constant, & , in Eq. (1.) remeins. For
a modern high performance compressor this choice would be
influenced by the possibility of compressibility effects and
by permissible air turning angles in the actual compressor
cascades., In order to obtain a design similar to that used
in gas turbine system compressors, the value o= ./%5 /U
was adopted for the test compressor. Further discussion of
this choice is given in Ref. 5.

The compressor hub to tip radius ratio had been fixed
at -%; = ,60., Again to simulste the design conditions of
a typical modern compressor, the design flow and pressure

rise coefficients were chosen as ¢E = 450 and %& = .L00.

From these design parameters and the preceding equations,

the design flow pattern becomes

CGa, = Ca, = #50 U,
Cu = 145 «, 5)

& (& (19)
Cu, = 345 U (s

SR %)

It is clear that a knowledge of these velocity components

as functions of the radius is sufficient to determine the

air flow angles.

Thus the stator entrance etgle at any redius is

cot ¥, = Ciey
and the exit angle Ca .
cot & = Ca 7
[ Q ///
. . z
For the rotor (relative) entrance angle « 7
Wy, s C. \G;
cotg = I@Ws - Cy Pa LAV Sy W AN'G
¢ Ca L rad, —l

and the exit angle

C‘Ot'tf2 = rwz“ Cu,
a
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Complete design calculations for the test compressor flow
pattern are given in Tables 3 and 4.

Actual compressor blade sections were next selected
assuming that a cylindrical section taken through a given
blade row has aerodynamic properties identicel with those
of an infinite cascade of untwisted airfoils of the same
cross-section. Properties of two dimensional sirfoil ces-
cades can be predicted from theory, from experiment, or by
empirical rules. Various methods are discussed in Ref. 5.
For design of the test compressor blading, an essentially
empirical method was used. Eight sections were computed
for the rotor blades and five for the stator. It is clear
from the preceding discussion that blading for each of the
three stages is identical. Cascade notastion is defined
in Fig. 4L5.

The number of rotor and stator blades was selected
as 30 and 32 respectively. Thus the gap or spacing, s,
at each blade section was fixed. Thedrfoil chord length,
¢, was varied to give /45 = g =z .87 depending upon
the required air turning angle. It was believed that im-
posing these limits would result in good cascade efficiency.
Cascade test data (See Sec. L:6) shows that, if the enter-
ing flow direction is tangent to the airfoil mean camber
line at the leading edge, i.e., has zero incidence angle,
losses are minimized. This condition was applied at each
calculated section.

The ailr turning angle for a stator section is



and for & rotor section

*
Ok = fif
Generally 6" must be less than about 35° for good perform-
ance in the chosen.;% range. (This requirement influences

the choice of the constant , as previously noted). If
€ is the camber angle of the blsde section, &'< & "
i.e., the flow is not turned by the full smount of camber.
Thus & must be exaggerated to secure the desired air turn-
ing. For cascades with circular arc camber lines, a rela-
tion between 6. and € has been established empirically by
H. Constant (Ref. 6)

6" = & (/-.26/5/ ) (20)
Thus by applying Eg. (20) and the zero incidence angle con-
dition, an airfoil camber line cen be derived at each blade
section. These calculations for the vortex blading are
summarized in Tables 3 and 4.

A thickness distribution similar to thet of modern,
low drag airfoils was adopted for the blade sections (See
Fieg. L6). A suitable maximum thicknecs was chosen and the
resulting thickness function symmetrically disposed about
the derived mean camber line. This process is outlined for
one blade section in Table 1.

Thus, finally, the complete geometry of several bHlade
cross-sections was derived and blade construction could

proceed as outlined in Sec. 2:1.L. Entrance vanes were re-

quired to deflect the entering, axially flowing air into
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the stator exit pattern of Eq. (19). These vanes form
essentially a turbine cascade, since the static pressure must
fall as circumferential velocity is added. Therefore, rather
’than employing Eq. 20 for blade section design, the thin air-
foil cascade theory of Ref. L was used. Otherwise, the vane
design method was identical to that used for rotor and stator
blades.

Two rows of rear vanes were required to straighten the
flow and minimize duct losses. All rear vanes were designed
without twist and with 30° camber. In practice, the vanes
were adjusted fcr what seem to be the best mean entrance con-
ditions. All flow measurements were taken upstream of these

vanes.

2:3.3 Regl Fluid Effects

It was noted in the preceding sections that viscosity
and compressibility effects were neglected in the design com-
putation except indirectly in Eg. 20. Since all tests were
conducted at low rotationsl sreeds and flow Mach numbers, the
fluid density was, indeed, practicelly constant, as shown in
Sec. 2:5.4. However, as will be seen from the performance
results of Sec. 2:5.1, fluid viscosity has considerable in-
fluence on the flow, even at the design condition.

Fluid friction on the blade surfaces and walls causes
energy dissipation in the form of heat, which will be con-
sidered as an energy loss in interpreting the test results.

Thus the compressor is not 100% efficient and the design
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pressure rise is not reached at the design operating condi-
tion. Indeed, since losses were neglected in the design
equations, the parsmeter i; is properly considered as a
design power input coefficient, rather than as s prressure
rise coefficient.

Due to fluid friction on the bounding walls, axisal
velocities in the central portion of the annulus are some-
whét higher than the mean axial velocity. Thus the true
design condition comes at a lower value of 5— than thst
assumed in the cslculations.

The above mentioned factors are commonly taken into
account in the design of compressors for specific applicae-
tions. It is hoped that the information of Sections IV
and V may aid designers in this effort. However, since no
exact operating characteristics were required of the test

compressor, these viscosity effects could be ignored in de=-

signing the blades.

2:4 Reduction of Test Data

2:4.1 Overall Performance Data

a. Reference Velocity
The rotor tip velocity & is used as a velocity refer-
ence in computing dimensionless coefficients. It is com-

puted from tachometer readings as

= 37 (RPNM. T, .
78 = ( ) /sec (21)



L5

b. Mean Flow Rate

The mean flow rate coefficient is defined as

5]: Q@ (22)
m(rEI-K?) W
C{
¢“"‘=_ _C'; N 3 O/G]Ca_rcfec/r
or sas Uy o (s - 173) (23)

where G

mean axlal velocity

Q
u

circumferential angle

and the other symbols are as previously defined.

For routine data taking, Eq. 22 is utilized. As
noted in Sec. 2:2.2, measurement of entrance duct wall
pressure and air density are sufficient to determine the
flow rate, Q, or mean axial velocity Ca .

Equation 23 may also be used 1if internal survey data
are taken between blade rows. The two methods of obtaining

ﬁr have been compared by the data of Table 5. It is seen

that the results check within a few Dpercent even at low
flow rates; thus either method is shown to be valid.

c. Power Input

From simultanecus torque and speed measurements
(Sec. 2:2.2) the power input is
| P= o 7 - Fft /b /) sec.

where P

power input

(79

©

angular velocity - radians/sec.
7 = dynamometer torque - ft. 1lb.

The power input coefficient is defined as
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}7'= a <, T
Gl g LR TR m g

= 7 (2L)
P XT3 (r2-rr) g

It

Thus torgue, speed, air density, and flow coefficient
are needed to determine the power input coefficient. Com-
pressor windage and bearing loss are small and no correction
is made for these quantities.

d. Pressure Rise

The local total pressure coefficient at any point in

the compressor is

‘

= A-A
Y 2wz (25)
where £ = measured total (stagnation) pressure
£ = atmospheric pressure

and the other symbols are as previously defined. Then the

mean total pressure rise coefficient is

i (26)
g m(57-r7)

The local total pressure is measured by one of the probes
described in Sec. 2:2.3. The flow direction is determined at
every point. Using the direction data, a pitot tube survey

is made to determine the local velocity, c. Then at every



L7

point,
P () snr = &) (27)

Surveys are performed over a typical sector (11.25 degrees
circumferential angle) between blade rows as previously
noted. The integration of Eg. 26 is performed either graph-
ically or numericglly using generally 7 radial and 15 cir-
cumferential intervals.

Friction losses in the entrance duct are known from
evaluation of Eq. 26 upstream of the entrance vanes at
various flow rates. The correction AﬂFlis shown in Fig. 47.
This correction is applied in efficiency calculations.

It should be noted that since Eg. 26 is usually evalu-
ated immediately downstream of a stator blade row, blade
wake mixing losses are not deducted.

e. Efficiency

The c¢ompressor efficiency is defined as

7 = Airstream energy increase
Work input

hence

—_

v = }/‘f-dif—‘

-—_—

¥ (28)

where the symbols are as defined by Eq. 24, 26 and Fig. 45.

According to the previous definitions, it is seen that
the efficiency defined by Eq. 28 is weighted with respect
to local flow rate and corrected for entrance duct loss,

but is not corrected for compressibility, mixing loss, or
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compressor bearing and windage losses.

2:4L.2 Special Data

a. Total Pressure

The local total pressure is measured with either a
Kiel probe, pitot tube, or special total pressure probe.
Manometer or electrical pressure pickup readings are re-
duced using appropriste calibration data. The total
pressure coefficient }?f is computed from Eq. 25.

b. Direction

Flow direction is measured with the claw probe or
three hole direction probe. Measured angles are corrected
to the calibrated reference direction.

c. Velocity

The pitot tube is aligned in the flow direction using
previously determined angle deta. Total bressure and
static pressure may be read separately, or their difference,
the velocity pressure, may be read. In either event, two
readings are sufficient to determine all three quantities.
Manometer or gage calibration date are applied to yield
pressure in suitable units. The local static pressure co-

efficient is

}k. - P'E,_
@ 2 w2 (29)

and with the previously defined total head coefficient,}* y

f

.- WK (30)

—_—
o
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The axial velocity coefficient is then

gd= G- @&I7*F

(31)
and a circumferential velocity coefficient is defined as

A= %‘i = (—%—o)cosl’ (32)

Where the flow direction angle, ¥ (with respect to the plane
of rotation), is known from previous direction meassurements.

d. Static Pressure

In some cases local static pressure in the compressor
air stream could be measured with the pitot tube. However,
for measurements between blade rows and near bounding walls
there was insufficient space to allow the use of even the
smallest available pitot tube. However it was possible to
measure the outer boundary static pressure between any two
blade rows (Sec. 2:2.3). There was sufficient clearance
to allow radial surveys of total pressure and flow direction.
It is then possible to deduce the radial static pressure
distribution.

Assume that the flow is in radial equilibrium and that
the static pressure is a function of radius only in the
region considered. (These assumptions are justified by test

data in Sec. 5:3.1). Then from radial équilibrium
de _ oy
gf* £ 7 (33)

the total pressure is
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and the circumferential velocity is

C. = C os¥r

Substituting these expressions in (33)

g_f + 2__625-__,— ,6 = ZC,O:Y r pt (31&)

Since A

/b and » are assumed to be functions of radius only,

Eq. 34 is a first order linear equation which is easily
integrated.

The result is

-
j 2 cos*yr dr
ve r

e
fzcos’rér 4
= j
P

p = A et zcos’a’/%egri_j
r
r;fzcos‘rd,g
e
where AL = p(r)= the static pressure at any radius
A = the static pressure at the outer

radius 4 and the other symbols are as previously defined.
Or using the dimensionless coefficients defined by Eg. 25

and 29:

-
2 cos’r dr
r

A
‘. re
[}/- cos®y € dr
-

=
fZCos’r dr
re Il

3
f 2¢cosy dr
G r
e

e

Using this equation, local static pressure and velocity

have been determined for a number of locations (See Sec. 5:3.1).
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2:5 Overall Performance

As previously pointed out (Sec. 2:1.1), the test in-
stallation was designed and constructed in a flexible
arrangement to make possible the pursuit of various research
programs. Neither of the two initial programs had, as a
primary objective, the study of overall compressor perform-
ance. Consequently, since the data required for such s
study are laborious to take and to reduce, only a few per-
formance tests were made. These tests have, howe#er, proved
useful for checking the design theory and for correlation

with internal loss measurements.

2:5.1 Single Stage Pefformance

Input power and pressure rise measurements were ob-
tained at several flow rates for a single stage (including
entrance vanes) of vortex blading operated at 750 R. P.VM.
These data are presented in the form }7 and }7 VS. y!_
in Fig. 48. Symbols used here and data reduction methods
are as stated in Sec. 2:4.1 and Appendix I.

It will be recalled that for this blaae set, the design
parameters were jg: 40 , 2§=.45' . Figure 48 shows
that }; };d =40 for ;75.4_3 , i.e. approximately Li%
below the design flow rate. This result is as expected
according to the discussion of Sec. 2:3.3. Thus a 43%
effective area reduction occurred as a result of boundary

layer growth. With this adjustment, the desien condition

is well predicted.
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It is seen that the meximum efficiency, 7=89 %

is obtained at #=.,2, The Reynolds number, Re, for

# = 42 at 750 R. P, M. is 67,000 where

R, = Hcfg (36)

z/

and c mean blade chord

z/

kinematic viscosity
This value is rather low, and the low efficiency is probably
accounted for by relative larger losses at low Re. The data
of Ref. 7 are illuminating in this respect. From a series
of efficiency measurements on a set of test compressors, the
curve of maximum obtainable efficiency which is reproduced
in Fig. 49 was deduced. This curve represents an envelope
of measured efficiencey data. In order to check the effect
of Reynolds number on maximum efficiency of‘the test com-
pressor, one set of tests was performed at 1500 R. P. M,
or Ke = /34000 . The efficiency obtained was 93%.
Inspection of Fig. L9 reveals that an equivalent increase
is predicted. Furthermore, the data of Sec. 2:5.3 give
additionsl evidence of this Reynolds number effect.
Returning to the performence data of Fig. 48, several
common phenomena of axial flow compressor performance can
be seen. At higher thandesign flow rate the pressure rise
falls rapidly. This performance result is predictable
from the perfect fluid theory of compressor performance

(Ref. L)« A performance curve calculated for the compressor,

using this theory, is reproduced in Fig. 48. Due probebly
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to poor flow incidence angles relative to the blading,
the compressor efficiency also falls in this range. How-
ever the range from slightly below design flow rate to
maximum flow rate is the stable and generally most useful
operating rance for an axiel flow compressor.

For flow rates lower than design, the power input co-
efficient, ﬁ: , Tises at first linearally as predicted by
perfect fuid theory, and then somewhat less rapidly. (Note
that i; represents work input per unit mass of fluid). The
pressure rise coefficient, i;’, rises to somewhat above its
design value but then decreases rapidly. Efficiency de-
creases steadily from the design value. The rapid decrease
of pressure rise and efficiency, which are often referred
to as "compressor stalling%, are largely due to poor cas-
cade efficiency and limited air turning capacity at large
positive air incidence angles (See Sec. L:6).

The operating range below the design condition is per-
haps less useful than that above. It is clear that in the
range where ggil becomes positive, unstable operation
may be encountered in some applications of such a compressor.
Furthermore, the efficiency falls more rapidly in this range
than above the design condition. Below ﬁr= .370,
audible flow pulsations were observed in the test compressor.
Near 5'=.330, the flow became quite unstable and measure-
ments were difficult to obtain. It is believed that this

extreme instability was associgted with intermittent flow

separation over portions of the compressor blades.,
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2:5.2 Three Stage Performance

Power and pressure rise were also measured for three
complete stages of vortex blading operated at 750 R. P. M.
In order to reduce the time required for data taking, press-
ure rise behind the third stator row was measured gt only
the center radius. The correct weighing was then obtained
by using the data of Fig. 47, which were deduced from pre-
vious single stage measurements. Other flow measurements
(Sec. 5:3.1) confirm the belief that this procedure correct-
ly indicates flow trends and gives ;f accurate within per-
haps * 1%. The test results are presented in Fig. 50.

Again it is seen that the design point was correctly
predicted when the effective area reduction of approximately
L% is considered. The efficiency seems to be somewhat lower
than for a single stage. Perhaps more significant is that
the "stall" condition comes at considerably higher }T .
This fact can be detected in Fig. 50 by rapid decrease in
efficiency and rounding off of the ﬂ;/curve. The effect
vhas been frequently observed and is one factor which seriously
limits the usefulness of single stage data for predicting
multi-stage axial flow compressor performaence. Probably
both viscous phenomena and mutual interference between
blade rows are operative, but no complete explanation for
this effect is known to the writer.

It is seen from Figs. 48 and 50, that data at higher

flow rates were obtained for three stage overation. This

is because a greater pressure rise was available to overcome
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duct losses.

2:5.3 Speed-Power Data

Throughout the previous discussion, the dimensionless
work and flow coefficients i; and ﬁ? have been used to des-
cribe compressor performance. Since most of the tests re-
ported herein were conducted at a single compressor rotative
speed (750 R. P. M.), these coefficients may be regarded
merely as a convenience. However in other investigations
(Ref. 1 and 8), both coefficients have been used to correlate
data obtained at widely varying rotative speeds:. It has been
shown that for different speeds, if /? is maintained constant,
a constant ﬂ; will result, providing compressibility effects
gre small,

In order to confirm this result for the test compressor,
three stage tests were conducted at the design throttle
setting for speeds between 500 and 1500 R. P. M. Power in-
put and flow rate were measured, as was the pressure rise at
one point behind the third rotor row. Due to change of the
throttle resistance coefficient, }?'varied slightly with

speed, hence ¥ was corrected to ﬁ-= 450 = const. by the

relation
T = W — [d¥)(F-a50
V= Yacas é,—g/( preres)

—

From Fig. 50, it is seen that ;—'%f = -48 near the design
condition. The measured efficiency was weighted to give %
= 86% at 750 R. P. M. since this value had been previously

obtained by more careful tests (Fig. 50). The results are
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shown in Fig. 51, from which it is clear that }; is con-
stant (within the limits of error) for @ constant. The
effect of Reynolds number (or speed) on pressure rise and
efficiency is a2lso shown. It will be recalled from Sec.
2:5.1, that on the basis of previous investieations, an in-
crease of peak efficiency of approximately 4% was expected
between 750 and 1500 R. P. M. Fig. 51 shows an efficiency

increase of 3% for this range which justifies the expecta-

tion.

2:5.4 Density Change

It has been assumed throughout the report that changes
in air density in passing through thecompressor are neglig-
ible. This section is intended to verify the assumption.

The lowest static pressure in the compressor occurs at
the inner radiué behind the ehtrance vanes; the highest at
the outer radius behind the third stator row. For ;-= L5,
the measured pressures at these locations were %? = - ,295
and %? = + ,750, respectively.

Then for « = 118 ft./sec. (750 R. P, M.), baromettic
height (corrected) of 29.25 in. Hg, and £ = ,00225 slug/ft.3

(which are typical operating conditions),

A - 1006 = A~ at the highest pressure location
A ‘a
13==-776’ = £ at the lowest pressure location
P 2

Hence the maximum density change is of the order of 1/2%,
which is within the accuracy of the reduced flow dsta.

For multi-stage operation at higher rotative speeds,

density changes should be considered.



IIT Real Fluid Phenomens

3:1 Introduction

In considering the overall performance of the test com-
pressor (See Sec. 2:5), it became clear that, while perform-
ance in a region near the design point could be approximately
predicted by assuming the working fluid to be inviscid,
several phenomena could be explained only as viscous fluid
effects. Among these phenomena were the apparent "ares
contraction'" of the flow stream, losses at the design con-
dition, the rapid increase of losses at flow rates both
greater and less than design, and "stalling"of the compressor.
Since relatively little information on these phenomena is at
present available, investigations were undertaken to provide
some of the fundamental information required for explaining
and predicting them.

Consideration of the energy distribution over annular
cross-sections of the test compressor will be revealing.
Since the eir stream is essentially isothermal, the total
pressure, #£= p+ 2 c° will rrovide an sdequate index
of specific energy in the fluid. In Fig., 52 are shown con-
tour plots of total pressure distribution over typical
sections downstream of rotor and stator blade rows. The

gontours represent lines of constant specific energy in

/= Aﬁg
w2
& «

It is seen thet regions of large energy defect exist near

terms of the local pressure coefficient

the outer and inner boundaries (the wall boundary regions),

and slso directly downstream of a stator blade trailing edge
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(the blade wake). Behind a rotor blade, only the wsll
boundary regions are detected, because there total head
measured in a stationary reference system represents an
average value., If measurements are made by an instrument
moving with the rotor, s wake pattern is detected., Measure-
ments in the rotating system have been made by Weske (Ref.
9.

Summation of energy defect (weighted with respect to
the axial velocity comnonent) behind the first stator row
indicates that about 61% is associated with the bounding
walls, snd 39% with t he blade wakes. It should be noted,
that losses in the entrance duct are included in the bound-
ing wall defect, whereas the wake defect is attributable
only to the stator row.

In this section additional data and enalysis for wall
boundary regions and blade wakes are presented. In addition,
some methods of predicting these effects by technigues of
fluid mechanics are illustrated. Throughout, the boundary
layer concept is adopted, hence it may be well to review

briefly the development of this concent.

3:2 The Boundary lLayer Concept

A review of some aspects of the boundary layer* theory,

o D e S G G W G e Gwr G G G GHs OT G G Gm G Ghn M GG e GE G D G Sm Gme fhe G O G Ge D G G D D G G e S G G ED G S e Gw G G e D e Gw e

* The abbreviation b, 1. will be used for "boundary layer"
where convenient.
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as developed by Prandtl and his successors, is given here
for the reader's convenience. Among the comprehensive
treatises on this subject are those of Ref. 10 and Ref. 11.
Reference 12 provides a modern b. 1. bibliography.

A convenient model in hydrodynamics is the incompress-
ible, "perfect"™ fluid, i.e., 2 fluid which is homogeneous,
inviscid, and of constant density. For such a fluid, the
equations of hydrodynemics take an especially simple form,
and flows computed from them correspond remarkably well to
reality for moderste velocities. If, as in many practical
problems, the flow in question had originally uniform
velocity, the simple Bernoulli equation relates pressure
and velocity at any point in the perfect fluid.

However, for most flows, it has been observed that the
fluid velocity near an immersed solid boundary is equal to
the velocity of the bounding solid, i.e., that there is
"no slip" between a fluid and an immersed body. Further-
more, if the Reynolds number is sufficiently high, it is
found that the influence of the so0lid is apprecisble only
in a thin layer adjacent to its boundary, the so-called
"boundary layer". Outside the b. 1. region, flow conditions
are well represented by the perfect fluid, while within the
region a more complicated model is required.

If flows are observed which have uniform, constant
velocity outside & wall, b, 1., and zero velocity at the
boundary, two common types of velocity distribution are en-

countered; these are illustrated in Fig. 53. The first is
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the "laminar" layer cheracterized by a moderate velocity
gredient at the boundary and by steady, nonfluctustineg flow
parallel to the boundary. The second is the "turbulent"
layer which has a larger velocity gradient at the boundary,
and, as 1s experimentally verified, only a mean parallel
flow, superrosed on which are smaller fluctuating velocities
in all directions. Even in the second case, a thin laminar
layer must exist very close to the wall - the "laminar sub-
leyer".

There are several useful definitions of boundary layer
extent or thickness. Perhaps the simplest, but one which
is distinctly arbitrary, is todefine the thickness, ) ,
as that distance normal to the fixed boundary et which the
velocity becomes a certain fraction of its free stream value.
A cormon definition is y= 8§ for v = .995V, There are two
definitions which become useful in analytical trestment, the

"disrlacement thickness",
*
s =)(- L)d (37)
J/}/ ='d

and the "momentum thickness",

. V (
9. [ 50-5)% o

It will be observed that each of these has a definite velue
¥

for a profile of the type shown in Fig. 53. The ratio HE?%

has been found useful (Ref. 13) as a shape parameter for

b. 1. profiles.
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If a uniform flow impinges on an immersed, streamlined
body, such as an airfoil section, it will be observed that
a laminar b, 1. will form from the leading edge and become
thicker downstream. This laminar layer may exist over the
entire upper and lower surfaces or there may occur on either
or both surfaces a transition to a turbulent leyer. The
turbulent layer then becomes thicker (at an increased rate)
toward the trailing edge. Prediction of the occurrence and
location of transition is essential to cslculation of the
ultimate b, 1. thickness. At present, however, such pre-
diction is based largely on empirical rules which are re-
liable only under restricted circumstances. Further dis-
cussion of this problem for the case of compressor blading
will be found in Sec. L:3.2.

In the presence of rising pressure in the direction of
flow, the phenomenon of flow "separation" may occur. This
condition is illustrated in Fig. 54. An adverse pressure
gradient exists on the upper surface of an airfoil, and at
large angles of attack separation occurs. Separation results
in major distortion of the flow field with a consequent al-
teration of the airfoil pressure distribution which produces
"form" or pressure drag. This is the flow phenomenon asso-
ciated with airfoil "stalline™.

Surface shear or skin friction for a lsminar boundary
layer is given by the Newtonian friction law, 7% = 4 (%jb&
where 7 1s wall shear stress, s the fluid viscosity, and

%ﬁ) the velocity gradient at the wall. For a turbulent
Yo
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layer, the wall shear is known only empirically in forms
equivalent to 7% = #(Rs>V, H) where A~s-= -é_;}/ ,
the b. 1. Reynolds' number. If a surface integration of
wall shear and normal pressure is performed over an airfoil,
its 1lift and dreg forces are obtained. However, the lift
can be closely aprroximated by other means, and the profile
dreg can be obtained more easily from a knowledge of the
b. 1. shapes and thickness at the trailing edge.

It is clear that in an axial compressor, airfoil bound-
ary layers represent regions of velocity defect sand there-
fore of pressure energy defect or loss. The magnitude of
these losses can be estimated (Sec. L4:L) from b, 1. calcu-
lation, except possibly when separation occurs. It will be
seen that both energy defect and drag may be used as criteris
of profile loss. In the compressor problem, an additional
"loss" must be considered, namely that due to the mixing
process which occurs in the blade wakes. The b, 1. fluid
in passing off the blade surfaces forms the defective regions
shown in Fig. 52. But if the same messurements were taken
several chord lengths further downstream, only the weall bound-
ary regions would remain distinct, the blade wakes having be-
come mixed with the main flow. In the mixing process, mo-
mentum is conserved, but pressure energy is dissipated by
fluid friction.

Two principel procedures are avadilable for analytical
treatment of b, 1. growth in a non-uniform pressure field.

The first involves direct Solution of the hydrodynamic
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equations for a viscous fluid. The second begins with the
"Kdrmén integral relation" which can be derived either by
use of the hydrodynamic equations, or by direct momentum
bglance. This second approach has found wider engineering
application and will be utilized in this report. It will
be seen that the application of this method depends upon
assumption of a suitable wall shear relation and the nature

of the boundary layer profile.

3:3 Compressor Boundary Regions

In Fig. 55 there is shown an axial velocity profile
measured behind the test compressor first rotor, near the
outer compressor wall. A summary of its principal character-

istics is given below in terms of b. 1l. notation.

"

5”5 < 750

g% = sz’

9 = .o7#

# s'. 138
= 2 -

In addition, a plot of the relation %; = é%)'# is shown

for comparison. The values of 7 and J were selected to give
27 and & the same values as those measured. Fluid which forms
this boundary region has passed successively through the
(fixed) entrance vane cascade and the rotor cascade, where

work has been done on the fluid. The flow pattern is quite

complex, indeed more complex than is indicated by Fig. 55,
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since the tangential velocity component must also vanish
at the wall. However, additional experimental data (Sec.
5:1) seem to justify analytical treatment of the complex
boundary region in the menner of b. 1. theory. For tur-
bulent boundasry layers on airfoils the shape parameter H
has values of the order of 1.5 (Ref. 13) and the velcecity
distribution is well represented by a 1/5 power law. The
fact that parameters of similar magnitude are measured for
a compressor wall "boundary layer" is taken as additional
evidence for treatment in this manner. In any event, only
the ultimate results obteined by regarding the wall regions
as boundary layers can Jjustify the method. Hence, for the
present, boundary layer methods will be applied to the
outer and inner boundery regions without further comment.

The compressor blade wake profiles of Fig. 56 illustrate
phenomena which are significant in the determination of
c¢ascade loss. These profiles were obtained from circum-
ferential surveys in a plane approximately .42 chord lengths
downstream of the blade section trailing edee. The first
shows a narrow, well defined wake region which results from
moderate, attached profile boundary layers. The total
pressure loss is therefore low. The second profile shows
a broad, poorly defined wake region which probably results
from flow separation on one surface. The total pressure

loss is comparatively high in this case.



IV Cascede Boundary lLayers and Loss

In the preceding section, a general survey of reasl
fluid phenomena in an axial flow compressor was given. In
this section, the subject of compressor cascade boundary
layer growth and loss is treated in some detail. Boundary
layer growth is calculated for a particular cascade. This
calculation necessarily involves a knowledge of the velocity
distribution on eirfoil surfaces, which knowledge is ob-
tained by calculation and by measurement. A method is de-
veloped for computing total pressure loss from wake measure-
ments in the test compressor. Comparison is made between

the various methods of loss determination.

L:1 Principal Definitions.

A number of quantities are defined which provide
criteria by which the performence of a cascade of airfoils
mey be judged. These quantities include turning angle, loss
coefficient, 1ift coefficient, and drag coefficient. Utili-
zation of these quantities will be restricted to a two-
dimensional incompressible flow. Fig. 45 illustrates these
and additional definitions.

The Turning Angle, 6%, is defined as the engle be-

tween the flow direction at distances sufficiently upstream
and downstream of the cascade, so that uniform flow condi-

tions exist. It is clear that experimental measurements,

which must often be obtained near the cascade, require

special interpretation before the turning angle can be
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satisfactorily computed.
The Loss Coefficient, 0 = _< , where @ is

P e
the mean loss of total pressure in passing through the cas-

cade, and ¥ 1is the velocity far upstream of the cascade.
The loss, @ , may be computed between any two planes up-
stream and downstream of the cascade but will depend in
magnitude on location of the downstream station. Thus if
the downstream station is taken at the trailing edge plane,
@ will include only total pressure loss which is due to
dissipation in the airfoil boundery layers, while if a
station further downstream is chosen,a certain proportion
of wake mixing loss will be included. Strietly then, only
two downstream locations are useful, the trailing edge
plane, for which @ =@, , the profile loss; and a plane
far downstream where mixing is substantially complete, for
which @ = Wp *» @u

The "~ Lift Coefficient. It can be shown (Ref. 20)

that for potential flow through a cascade, the resulting
force on an individual airfoil section is normal to the
vector mean of the (uniform) velocities at plus and minus
infinity, Fig. 45. Then for a flow with losses, the 1lift,
L, is taken as that component of the total force which is
normal to the vector mean velocity, Vs .« The 1lift co-

efficient bhecomes

2 [V]c
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Again, the strict specification of C, depends upon deter-
mination of uniform flows remote from the cascade.

The Drag Coefficient. According to the preceding dis-

cussion, the profile drag, D, , is that component of the
totel airfoil force which is parallel to the mean velocity.

Then

D
& = r
¥ g/

For strictly two-dimensional, incompressible flow through
a cascade, where the uniform upstream and downstream condi-
tions are presumed to be known, relationships between turning
angle and 1ift, and loss and drag have been derived (Ref. 6).
The pressure rise is
Ap = f-p = £(u*-y*) - o
The axial component of blade force is
A = S ap
The tancentiasl force component is given by the momentum flux
equation
Fu = SPp Y ( Ve, — Vi)
The mean velocity is
Vin =  Va ©€SC ¥pm

where V. is assumed to be constant and

cot y, = @tV roali

Then the following reletions result

Cz = Z(ES—.-)(COtJ;—COtG)S/Ka;‘ = CbCo'Ca;' (39)
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C,= [= 17s) sin3 ¥, = (;_5; 0 sin37, (L0)
(C)g w2 sin?; C) sin?y

It should be noted that the C, given by Eq. (4LO) is not
strictly as previously defined. This is because 7o}
necessarily includes mixing losses (since Station 2 must
be far downstream), whereas no additional drasg force re-

sults from the mixing process.

L:2 Velocity Distribution in an Airfoil Cascade

For boundary layer and loss calculations, it is
necessary to know the velocity distribution about a cas-
cade airfoil in the region just outside the surface bound-
ary layer. This result may be approximated by perfect
fluid calculations or by measurement of surface static
pressures, from which velocities can be calculated. Both
methods have been utilized snd are outlined in the follow-

ing sections.

L:2.1 Calculation of Cascade Velocity Distribution

It is assumed that a three-dimensional compressor
cascade can be represented by an infinite, two-dimensional
cascade of airfoils whose profiles are identical with the
compressor blade section at a particular radius. This means,
in particular, that the effects of radial velocities on

the cascade performance are neglected. Surface velocities

in the two-dimensional cascade can be calculated by the
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methods of potential theory if the working fluid is assumed,
for this purpose only, to be inviscid. Actually, the
velocities calculated in this manner will be slightly
smaller then those which would be measured in the cascade,
since the surface boundary layers effectively contract the
flow area.

The subject of potential flow through an infinite
cascade of airfoils has been extengively treated in the
literature, for example in References 14 to 19. Tor the
general direct problem, (given the cascade geometry and
incident flow, to find the velocity distribution) two
methods have been successful. The first seeks to find a
set of conformal transformations leading from the cascade
to a perfect circle. For 2 cascade of airfoils of arbi-
trary shape, finding such transformations involves success-
ive approximations (Refs. 15 and 18). Suitable transfor-
mations have been found, the cascade plane velocities are
obtained by the usual methods. The second approach ob-
tains first the potential flow about a single airfoil of
the cascade and then, by a series of rather more physical
approximations, corrects this flow for the effect of the
other cascade airfoils. A hethod of the second type, that
of Ref. 14 is used in this report.

The center section ( r = 1L.40 in.) of the free vortex
stator cascade is considered. The equivalent two-dimension-
al cascade is shown in Fig. 57. In order to simplify the

calculations, the actual airfoil profiles are replaced by
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thin circular arc airfoils geometrically identical to the
profile mean camber line. ©For a particular section 1lift
coefficient, the thin airfoil velocities will be somewhat
smaller than those corresponding to the thick profile,
but the velocity distribution and velocity gradients should
be nearly the same. Calculations for one flow condition
are carried out in Appendix IV. The following results are
obtained (See Fig. 45 for notation):

Entrance angle, 9 = 46°0!

Exit engle, % = 68926
Turning angle, © = % -¥ = 22026¢
Section 1lift coefficient, C,= 1.026

The calculated surface velocity distribution ie shown in
Fig., 61. It is seen that for this flow condition, a sharp
velocity peak occurs near the convex surface leading edge.
The velocity decreases rapidly toward the trailing edge,
hence the pressure gradient is such as to cause rapid
boundary layer growth.

Since the potentisl theory of airfoil cascades was not
of primary interest and because the measurement of blade
surface pressures proved feasible, no further discussion

of velocity calculation is given.

L:2.,2 Experimental Determination of Cascade Velocity Dis-

tribution

a. Surface Pressure Measurement

To provide information for obtaining velocity distribution,
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surface pressure measurements were made at sixteen points
along the center section ( r = 1L.40 in.) of a free vortex
stator blade. The construction of the blade and the methods
of measurem