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ASSTRADT

1 An sxial floa compressor and tas corrssvonding test
facilities including instrumentsation have been desiined

and constructed. The couasressor has & blads tip diamster

<.
i
n

of inches, is desigaed Tor a top spesd of 2000 rpii,

[\

and is powersd by =2 125 hp Avaancnetesr. The unit is in
opsration and nasg besn used extensivsly Lfor the sqpsri-
nents of this thssis.

2 4 nuwber of Llade typnes ers dessizgned, =11 naving the
sans oversll performance. Oriteria were established charac-

terizing the individual properties of zach tvpe and & conm-

parison was made oan this hasis. Lt was shoun that some of

jLx

thess olude typas are often nore sultable than the "fres

vortex™ blading which is 20st caamonly ussd at jHresent.

D Two s¢ 3 of bladess were constructed, ths tvypes having
bzen sslected from the blade study. Ziagle stage sxpsri-
mants were carried out with sach t7pe and detziled izasurs-
rnents of flow natterns =us “iell as ovsrall Jerforiiance
measursments were rade at various flow gonditions. The
experlinental data ers conupared to those caloulatsd by
means of the corpressor thesory of .rofessor . D. hannie.
Twcallant agresenent izs obtalned; this was lateryreted

ag a verilication of tis th

«

Tvy. »nsg @ further result,

o)

Measurements of the maximuwa sfficlancy of sach slade typs
have estaovlished that a blading with an szsentlially threc-
dimensional flow pattera can eqgusl the efficiency of ths
gonventional "fress wvorts:" Ll=ding which has a tvo-

dilmensional flow pattern.
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I. Introduction

Interest 1n the alr compressor has been intimately
connected with the development of the gas turbines power
plant., In such a power plant air is compressed by a com-
pressor. FHeat is then added, and the alr is allowed to ex-
pand through the gas turbline proper. The difference between
the power produced by the turbine and the power consumed by
the compressor is the net output of the machine, This
power may be used in the form of "shaft power" taken off
the turbine shaeft, or it may be used in the form of kinetic
energy in a jet issuing from 2 nozzle behind the turbine.
The first form of power 1s used in the case of stationary
engines; the second in the case of jet engines for pro-
pulsion, With the temperature limits of present day
materials and with air as a working substance the powsr
required by the compressor igs of the same order of magnitude
as that obteined from the turbine. The net power output
being the difference tetween those two is, therefore, very
sensitlive to changes in the =fficlency of slther the turbine
or the compressor, &t the time gas turbine devslopment
was started, turbines with satisfactory efficiencies
could bes designed owing to available steam turblne experi-
ences and to the fact that the flow in a turblne takes place
wlth & decrease in pressurs, (This feature promotes flow

with small losses.) Compressor experience, however, was



_1arge1y lacking, and the development of an efficlent air
compressor became one of the important problems in gas
turbine power plant development,

The first phase of gas turbine power plant develop-
ment was principally concerned with statlonary plants.
These units were particularly sultable for a medium range
of power (5,000 - 10,000 kw). The main application of
these units was for standby power and for power production
in locations where condenser water 1s unavailable, This
gize and type of power plant was in only limited demand in
this country. For this reason possibly, most of the early
development took place abroad, particularly in Switzerland.
With the advent of interest in Jet-propelled planes,
however, intensive study of gas turbine power plants was
begun in this country and in Great Britain. Again com-
pressor studies were in the foreground., The initial work
was done with centrifugal compressors, and the first pro-
pulsion units were built along those lines., With the
requirement of higher pressure ratios the necessity for
staging became apparent. Ior this purpose the axial com-
pressor has proved to be much more suitable, and investl-
gations on this type were Intensified. The axial flow
compressor also can be designed with a comparatively small
frontal area; this is of Iimportance because of drag con-

siderations in flight. The efficlency of a properly
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deaslgned axial flow compressor is somewhat higher than

that of a single stage centrifugal compressor, If more than
one stage 1s requilred by the centrifugal compressor, the
axlal compressor is considerably more efficient.

The detall properties of the compressor depend, of
course, on its particular design. The design of compressor
blading for particular performence and flow patiern l1s
quite complicatéd, and no very adequate general solution of
the problem was available at the beginning of the axial
flow research program. There was, however, one type ol
blading, the so-called "Free Vortex Blading" which simpli-
fied the flow pattern sufflclently for satisfactory
analytical treatment, For this reason this design was very
frequently used. Nevertheless, other designs may have
some advantagss over the "free vortex" design for particular
applications, £s to test results, a fairly large amount
of overall performance data was available, but systematic
results on detall surveys were infrequent,

In the course of the gas turbine develbpment in this
country, a general theory for the flow through an axial
compressor (referred to as "the theory" in the following)
was proposed by W. D. Rannie, The theory yields detalled
information about the flow, yet it is guite readily usable
for engineering work,

The project described in this thesis was started



when research on the axial.flow compressors was in aboutb
.thc stage just described., Tt wss felt that for further
progress, detailed experimental measurements would be of
service, For this resson 1t was decilded to undertake the
design and construction of extensive test facllities. The
installation was intended to allow overall performance
measurements as well as detalled surveys behind blade rows.
In addition, it was to he deslgned wilth an amount of
flexibility sufficient to make 1t sultable for a large
variety of experiments that might interest future
investigators, 1t was also Geclded to limit the present
tests to subsonic spzeds, because compressors for power
plants were to be orincipslly investigated, For satis-
factory operation, these compressors must have a high
efficlency., and in the case of aircraft engines, they must
allow a large flow per unit frontal area. Since it 1s
believed that these requirements will always be met best
by a subsonic compressor, the abhove restriction to low
speed tests was adopted., Adequate correction factors to
compensate for compressibility effects within the subsonic
range arc available.

Two research projects which would make use of these
test facilities were then 1anitiated. The first consisted
in studying a number of blade types by means of the pro-

posed theory, From this group two blade sets of special



interest were to be selected for manufacture, and detailed
éxperiments were to be performed. From o compasrison of
the experimental results with the values predicted by the
theory, conclusions on the applicabllity of the theory were
t§ be drdwn. In this study the portion of ailr which is
lightly affected by friction was to be emphasized. The
seeond project dealt with the portion of the fluid which is
greatly affected by friction, l.e., the blade wakes and
boundary layers; these were to be studied analytically and
experimentally., The latter problem was to be undertaken
by J. T. Bowen (Ref. 1), whereas the formsr problem was to
be investigated by the writer, The design and construction
of the test installation was done as a joint project,
This thesis consists of three principsl parts:
(a) The design and installation of the compressor
test facilities,
(b} A study of the characteristics of various blade
designs for given performance conditions.
(c) The experimental investigation of flow patterns
of two types of blades and the comparison of
thegse data with the results obtained from the

compressor theory.



II., Description of Test Facilitiles

2:1 The Compressor Installation

2:1.1 General Consideration

As the first step in the design of the test instal-
lation, the compressocr diameter and biade tip speed had to
be selected. In accordance with the purpose of the experi-
ments, conditions in subsonic flow only were to be investi-
gated,

The following considerations were kept in mind: The
speed should be high enough to produce pressurs differences
that could be measured with good accuracy and to give
Reynolds!' numbers higher than the critical one for the
blades. On the other hand, a low speed was desirable,
because it reduces considerebly the mechanical difficulties
inherent in the design. As a further requirement, the
dimensions of the compressor should be sufficiently large
to permlt the placing of instruments of reasonable size
into the compressor without serilously disturbing the flow.
The hub ratio (%% ) wes Lo be fairly swall Lo allow Lhe
investigation of three~dimensional flow,

On the basis of these considerations a conprsessor of
56" diameter, having 7" blades and turning &t a speed of
1500 rpm was selected.

The complete test installation reguired for the



operation of the compressor is shown in Figure 1.
In‘addition to.the axial flow compressor propsr the
principal equipment consists of an electric driving motor
(Fig. 1-r9 and Fig., 2) and two air ducts. The air enters
at the bell mouth (Fig. 1-F2) pesses through the inlet
duct (Fig. 3) and the compressor (Flg, 1-F5), and is
exhausted through a 90° elbow (Fig. 1-F8 and Fig. 4). The
discharge from the elbow 1s controlled by a throttle {(Fig.
5) which can be adjusted to obtain various flow rates
through the compressor. The electric motor 1s operated on
dirsect current so that good speed controel can be obtained,
and 1t 1s cradled in such a manner that 1its torque output
can be measured. The direct current is supplied from a
"Motor-generator” set located on a balcony above the test
installation (See Fig. 1-48). The specifications of the

electrical equipment are gilven in table 1.

2:1.2 Design of the Compressor

The selection of the compressor dimensions was dis-
cussed in the previous section., The selzsction of a sultable
number of stages was determined by the desire to make
possibls the attaining of essentlally equilibrium flow at
the last stage. To accomplish this, three stages were
nelieved necesgary. As a further requirement, the unit

was to be designed to allow for the exchange and pitceh



edjustment of the blades, so that experiments with seversal
| blade types might be carried out,

Various views of the compressor are shown in Figures
& to 9, and a cross-sectlonel drawing 1s glven 1n Flg. 10,
The compressor consists of the rotor and the stator, The
rotor is made up of a 5" diameter shaft to which the three
rows of moving blades are fastened like wheels to an axle.
The stator 1s split longitudinally into two halves for
assembly, and the halves are held together by bolts. At
each side of the machine there 1s a circular end bell which
serves as bearing support for the rotor bearings. The
bearings themselves are standard grease lubricated ball
bearings., No o0il lubricatlion is required, and the dis-
charge of the compressor 1is free of oil mist.

The blades of bhoth the rotor and stator are made
integral with a threaded stud and are bolted in place.
The blades are therefore exchangeable as well as adjustable,.
Accurate angular adjustment is secured by an indexing
arrangement (Fig. 11) which is fastened partly to the blade
and partly to the blade carrier (the compressor case or
the rotor hub}, With thils deslgn 1t 1s of course also
possible to remove some of the rows of hlades entlrely so
that the compressor may also be used as a two or a one
stage machine, For many investigations such stage by stage

teasta, in partienlar singlie atage tests will bs most



sultable.
| The measuring instruments to be used inside the
compréssor can be introduced through ports in the upper
half of the stator. When measurements are to be made, a
speclal instrument carriage can be inserted into the ports
(Fig. 12) at the sectlon in question. The remaining ports
can be closed off by inserts, These inserts are so designed
that stator blades can bhe fastened to them at the proper
locations,

If the compressor is operated with two stages and
thes bladss of voth the third rotating and third stationary
row are removed, the instrument holder is inserted in the
second port and the other ports are closed off by the
inserts., Of these, the ones covering the ports of the [irst

and second stage contain the proper stator bladss.

2:1.3 Construction of Blades

The determination of the inlet and ocutlet angle at
sach radius of a blade row 1s described in sectlon 3:4.1,
Having determined the air inlet and outlet angles, suitable
cascade solidities (such that the section 1lift coefficients
are psrmissible) are selected, With this information, the
rule of Constent {(see Sec. 3:4.2) 1is applied to determine
the raquirsd section camber angle, To insure low cascads

losses, the camber line at the leading edge is made tangent
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to the inlet velocity direction. A circular arc camber line
is then fitted to these cascade angles., The basic geometry
being determined, the thickness distribution of a known
airfoll is distributed about the camber using a suitable
maxiﬁum thickness ratio. The thickness distribution used
in this case is shown in Fig. 13, The airfoil outline thus
obtained is gilven in the form of coordinates in a Cartesian
system In which the airfoil chord forms the abecissa and
the origin is locatecd at the leading edge. A typlcal table
of coordinates for one cross-section is shown in table’z.
Such a table is prepared for about 5 to 8 blade cross-
sections (depending on the blade shape), The orientation
of the different cross-sections with respect to each other,
is given by the angle that the chord makes with the chord
of some reference cross-ssction, as e.g., ths center
section. The table of coordinates and the chord angles
are the basic data used for the manufacture of the blades,
The cross-sections are then orientsd to their
proper direction and located radially above each other so
that some dsfinite polnts, e.g., the centers of gravity of
the sections, are in a radial line. This method of
aligning brings about smooth blade contours. £#ny system-
atically selected point is satisfactory as far as the blade
contours are concerned, the center of gravity is, however,

particularly sultable, as it provides uniform distribution
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of the centrifugal forpe..

For the manufacture of the blades, the selected cross-
sections are vlotted on steel plates to an enlarged (10
times) scale (Fig. 14). (Steel plates are used instead of
drawing paper to avoid shrinkage resulting from changes in
moisture.) These drawings are then photographed and printed
at full scale (reduced 10 times from the drawing) on
template stock. The templates are filed from this stock by
hand. The blade itself 1s then cast (either in sand or in
a permanent rnold) and finished by hand to fit the templates
(Figs. 15 and 16). As & spob check, one blade is éectioned
(Fig. 17) at the specified radii and each section is
photographed. These photographs are then enlarged 10 times
- and compared to glass contact prints of the original steel
drawings (Fig. 18). In all cases the agreement was
extremely good. A machlne drawing of a blade is shown in

Fig. 19, The blades were manufactured by the Aerolab

Development Co,., Pasadena, Californise,

2:2 Instrumentation

The measurements for which the compressor instal-
lation 1is intended consist of two gensral types, those for
the determination of the overall performance of ths com-
pressor and those for detailed surveys of velocity and

pressure profiles near the blade rows, The instrumentation



provided for this purpose 1is described in the following

sections.
(a). Tachomster (Compressor Speed Measurement)

The rotstional speed of the compressor is measured
by means of a meter manufactured by the Standard Electric
Time Company., The metsr consists of 2 small synchronous
generator which is directly coupled to the dynamometsr
shaft, The generator drives a synchronous motor whiech
operates the indicators of the meter. Two indications of
spesd may be obtalned: flrst, the 1nstantaneoué speed 1s
indicated in rpm on the center dial; second, a revolution
counter and timer is provided (ses Fig. 20). The counter
is switched off and on automatically by the timer so that
the number of revolutions in a glven period is obtained.
The instantaneous indicator 1s accurate within about 2 rpm.
The accuracy of the other method depends on the psriod
over which the count is taken. In the work done so far it
was found satisfactory to use one minute intervals, The
speed (as observed by the instantaneous dial) remainsd
practically constant during this time, and the accuracy
obtained in this way 1s better than one rpm.

The accuracy of the meter as well as the constancy
of the rotatlonal speed was checked by taking simultaneous

oscillograph records of the output of the synchronous



generator and of a standard tuning fork. The accuracy
figures given above were obtained from these comparisons.
It may be mentioned here that instead of using the signal
from the tuning fork the radio frequency signal from the

Bureau of Standards (WWV, 2.6 MC) may be used conveniently,
(b). Torquemeter (Dynamometer Torque)

When the motor spsed is known, the driving power may
be calculated, once the torque is determined, Torque is
measured by measuring the force on the cradled motor case
at a given distance from the center of rotation (Fig. 2).
The force in turn 1s measured by a diaphragm type force
meter manufactured by the Hagan Corporation, This device
consists essentially of a diaphragm which is loaded by the
unknown force on one side and balanced by ailr pressure on
the other side. The bhalance is effected by a check valve
actuated by the diaphragm. The air pressure is then
measured by a mercury_manometer, and this pressure 1is an |
indication of the torque. The unit is calibrated by dead
welghts, with the dynamometer detached from the compressor.
Calibratlions are made hefore and after each run. A
typlecal calibration curve 1s shown 1In Fig., 21. The maximum
torque measurement anticipsted 1ls of the ordsr of 300 ft,
i1bs, To obtain hetiter accuracy the diaphragm meter was

selscted for a range of only 50 ft. 1bs., and dead welghts
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were Qbfained to counter balance any toroue above this
ﬁalue. In this menner an accuracy of about 0,4 ft. 1b, is
obtained., It should be rnoted here that the force pickup

is quite sensltive to shocks caused by imperfections on the
rollers of the cradle suspension., To obtaln a non-
fluctuating indication on the mercury column it was neces-
sary to polish the roller surfaces and to machine them to

g concentricity of ,0002 inch.
{({c)., PFlow Rats Measurements

The flow rate through the compressor.is determined
from measurements of the velocity profiles in the entrance
duct. A& plane normal to the compressor axis and about
midway between the compressor entrancs vanes and the duct
inlet was selected for the profile surveys. At this
section velocity surveys were made with a Pranatl type
pltot tube having a tip diameter of 5/16". Since the air
velocities in the duct are of the order of 50 ft/sec z very
sensitlive manometsr was required to obtain the desired
accuracy. The pltot tube was therefore used in connection
with a water-riicromanometer manufsctured by the !Neriam
Instrument Co. (Fig. 20). This instrument is of the
"movable-well" typs snd can be read to an accuracy of .001
inch of water. In addition to the velocity pressures, the

static pressure at the wall of the duct wes also recorded.
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One survey was made for each valve setting, and from the
‘surveys the dischargs fate of air was computed. This dis-
charge rate was then correlated with the wall pressure,
and a calibration chart of wall pressure vs. discharge rate
ﬁas prepared. In all further runs the discharge was
determined by a reading of the wall pressure, The calil-
bration curve is shown in Fig. 22. With the necessary
density determinations (scc Ref, 4) the discharge was
obtained to an zccuracy of about ,25%,

For density determination, the wet and dry bulb
temperature was measured ia the bell mouth enilrance to an
accuracy of 1/100F. The bharometric pressure was measured

by a standard mercury barometer.
(d)., Instrument Carriage

The foregoing measurements constitute the principal
ones f'or the determination oi overall quantities. For the
detailed surveys, measurgments were made directly down-
stream of each bhlade row, The probes used for these
surveys all had stems of ,158" diameter and small measuring
neads (see Fig., 23). They were used in a specially
constructed traversing carriage which is shown in Fig., 24,
It consists of a(base and a movable carriage head. The
base fita into the oomﬁressor ports described in see. 2:1.2,

in such a way that its bottom surface fits flush with the
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inside bf the cémpressor case. The probe is located and
‘held in the carriage head by a collar, soldered accurately
to the'probe. It is ﬁhen posltioned by means of the thrse
wheels on the side of the carriage head. The top whesl
moves the probe radilally, the center one turns it about its
own axis, and the hottom wheel moves the entirs carriage
head in a circumferential direction, The corresponding
dials give the position of the probe. To cover the slit in
the carriage base which is naeacessary to allow the circumfer-
ential movement, a flexible sliding tape is made to move
with the carriage hesad. The sliding tape covers the slot
completely so that the inner surface of the compressor

case 1s esseﬁtially unbroken except for the protruding
probe., The ends of the tape recede into the inside of the
carriage base., & photograph of the carrilage showing the
tape and protruding probe is given in Fig. 25. & cir-
cumferential angle of 15° can be covered by the travers-
ing probe. This angle is:about 30% greater than the 11;}p
stator blade spacing. Further traversing in the tangentisal
direction is not required as the flow picture should be
identical for each segment. This assumption is confirmed
by the measurements in the overlapping portion of the area
covered by the carrilage as well as by additional Qhecks
through radial holes at two other cirecumferential locations

(see Fig. 26).
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Thre manufacture of the carriage, as well as the
4detail design, was performed by Boller and Chivens Engl-
neering Company of South Pasadena, California.

The accuracy with which the probe can be positioned
by.the carriage 1is approximately as follows: Radial
position, .01 inch; tangential position, 0.05 degree;

probe orientation, 0.1 degree.
(e). Yaw Probe (Velocity Direction Measurement)

For the measurement of flow direction a cylindrical
vaw tube was used (Fig. 23). The tube is .158 inches in
diameter and its pressure orifices measure ,015 inches.
The orifices are spaced 55° apart, The two side holes are
used lor delermining Lhe flow direcllon, and the center
hole is.provided for total head measurements. When the
pressure at the two side holes 1s equal (i.e., the differ-
ential pressure between ths holes 1s equal to zero) the
center hole is pointing in the direction of flow. This
tube, as well as the two to be described, were originally
developed at the Pratt and Whitney Corporation, and complete
reports on thelr characteristics are available (Ref. 2).
The prohes were procured from the Whitney Instrument Co.,
East Long Meadow, Mass,

To check the direction indicated by the tube, a

calibration was made on a test jet (Fig, 27). The carriage
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with yaw probe in place was installed nesr the calibration
‘jet and adjusted to lie in a horizontal plane. The probe
was then positioned in the jet and turned about its own
axis until the pressure differential between the side holss
vanished. Thils direction was recorded, and the experiment
repeated with the carriapge rotated about 180° and remaining
In the horizontal plane. The mean of the two readings
minus the angle of the normal to the plane of the carriage
gives the correction which has to be applied to the

carrlage angle,

(f). Pitot Static Probe (Velocity and Total Head

Measurements)

£ small Pitot Static Probe (Fig. 23) was procured
for the measurement of total head and velocity hesad, The
tube has a dlameter of ,158" and the measuring tip is ,058
inches in dilameter, tThe total head orifice and the statie
pressure orifices are_.oeﬁ inches and .00¢ inches in
diameter respectively. The probe indicates fotal head and
veloclty head within about 1% 1f it is pointing within 30
of the flow direction. To insure proper alignment a survey
with the piltot statie tube is usually preceded by a yaw
tube survey. In the operating range of the test compressor,
radlal veloclty components are believed to be sufficiently

small so that no appreciable errors in total head and
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veloclty measurements rssult, This agsumption is verified
.by good agreement obftained hetween flow rates measured in
the eéntrance duct and those ohtalned from detailed internal

measurements, (see Table 3),
(g). Xiel Probe (Total Head Measurements)

The XKiel probe (Fig. 23) 1s a total head tube with
a shlelding duct. The diameter of the tube 1s .158 inches
and the duct has a length of about .32 inches with a
diameter of .125 inches, The pressure orifice 1s .032
inches, This probe is particularly useful for the total
pressurs survey of a flow whose direction is not well
known, as the probe is guite insensitive to dirsction.
The total head reading is correct within #% if the probe

direction is within 30° of the flow direction.
(h). Pressure Pickup Gage

The orifices of the aforementioned probes are all
extremely small as set forth in the description. Under
some conditions, therefore, they are not suitabls for use
with a water manometer because such a manometer requires
considerable flow through the small orifice for a change in
oressure. The time required for equilibrium reading is
extremely long, To avoid this difficulty, the small

orifice probes are used with an electrical pressure pickup
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which consists bf a small plunger which actuates strain
‘gages, The gage 1is maﬁufactured by the Statham Company,
Los Angelss, California, This gage requires practically
no flow for a change 1ln pressure and the response of the
system is quite rapid.

The resistance change of the gage with pressure is
detected by means of a special bridge, similar to a
Wheatstone bridge. The clrcult is shown in Fig. 28. To
calibrate the system, the gage is connected in parallel
with the mlcromanometer, and a relation between the strain
gage resistance and the applled pressure 1s obtained.,
Typical calibration curves are shown 1n Fig, 29. The
curves are for different pressure ranges., Those different
ranges may be obtained by adjusting the proper resistances
in the special bridge. With the range of 2" of water, the

pressure may be read to .002" of water.



111, Compérative Study'of Blade Types

%:1 Brief Developnent of Compressor Theory

21,1 Ihtroduction to Ths Problem

The flow through an axial flow compressor constitutes
a very complex problem in fluid dynamics. The difficulties
become apparent 1L one comparss thls problem to that of
determining the flow about an alrplane wing., In the case
of the compressor one has to deal not with a single wing
but with a large number of wings, the blades of the com-
pressor., Rach row is formed by & large number of 1identical
blades, and varlous rows opsrats axlally adjacent to each
other, The rotor rows move relative to the stator rows,
and the ensrgy of the fluid is changed when 1t passes
through a rotor., In terms of fluid dynamics, the problem
therefore consists of calculating the flow of fluid through
closely spaced alrfoil cascades, the flow being neilther
irrotational nor of constant energy, The former property
applies even though the fluid were assumed perfect, because
the rotztionality is introduced by the trailing vortices
of the blade rows. The change of energy is due to the
action of the rotor.,

It becomes then the taslk of the enginser to reduce
this problem to one capable of solution, hy making justi-

fiable simplifying assumptlons. Most present analyses



22

have in common the assumption that the fluld is perfsct and
that there are an infinite number of bhlades in each row.
In addition, various other simplifications are introduced
by several authors, One of the finest and most detailed
analyseé of this kind was carried out by F. Marble (Rcf. ).
This analyéis is suitable for determining ths blade shaﬁe
for certain desirsd flow characteristics, and it gives
detailed information on the complete flow picture for this
case., DBecause of the comprehensiveness of this analysis
the actual numerical calculatlons are, of course, quite
laborious for engineering use.,

Mlarble's analysis does, as was pointed out, involve
among others the assumption of a perfect fluld, and a
discrepancy of a few percent between computed and measured
results must be expected., It may then be argued that
simplifiying assumptions within the perfect fluid thesory
which are estimated to iantroduce only errors of the sams
order, are also permissible,"if engineering applications
are of primary consideration. _A theory of this kind was
developed by W, D. Rannie (Ref. 4). The theory gives
detalled information about the flow Lhrough a compressor,
nevertheless 1t can be quite convenlently usz2d for the
solution of the "direct" (calculation of flow from given
blades) as well as the "indlrect" (calculation of blade

shepe for desired profile) compressor problem, It is
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therefore quite suitable for engineering studies (see sec.
3:3) and engineering design. .as mentioned in section T,
the purpose of the experiments o be described in section
Iv df this thesis was to check the adequacy of this theory.
In the following section a brief development of the theory
will be given. For a detaliled presentatlion, reference is
made to the original paper (Ref. 4).

It is intsresting to point out that nothing in the
theory will reétrict the working fluid to air. The results
are, therefore, generally valid and apply, es.gs., to axial

flow water numps as well as to alr compressors.

%:1.2 Development of 3asic Eguations

As was mentioned, the first assumption made in
developing the theory is that of a perfect fluid. .s the
pressure ratio per stage is usually moderate, a second
assumption is permissible, i.e., that the fluid is inconm-
pressible. '/ith these two assumptions, the baslic equations
governing the flow through a blade row, the three Rulerian
equations and the continuity equation are written.

The assumption of an infinite number of blades in
each row is then introduced; this implies full axial
symmetry, i.e., there are no changes in any quantity with
the circumferential angle . Lot two sections - - - one

far upstream of the blade row and one far downstream - - -



be considered. Quantities at these sections will be given

n_n

“the subscripts "a" and "b" respectively. At these sections
the radlal veslocitles must have vanished., TUnder these
conditlons, the first of ths Fulerian equations (the

equation for the radial directlon reduces to

@ N, . R (1)
£ = 27

alt the upstrsam ssction, and to

Pt % (2)
% %
at the downsiream section, where
£ = tip radius

Ua

i

tip apececd of rotor blades

&
3
1

clrcumferential velocity component®

s ¢ = axlal veloclty component

@w= %% = Dimensicnless angular velocity (this quantity
1s unity for a rotor and zero for a stator)
kf' = radial distance

static pressure

»
t

fluid density

\.o
1

e

“ In cases where confusion cannot arise, the 4i-
menslonless coefficient X is called "tangential velocity
component", ¥ "axial velocity component", ete., the word
"dimensionless" being omitted.
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Next the Fulerian equation in its vector form is iategrated
along a streamline again from a point way in front to a
point far behind the blade row. This results in the

Bernoulll equation, which in the present notation becomes
A fpat(AAR) = e pput (4} 45 (3)

in the case of a stator row,
For a rotating row, the integration is carried out
along a streamline relative to the rotor and the result

becomes
A ppet (Rogi=20f0) = gotpa(fogi-2ofh) D

The continuity eguation will be used in its differ-

ential form, which gives

A A ')

It is now assumed that any changes in the flow
profiles due to the action of the blades take place while
the fluld is moving through the blades., Any changss in
velocitles which occur outside the blade row are considered
to be negliglble., According to this assunption, the
velocitles which appear in the foregoing Bernoulli relations

are practically equal to the velocities at the leading and



tralling edge of the cascade respectively, so that these
velocitics can ke used.in determining cascade blads angles.,
This assumption is pleusible because of the follow-
ing reasoning: The total radial shift of the streamlines
from a point far in fronb bo a point far behind Lhe blude
row can be calculatsd and is in general small, compared to
the radius, This in turn mesns that the radial veloeities
will be small compared to the axial velocities, This
ghould be particularly true outside the blade row, as a
large part of the shift should be expected to take place
wilthin the blade row, the place where thes forces are acting.
The same type of reasoning applies to the axial velocity
component, as the change in axial velocity is related to
the streamline shift by the contlnuity of mass flow,
Lastly, the change in tangential velocity after leaving
(or before entsring) the blade row must also be small,
because there are no tangentlal forces acting on the air
outside of the blade rows. There 1s therefore no change
in moment of momentum and the tangential vslocity of a
flvuid particle must be proportional to its radial position.
This radial position changes, however, only slightly
because of the small radiel shift, which was just mentioned.
It is mainly this essumption of negligible radisal
veloclitles and its conssquences which simplify the com-

pressor theory so much., It makes the compressor thsory
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sufficiently flexible to allow a comparatively simple
.treatment of the direct as well as of the indirect problem,
Equations 1 to 5 then are the basic ones to be used in

this development, as will e shown in the following
sections,

The preceding argument 1s, of course, supposed to
show merely that . the assumption is plausible. Checks on its
validity are discussed with the aild of the experimental
date in section IV, in accordance with the purpose of
these experiments. The assumpbtion is, however, also
supported by the calculations of the flow pattern for a
tyopical case as @arried out in section 3315, using Marble's

results (Ref. 3).

3:1,3 The Direet Problem

The "direct problem" in compressor design - - - in
analogy with the wing theory - - - consists of determining
the flow through a given blade row. The approaching flow
will be considered known, and the flow lecaving the row is
to be determined. In accordence with the previous develop-
ment the blade row is taken to consist of an infinite
nunmber of blades. This in turn means that the exit angle
of the flow 1is known and independent of the entrance
condition.

Let a rotor row now be considered., Differentiating



the Bernoullil equation (eq. 4) and substituting the first
'Eulerian equations (egs, 1 and 2) for the pressure differ-

entials, ons obtains

A}L[ 2+ 44 {,{ A, A, a/ :
. DA T 4 )/ A vt (A w20 70)  (8)
Af, % )

On the left-hand side, the combination of terms

A Yot
‘?7‘L *zj“%(’la*%)
is proportional to the energy gradient of the approaching
flow, and this function will be designated by the symbol F# .
From the geometry of the velocity diagram, the tangential

velocity component 4, is seen to be equal to

Ab: CJ‘&~}2 c«:Z"ﬁE ‘ (7)

Where(% is the knpwn exit angle from the blade row,
Substituting these expressions into eq. 6, the following

relation is obtained

(mf—zcof(sc ~f;§/ e gt ot s, *f/ /,:_ (?;,1/

From the contlnulty rslatlon the ratio'déé%js shown to Dbe
’ 4

equal to
~AL - %%
A4, S




Substituting this equation and simplifying, one obtains the

following differential equation for ¢ .

“Qﬁ ; ’c“7% Sy nh‘ - £ cos :& sin 3 = A
7 e 1 )k “/2 G, ﬂa(’{‘)/

* }Z /—f/nz
i &

The ratio of the two streamline radii before and after the
blade row, fbéi > 18 equel to unity at the inside and st
the outside radius of the channel and differs from this
value only very slightly at other radii, for almost all
practical cases. Thils ratio will therefore be taken equal
to unity as a first approximation. The foregoing differ-

ential equation can then be solved, the answer being

%
f__f. c.’as/.i’£ Af

cos
?Z
g JIHP}: jj/&)(.zco:{.? - sm(3£ d [f/l)-f-F .r/h/;?/ /d’f'f-/( (8)

The constant X 1ls evaluated by means of the inlegraled

continuity equation, so that
/ /
/%}:n’ﬁ r/j:);d;z (2)
e %

If it is desired to find the streamline radius f of =

stream surface benhind the blade row, which had a radius of
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j{ in ffont of ihe blade row, this may be done as follows:
‘ﬁccording to the definition of the stream surface, the
flow between two stream surfaces 1s constant at any cross-
section. Taking the inner cyllinder of radius ﬁ' as one
stream surface and the stream surface in guestion as the

other, one can wrilte

% %
'/%;,/{ - (g (10)
% %

This 1is an eqguation for the limit of the right-hand inte-
gral., It is usually most convenlent to evaeluate eqg. (10)
by plotting both integrals vs, f'. Vertical lines
(constant flow rate) on this graph will intsrsect the two
curves at corresponding radil A% andA;f. A relation
between £ and £ can be obtained in this way (see Fig, 46).
This function may then be substituted in eguatioan (8) for
a second approximation. In ths cases considered in this
report (see sec. 3:5) this was not necessary, for the
accuracy desired as the ratio of the radil did not differ
sufficlently from unity ét any radius,

Equation (8) topgether with the geometrical relation-
ship of equation (7) gives then ths complets solution for
the flow through a rotating blade, The same equation is,
of course, applicable to a stator row, It is just neces-~

sary to set the dimensionless angular velocity,w , equal



to zero,‘ It 1s this equation which has been used to calcu-
late the veloclity profiies in section 4:2, Some simplifi-
cations of the equation are possible in special cases,

'If, e.8., the approaching flow 1s of constant energy; the
faétor F 1is equal to zsro. Also, in soms cases the differ-

ential ;% (# A may be evaluated analytically.

5:1.4 The Tndirect Prohlem and The Selection of Blade Typss

The "indirsct problem" is concerncd with thc design
of compressor blading for dertain given conditions. For a
large number of applicatlons multistage corpressors sre
required, zsnd ln this cass & repezating flow pattern will
in general be chosen, The Tollowing ciscussion will apply
to this type of compresssor,

Consider a single stage, 1l.e,, a rotor followsd by
a stator, of a multistage compressor, Three locations will
be of interest, a cross-sectlon in front of the rotor, one
behind the rotor and one behind the stator, Quantities at
these cross-sections will De denoted by subscripts 1, 2,
and 3 respectively.

With these provisions the Bsrnoulll equation for

the flow through the rotor becomes

P pput (Aen'=224) = goetpa(Aagt-204)  (11)



snd that for the stator becomes

Ao g P (N n) - B egpat(af -5 (122)

The requirement of a repeating flow pattern, however, means
that the velocity 1s the same in magnitude and direction
after each full stage. Therefore 4; must be equal to A, ;

% equal to ¥ , and f, - #, . Equation (12a) thsrefore

becomes

Pt g put (BAh) - A fpad (Aregt) (12)

The second Eulerian equation applied to the three cross-

sections, ylelds the following

3

Ao - Ap . pat A (13)
AL A, 5,
and
. purt A (14)
S, | '

Finally, the continuity equation in its integrated form

gives

[ri4 - [k g L) (15)
Fs




where §; is the average axial velocity component.

These equations are the baslic ones developed in
section 3:1.2 applied to the present problem, For use in
the following they will be rearranged somewhat. From
equations (11) and (12) one obtains

A L p- 2L A4~ FA)
hpus

Within the accuracy of the linearization (Sec. 3:1.3) this

becomes

¥ 2f(A-A4) (16)

Differentiating equation (12) and substituting equation

(13) it follows that
l" + L _11 /]:'4-%" = 4, + £ A A + ‘ '
f 14( )Zi 14( Vy (17)

This may be arrenged into the form

(V)

4%

o ) .Z/AJ : +~.‘47(A il
"+ (f/ 7 __,Li/

The boxed equations will be used in this discussion. & in
equation (15) is the given design flow and in equation (16)
¥ 1s the work coefficlent, From the postulate of the

repeating flow pattern and equations (13) it follows that

iz constant at the design condition., The local value of ¥
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therefore 1s equal to the average design value %Z.
‘Furthermore, the integrated continuity equation serves only
as a boundary condition and 1s used to evaluate thée
constants of iIntegration. Consequently; the problem con-
sists of two equations (eq. 16 and 17} and four unknowns
(%’71’4/”h1 ). Two additional conditions may therefore
be imposed.
F'or most applications of axlal flow compressors the
entering air 1is of nesrly constant energy. This means
that there is no change of total head with radius, or
gymbolically
g/ S _ (18)
~f
Since ¥ was shown to be constant, this condition will hold
throughout the compressor, The two sides of equation (17),
now, just representi the change of total head with radius,
so that, by virtue of squation (18), we may set esach side

equal to Zero, Dropping the subscript for 3( , one obtains

A(R) + £ o (fA). O (19)
Af 7 Af

Al . £ oA (£4) -0 (20)
A7 ~f

%1

The system to be solved ccnsists now of three equations
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and foﬁr unknowns, This means that with the design per-
formance (% and %, ) and entrance condition (5? -0 )
specified, still one quantity may be seiected at will, In
other words: An infinite number of blade types can be
designed to give a specified performance at spccified
entrance condltions, ZEach bhlade type will have special
properties, and the most suitable one can be selected for
each particular applicatlon. As an example of the proper-
ties that may be controlled in this manner the velocity of
the air relative to the blades is mentioned., For high
aspeed compressors this velocity should be low in order to
avoid adverse compressibility effects. The maxirmm rela-~
tive velocity can be kept low by using the proper blading,
For this study the tangential velocity in front of
the rotor ( A, ) was selected as the additlonal condition
that can be imposed on the problem, For the seriles
studied, A , was taken to be of the form l,=“fm, where o« 1is
a constant and » was taken equal to -2, -1, 0, 1, and 2 for
the various cases, This series was selected because the
correspondlng blades cover quite a variety of shapes and
because the most frequently used blading (1,’%%) is a
member of this series, Names have been attached to two of
the blade types corresponding to the above selection of the

circumferential velocity, A, . If n = -1, the resulting

blade type is called a "fres vortex" blading, because the



distribution of the circumferential velocity component is
the same as that in a "fres vortex". Similarly, the blad-
ing corresponding to n = 1 is called a "solid body" blading,
There is no other significance to thsse names,

As an example the solution of the eguations willlbe
carried out for one case, the case n = -2, Substituting

A= ¥e into equation (20) one obtains
f

-5

a2
L r) s-h H (=T ) 2F

or

| =
T R

From equatlion (16) A, is found Lo be equal to

Ao dr s L ¥
I A AN

Substituting this expression into equation (19) one obtains

o o? =Z:¢_}f"+ﬂ+i»=}/—/:(+£_’_<:
4‘7[5’) 5 “’f/‘f 7 f‘) 7~ f

'Upon integrating this becomes

- -~ £ XY o x”
7 “ 3 7?3 i’jﬁ



or

The constants 4 and 4 are evaluated by means of equation

(15), as follows
.
/M——;—}u 7 -+ 75
%

and

i 7
(Vo325 74 - 500 1)
4

These integrals have to be evaluated graphically; only for
some special values of n can an analytical solution be
found.

The same procedure is followed for other values of
n., It should be noted how particularly simple the solutilon
becomes if A, - "Vf . In this case g - % - 57 i1.e. the
axial velocity is constént throughout the compressor, It
follows that there 1s no streamline shift and no radial
veloclity, Consequently the compressor problem is actually
reduced to a two-dimenslonal one, It is largely because
of this analytical simplification that this design (the

ft

so-called "free vortex" design) has been used so frequently.



There 1s, however, one property unique to ths "free
vortex" blading: the axial velocities ¢ and % are not a
function of the hub rafio. In multistage machinss, there~
fore, in which the density change of the air 1s considerable
the same blade shapes may be uscd by slmply increasing the
hub ratio aﬁd decreasing the blade length. A&t each radius
then the blade sections for the rotors and stators
regspectively will be identical throughout the compresaor,
This may mean a consideradle simplification in manufactur;

ing,

3:2 Criteria of Comparison

The numerical calculations for the above sat ()7=“fn)
were carried out, taking the work coefficient ﬂ& egual to
.40, and the discharge coefficient 2? equal to .45. A hub
ratio of ,60 was used throughout and, in order to obtain
a more uniform basis of comparison, ths tangential velocity
at midradius was kept constant for all designs, (The effect
of this assumption is discussed later.,) For these con-
ditdions certaln characteristics of the blades were computed
which were believed to be of importance for selection
purposes, The charactsristics that were computed are the

followlng:



(a) ilaximum Relative Velocity.

The relative velocity was computed for various
sections'of the rotor and stator and the maximum for each
blade type was noted., The maximum relative velocity 1s of
importance for air compressors because it determlnss the
place at which adverse compressibility effects will first
occur. A low relative velocity is therefore desirable for
high speed compressors, In determining the vslocities for
this study, values were taken from the velocity diagrams
and no attempt was made to detzrmine loecal velocities at
the blade surfaces, The values will, however, be charsc-
teristic and the relative merits of the different blade

types 1In this respect will De correctly indicated,.
(b) HMaximum Turning Angle.

The angle through which the air is turned was com-
puted for various sectlons of the stator and rotor., The
largest angle was recorded for each blade type. The angle
of turning is related 1;§ the 1ift coefficilent, ILarge

angles are liable to cause cascade losses and early "stall",
(¢) Maximum Chord Twist.

The angle between the chords of the tip and root

was computed for the rotor and stator, The larger one
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(it usually occurs on ths rotor) wes compared to ths
valuss of the other birde Lypzs. Thz charecteristic of
blade twist is of intersst mainly for structural asnd manu-

facturing ceasons. & large twist 1s undesirable in shis

Tespact.
(d) Resction Ratio.

1The reaction ratio was defined as the pressure
Inerease through the rotor divided by the presssure incrsase
through a complete stage., In the previous notation this
ratio is given by
P - 2 -7 (21)

7% = 7%
For the cass of a multistege compressor with repesting flow
pattern, this is equal %o

p - (’Ll_’l:)"(%’L‘%L)*‘Zf(/l"/l’) (21a)
2}’{’{& "(:)

by virtue of sq, (11) and (12). This ratio was computced
for various sections of each blade type. The minima end
maxima were used for comparison.

It is desirable to kesp the pressure incresase
through reotor and stator fairly well balanced so as to

avold too rapid diffusion in either rotor or stator,
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Rapid diffusion is undesirable because it causes losses
through excessive boundary layer growth, which eventually

leads to separation,
(e) Cavitation Cosefficient.

The phesnomenon of cavitation occurs, of course, only
if the working fluld of the compressor (or rather pump) is
a liguid. In this case cavitation limitations correspond
largely to the compressibility limitations which occur
when the working fluid is air, although the physical
proceasses are entirely different. DBoth effects will first
become apparent at the point of the blade surface where
the pressure 1is lowest and the velocity highest. For this
reason the cavitation tendency would be well indicated by
the previously discussed criterion of "maximum relative
velocity". It is, however, desired to establish an order
of magnitude of the pressurss involved and slso to indicate
how caleculations of this pressure could be carried out,
provided the necessary expsrimental data were available,

& coeflTiclent indicating the tendency to cavitation was

therefore defined as

o's L7 7 (22)
i

where p, 1s the pressure of the purely axial flow at

entrance, and p is the minimum pressure occurring near the
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leading édge of the rotor blades. This minumum pressure
éan be computed only when the blade sections are known
precisely. A nominal value that should be fairly satis-
vfactory for purposes of comparison was calculated in the
following way.

A mean relative velocity «; was defined for the
rotor as

a);-nz'.; Z,+,_?-+ —’{,"’L-L
(Z2) (2V) (Lz——)

“«o

and the corresponding mean pressure 1ls equal to
Bt PTEP(Y )

where «w;, 1is the relative velocity in front of the rotor,

which in the previous notation 1is defined by

1A

8
wy - - -
(;:) - (’f'AJ 7
The pressure coefficient for the minirmum pressure point

was defined as

C - L
P et

and 1t was now assumed tnat thils coefficient 1s pro-

portional to the 1ift coefficilent, i.,e,
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The 1ift coefficient in turn is given by the equation

pun’’ = fpat<C

where the circulation /7 is equal to

[’ = ‘(af[/{t'/-zl)

With these equations, the cavitation coefficient becomes

o' Zefg)(A-) (AL d) +(azn)

(23)

,.[{,,\’)",, (z [—;; - )2 (,l,‘+%") - (_Y’_;_}})L

This derivation is somewhat indirect. It was, however,
deslred to include the coefficlents C, and C, based on « ,
because available test information is usually given in this
form. From the data a value of 4 for "a" was found repre-
sentative (Ref. 5), and (%< ) was taken from the "free
vortex" blading of the present compressor.

With these assumptions the coefficient o' was
calculated for various radii of each blade type and the
maximum value was used for comparison, A large value of o’

indicates a tendency of the blades to cavitate., It is

again emphasized that the coefficient here calculated is
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approximate and should be regerded only as gilving the
‘relative cavitation tendency of the blade types as well as

the correct order of magnitude.

3¢3 Comparison of Blade Types

The criteria of the previous section were computad
for the selected blade sets and the numerical results are
presented in table 4. The veloclty diagrams are shown in
Fig, 30a. As expected, although designed for the same
oversll performance condltions, the blades do exhibit a
difference in thelr characterlstics. PFor a more convenient
comparison, the blade types have been listed in table 5
in order of their suitability for each of the criteria,
Using the table as a whole for a basis, the types,g=<x{L 5
and A,-«f show up most fsvorably. They are then followed
by the types d-«s A= /f and A,-/¢*. Let the com-
parison now be made for a single criterion, e.g. the
important one of lowest relative velocity., Thers again
A, = o('fL and A, - a(;’ are most favorable with A, -« /\,=°(/f
and A,=%4“‘following in this order. The reduction in
relative velocity from the "free vortex" hlading to the
"so0lid body" blading is about 10%. This reduction, al-
though not large, is significant for high speed compressors,
Also one would expect the differences to be more pro-

nounced for smaller hub ratios, Similar comparisons can be



made for the other criteria, In general, then, some of
fhe other blade types show deflinlte advantages over the
"free vortex" type and they should be considered carefully
in compressor design,

The study 1s, of course, not complete, Cne of the
limitations.imposed was that X, at the midradius was taken
equal for all types. {(The value chosen for A, corresponds
closely to a 50% reaction at the blade center.) To
observe the effect of the. removal of this restriction, the
"free vortex" and "solid body'" types were calculated for a
large range of values of A, at the midradius (see tables 6
and 7, and Figs. 30b and 30c¢). This changes of course the
reaction ratio at the center and also the twist of the
blades. It does, however, have only a very slight effect
on the other criterla. This can be seen by inspecting
again table 5, in which the optima of each property for the
whole set of "solid body”" and "free vortex" blading were
sntered with brackets.

A second limitation was the assumption that ¥ be
constant, This assumption does apply for a typical stage
of & multistage compressor, For some specilal single stage
designs as for instance for the first stage of a multi-
stage compressor and for some wind tunnel fans, a different
distribution of y may be advantageous. In this study,

however, the assumptlion ssems sppropriate.
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The third 1imitation lies in the type of function
‘used for A, . By using different funcitions more blade
shapes can bs obtalned, and some of these will no doubt
exhiblt improvements in special characteristics., The
possiblevimprovement is, however, beliesved to be limited.
As an exampls, a flow pattern was constructed to give a
minimum value for the maximum relative velociﬁy. In this
construction only the conditions for ensrgy addition and
continuity were satisfied and the Eulerian equations were
disregarded., Nevertheless, the resulting optimum flow
pattern had a maximum relotive veloelty (in terms of tip
speed) of as much as (,70). The best maximum velocity of
the blade types which were analyzed was as low as (.81).
This then may be taken as an indication that not much
improvement over the hlade types investigated can be
obtained. It may be said then that the study does cover
quite a range of different blade shapes and should be

representative as a general survey.

3:4 Particular Designs

3:4,1 Design Flow Pabterns

The blade study of the previous section will now be
used as a basls for selecting two blade sets for the

experimental work, For this purpose two sets are of
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particular interest: the "free vortex" blading ( A, = %/ ),
‘and the "solid body rotation" blading ( A =xf ). The "free
vortex" blading was selected because 1t was desired to
measure in detall the flow pattern of this more conventional
set at 1ts design point and to determine its efficiency in
order to establish a basis of comparison with other blade
types., Off the design point, this blading does not possess
any propertics simplifying the flow pattern, and the
experiments at these flow rates lend themselves very well
for checks on the theory. The "solid body" set is of
general intersst because of its advantageous properties,
which were discussed in the previous section, It is of
speclal interest here Dbscause 1t represents a blade shape
very different from the "free vortex™ blades and leads to
three-dimensional flow at the design point as well as off
the design point, This will give further check on ths
proposed compressor theory, and it will show whether or not
such a blading has a comparable efficiency at its design
point.

For these reasons 1t was decided to construct a set
of each of these two blade types. (See Fig. 31)

The calculations of the design flow pattern were
carried out as shown in sectlon 3:1.4. They will be

briefly outlined in the following.
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(a) "Fres vortex" blading.

The "free vortex"'blading implies the assumption

Ao ¥y

A, is then determined from equation (16), which gives

Substituting these expressions for A, and A, into equations
(19) and (20) respsctively and integrating one obtzins

?0" /C,

and

By use of the continulty equation both constants are seen
to be equal to the average axial velocity componsnt 55 so

that

—

VA

The particular simplifications which occur for the "free
vortex" design were pointed out previously. The constant
was selected here so that the 50% reaction point is
located at f = 0.7. This radius was selected for the 50%
reaction point in preference to the midradius (}'= 0.8) in

order to svoild excessive turning angles nesr the root.
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(b) "Solid Body™ blading.

Proceeding anelogously as in ths case of the "fres
vortex" blading, the Saneential valocity in froat of the

rotor 1ls now taken to bs equal to
A = xf

From equation (18), A, is det2rmined as
T

bubstituting the expressions for A, and A, into equations

(1¢) and (20) and intecrating one obtains

¢« Jo-2xty

and

A

[ //"z - Zor"f"—- 2y A;f

The constants # and 4 21v=2 svaluated bv means of the conbti-

nulty equation., For the blade set which was manufactured,
was selected so as to give a 50% reaction at the mid-

radius (f = 0.8). The values of A, , A, , ¢, and @ de-

terrmine the veloecity diagrams at all radii, A& tabulation

of the velocity components and fthe corresponding angles is

given in tebles 8 snd 9, and 10 and 11, for the "free

vortex" and "solid body" Tlading reupectively, A dia-

premmotic representation of fthe blading for the two types
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is shown in Fig. 31,

5:4.,2 The Cascade Leaving fngle

In ths previous calculetions 2 cascade with
infinitély closs DPlade spacing has been assumed, 1n that
case the dirsction of the air leaving the cascade is equal
to the tangent of the tralling edge of the blades, In any
actual case, the blede spacing is finite and the leaving
angle has to be determined,

Two principal methods can be used for this determin-
ation, First an empirical rule relating the blade camber
and spacing to the alr deflection is available. According

to this reletion

6% . e. (/- o.ze/%:) (24)

where ©° is the air deflection, €, is the blads camber
angle, and (%) is the ratio of spacling to chord. This
relation was formed on the basis of expesrimentzl cascads
data. The rule was formulated by H. Constant (Ref. 6),
For the pressnt work the rule was interpreted to mean that
the exlt angle computed by =q., 24 is independent of the
entrance conditions, i.23., a cascade with an infinite
number of blades having the calculated exit angles is

substituted for the real cascade.



In the sécond method the exit angle 1s taken fto be
'equal to that calculated for a two-dimensional cascade of
thin blades having the samé camber line and spacing as the
cross-section of the real blades in qusstion. The angle is
eélculated by a conformal transformatlon from the flow
about a cyiinder. Details of the transformation may be
found 1n Ref, 4,

&g a third method, recourse may be taken to two-
dimensional experimentael cascade data. This possibility
is discussed 1in sectlion 4:9, It is at present often
limited by the lack of sufficisnt cascade date,

The first two methods were bdoth used in the compu-
tation of flow patterns (see sec, 4:2). For the deslgn of
the blades Constant's rule was used exclusively, however,
the transformation method leads to very much the same

results for the cases in questilon,

3:5 Comparison of The Present Compressor Theory With a

More Exact Perfect Fluid Theory.

3:5,1 Introduction

'In section 3:1, a method of determining the velocity
profiles far in front of and far behind a blade row wae
discussed, It was poinfted out that the difference between
these profiles anc the profiles existing at the leading

end tralling edges of the blades respectively, is expected



to be very small, For this reesson the profiles at the far
sections were selected for determining the blade angles,
Using the results of some of Marble'!s work (Ref, 3)
it is possible to approximete closely the flow near =a
bléde row of small axiel extension., The difference between
those values and the flow data of the far sections can
then be realized, and the merits of the assumptions of the
present theory can be checked.
The comparison has been carried out for a special
cese, the "solid body" blading (see sec. 3:4.1) operating

at the design point.

3:5,2 Computations.

Marble shows 1n hils papsr (Ref, 3) that for the
aforementioned use the axial veloclity component at any

section may be approximated by means of thes equations

yi
, %t
 prrri(%-%) < for %0

S - pepe(n-g)f7E T ) g0

n

where § is the axial distance from the blade center divided
by the tip radius. The constantVmay be computed in various
ways. For this computstion 1t was taken =squal to 3,20
(slightly larger than 7 ). This corresponds to taking the

first term of a series which gilves the more exact distri-
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bution, The cohplete serles 1is gilven in reference 4 and
‘the fact that the approximation lesds to a high degree of
accuracy. ls also discﬁssed there. Knowing the axisl
velocity component, the radlal one mey be computed from

the continuity equation, so that

_?i? /51 4
<, . e~ I _//4 B
ope 2t e zf?///%’ %) £ ~f (26)

where H is the dimensionlzsss radial velocity., Also,
knowing ¢ , polnts of the streamllne &t any sectlon may De
determined by using the definition of the streamline which
says that the flow between two stresamlines is constant.

Using the hub as one of the streamllnes, ons finds

£ % |
/?; F A - /ja)/,,// (27)
% 7 |

This is an equation for the 1imit}; , the radius at a
glven §’ oI a streamline which had a radius orf f’ y Tar 1in
front of the blade grid, TUsing sguation (27) for various
gxial positions and various stream tubes, the complete
stream tube picture may be obtailned, (A typical auxiliary
graph which was used for such a computation is shown in
Fig, 46.) With the aid of the stream tube picture the
change in tangential velocity may be determined, A&11 the
change 1in moment of momentum takes place at the blade row

(sssumed to be a disk of zero axlal extension). The



moment of momentum of each particle of fluid remains
constant from a position fer upstream to the blade row and
then again from the biade row to a gsection far downstream,
because there are no tangential forces scting between
these stations. The tangential veloclty at any section

upstream of the blade row is therefore =qual to

where A, 1s the tangentlal velocity at radius § far
upstream and j; is the radius of the same stream tube at §
Similarly the tangential velocity at any sectlon upslream

is found to be =qual to

)RS W 4 (28a)
2

%:5,3 Comparison of Results

The celculations were carried out for the flow
through ths entrance vanes, and the rotor. The calcu-
lations for the stator are identical with those for the
flow through the rotor, except for the signs. The results
ere presented in the form of graphs of the axial velocity,
[ the radial velocity 4 and the tange?tial velocity A ,
ve, the axial dlstance f for variocus radii f . (See Figs.
32 to 57.) 1In each one of these graphs the location of

the edpge of the actual blades ig alszo indicated, and it is



seen that there exists only a very small difference between
the conditions at the far sectlons and thbse at the blade
edges. For the design of blades, the difference in the
flow angle between these sections is of most interest,
The flow angle, (the angle formed by ¢ and A ), was plotted
as a function of ¥ for each streamline in Figs, 38, 39 and
40, for the entrance vanes, the rotor, and the stator
respectively. From these graphs the flow angles at the
blade edges were taken., Thess angles together with the
corresponding angles at infinity were plotted as functions
of the radius in Figs., 41, 42, and 43. These graphs show
that the difference in angle 1s less than 1/2O over the
main portion of the blades and is still only of the order
of 1° at the root and tip. This deviation 1is believed to
be legs than those due to real fiuid eflfects, For this
reason, for the design of compressor blading on the basis
of perfect fluid theory, 1t seems quite satisfactory to
calculate blade angles from the equilibrium flow pattern
which exists at a large distance from the actual blades,
This is what has bzen done in the design theory presented
in section 3:1.

& further agsumption, which was made in the develop-
ment of theory for calculating the performance of an
arbiltrary blade s=t, can also be chescked by this example.

In section 3:1 the ratlo of the radil of a given streamline



far and behind the blade row, was taken to be equal to
unlty. The actual ratios may be determined from the plot
of streamlines in Figs. 44 and gS. The largest ratio
exlists near the center of the annulus and is equal to about
1.03 in both cases, This 1s sufficiently close to unity

to justify.the foregoing assumption,

The case under consideration Involves a fairly
extreme typs of flow proflile. Nevertheless, the assumptions
of the simplifled theory were shown to be adsquate when
examined in the light of the results of the more elaborate
theory. This specific example, therefore, may be taken as
one indication that the compressor theory presented in

section 3:1 will vield satisfactory results,



IV. Experimental Investigation of The Validity

of The Compressor Theory.

4:1 Purpose of The Experimental Work

In section 3:1 & theory for the flow through an
axial compressor was presented. It was shown that the
theory allows the solution of the "indirect™ as wsll as
of the more difficult "direct" problem., The "indirect"
problem consists of finding the blade shape to obtéin a
given flow pattern, whereas the "direct" problem consists
of finding the flow pattern resulting from a given blade
shape., The first is used +rostly for design studies whereas
the gsecond is used for predictling the performance of a
particular blading, It is the purpose of this chapter to
examine the theory in the light of experimental rcsulta.

The theory 1s based on a number of assumptions,
These assumptions are of different types and thelr role in
the development of the theory is discussed 1in the following
paragraphs,

The first assumption postulates the fluild to be
perfect: i.e., there are no losses of any kind, This
assumption is a frequent one in fluild dynamics and it is
believed that, at normal flow conditions, pressure and flow

characterlstlcs as well as the corresponding blade shapes

can be calculated on this basis, It 1s on this same bhasis



that the 1ift and inducgd drag are calculated for airplane
Wing shapes. For the computation of efficiencj and stall
characteristics the viscosity of the fluid has, of course,
to be taken into sccount. At normal flow conditions,
however, the viscous effects are not esxpected to change
the gensral flow pattern and pressure dilstribution to any
large extent. The perfect fluid assumption is made so
frequently that it will not be regarded as particular to
the present theory.

The second assumption concerns the leaving angle
from the blade rows. For a bhlade row with infinitely close
spacing this angle is determined by the tangent to the
trailing edge. For a finite spacing, the leaving angle is
more diffienlt to prediet. Ssveral methods were discussed
in section 3:4.2, and with the collsction of further
sxperience more satlsfectory methods will probably be
evolved., In the present compressor thesory, however, the
leaving angls 1s assumed to be given, and the methods of
deternining the properties of a cascade with finite blade
spacing should again be regarded as auxiliary assumptions.
ks a secondary result it was hoped to obtain some 1nfor-
mation on the relative merit of methods for cascade angle
determination, as well as on the effect of this angle
assumption on the computed results, For this reason,

computations wsre carried out with two different assumptions
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for the leaving angle, Ths two assumptlons in question

are the following:
(2} The outlst anpgles wers assumed to be independent
of the inlet angle and were teken to correspond to

an gir deflection esngle of

e - e (/- 026//%:)

where €. is the blade camber,
(b) The outlet angles were assumed to be equal to
those obtained in the flow of a perfect fluid
through a two-dimensional cascade of thin airfoils
having the same camber lines as the actual airfoil
sections, The flow sbout these thin airfolils was
obteined from an approximate conformal transfor-
mation of the flow asbout a cylinder (Ref. 4).
The third assumption, or group of assumptions, consists of
those which are particular to the compressor theory. These
assumptlons lnclude the following;
(a) The ratio of the radius of a particular stream
tube in front of a blade row to the radius of the
same stream tube behind the blade row 1s assumed to
be unity.
(b) The equillbrium flow pattern which theoreti-
cally 1s reached only at an Infinite distance behind

the blade row, 1is assumed to be fully developed at
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fhe trailing edge of the blade row,

(¢) The flow is sgsumed axially symmetrical,

It is on these assumptions that the simplifications
of ths theory are based and it is these éssumptions in
particular which arc to be chocked agoinet the experimental
rasults. For the comparison, therefore, operating con-
ditions will be selected under which the first two
assumplbions will be satisfisd. Agreement between sxperi-
ment and theory under these condltions will then be
interpreted to mean that the special assumptions of the
theory are valid. Informatlon on the valldlty of the flrst
two assumptions will be derived wherever possible.

For the investigation, single stage tests with the
"free vortex" and the "solid body" blade types were carried
out, Detailed flow patterns as well as overall performance

data were s=cured in each case,

4:2 Analyticslly Computed Flow Data

Using the compressor theory of sectlon 3:1, the
axial velocities behind the entrance vanes ( ¥ ), behind
the first rotor ( %4 ), and behind the first stator ( % )
were computed. The éQuations for these axlal velocities
are: | 4
,/f_":‘_izf_/(

?:4

}ﬂ/, K sin g & 7 (Ba.)
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The equations were derived in section 3:1.3. Knowing the
axial veloclty components, the tangential components are

computed by means of the relations

A, - 3{_ 9 cof (. (behind the rotor)

and

A, - o et g (behind the entrance vanes)

where 4 1s the absolute and (3, the relative exit angle,
The work coefficient was then computed at each radius from

the equation
V’ zfl//zz ”2/)

The squations for the axial velocity components cennot in
general be solved analytically, and the result must be
ohtained by graphiecal or numerical computation. By means
of the foregoing relations, the velocities and total

pressures were computed for the flow behind the first rotor



and behind the first stator, The computations were carried
ﬁut for both blade types - - - the "free vortex" blading
and the "solid body" blading - - - and for flow rates at
and off the design point, Two complete sets of calcu-
lations were carried out. #or the I'irst set of calcu-
lations the blade exit angles were determined on the basis
of Constant's rule and the second set was prepared using
the exit angles obtained on the basis of cascade transfor-
metion. The angle assumptions for both blade types are
presented graphically in Figs. 47 to 48.

L sample of esach type of calculation is shown in
Tables 12 and 13. In both examples the flow behind the
first stator of the "free vortex" blading is computed for
an averesge axlal velocity of ¥ = ,35, In the first case
the stator exit angle 1s assumed to be known and indepsndent
of the entrance angle and can therefore be entered immedi~
ately for all flow rates., In the second case, the cascade
entrance angle is rirst computsd, and the corresponding
exlt angle, # 1s obtained from a cascade transformation
(see Pig, 48).

The results of the computations for the "free vortex™"
blading are presented in Figs, 50 to 55. In Filg. 50 the
axial velocity at each redius behind the rotor, ¢ ,
(using Constant's rule) iz plotted as a function of the

average axial velocity, & . & similar graph for the



velocitj behind the stator is given in Fig., 51. The total
‘pressure increase, p , (which is equal to the'work done in
the 1deal frictilonless case) 1s shown in Fig. 52 again as
a functlion of the average velocityg ?7. The results for
the second sst of computations (using the angles obtailned
from confofmal transformations) are given in Figs. 53 to

55, The corressponding results for the "solid bedy"

blading are given in Iigs., 56 to 59,

4:3 IOxperimental IMlow Data

For the comparison with the computed data, esxperi-
mental measurements of velocity direction, velocity and
total head were made at various flow rates. Flow rates
including about * 20% off the design value were covered.
lleasurements were made behind the first rotor of the "free
vortex" blading, behind the first rotor of the "solid body"
blading and, in case of the "free vortex" blading, measure-
ments behind the first stator were also riade. For the
tests behind the rotors a row of entrance vanes and the
Tirst rotor 1tself wefe installed, For the stator tests,
the above blade rows and the first shator, but no additional
blade rows were installed. The angle measuremsnts were
taken with the cylindrical yaw probe, and both the velocity
and total head were measured by means of the piltot static

tube. The Statham Gage (sec., 2:2) was used as pressure
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pickup in both cases, .Thekangles, in each case, were
‘determined first and were then used in setting the pitot
tube. For both traverses the tube was held in the instrument
carrlage (see sec. 2:2). The measurements are thsrelore
téken in a plane about 1/2 chord length bshind the trailing
edge,

It is also to be pointed out that the measurements
behind the rotor were made with the stator removed. The
resulting flow pattern will, however, be very nearly the
same as theat with the stator in place, since the influence
of the stator does not reach far upstream, as can vbe seen
by inspecting the results of section 3:5,

NHo provision was mede for sxtensive measursments hew-
hind the entrance vanes, as this was not beliesved necessary.
Only a few radial surveys of flow direction and total
pressure were made and, where needed, the veloclty was
calculated neglecting losses through the vanes.

As mentloned before, the purpose of the experiments
was to compare experimsntal data with calculated values,
and in partlcular 1t was desired to check the assumptions
within the perfect fluid theory, For this reason, wherevef
possible, the measurenents were taken in a part of the fluid
which was 1ittle influenced by frictional effects and could
be expected to behave 1like a perfect fluild. This means in

general in the main body of the flow, i.e. the entire
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region outside of the boundary layer and blade wakss. For
4the measurements behlnd the rotor thils comprises practlcally
the entire annulnus excepting about 3/4 inch near the walls.
An inspection of a survey behind the rotor (Fig. 60a) shows
that the variations due to the entrance vane wakes are very
slight and thatf the measured values do not change much with
circumferential position., The regions showing slight
shadows were, however, avoided, and a radial survey at a
position free from entrance vane wake effects was taken as
representative. The effect of the rotor blade wakes them-
selves could, of course, not be separated with the present
test installation., The average veloéities and pressures
obtained in_this way ere, however, not influenced much by
these wakes. This is agein verified by the close agreement
of the compressor flow rates computed from entrance duct
measurements and detail surveys (see table 3). Ia the case
of the measurements hehind the stator, the data were taken
in the region between wekes and outslde ths strip near the
walls., The location of the wakes was previously determinsd
by a complete total head survey, an example of which is

shown in Fig, 60b.

4:4 Basis of Comparison of Experiment With Theory.

Comparison was based on the following procedure: 4

certain flow rate, as indicated by the wall pressure of the
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inlet duct wés selected, £t this overall flow rate, radial
éurveys of flow direction, wvelocity, and total head were
made behind the first rotor aad the first stator at the
aforementioned tangentlal positions, An average axial
veloclity, éﬂ s corresponding to the main body of the fluid
was then obtained by averaging from a radius of §F = ,65 to
f = ,95. The average éy defined in this manner was then
used as a basis of comparison and the corresponding calcu-
lated values were obtained from the gravhs presented in

the previous ssection, #Axial velocities measured behind the
stator wers 1n general higher than those measured behind
the rotor bscause the stator blades (or the corresponding
wakes) essentlally reduce tie availlable through-flow area.
To correct for this rsduction in area, each axial velocity
measursd behind the stator was adjustesd by a constant
factor of such magnituds thst the average jElwas the same

as that obtained from ithe measuresments bshind the rotor,

4:5 Presentatlon of Data

Ths data are presented in a number of graphs. For
each flow rate two graphs were prepared as follows, The
first shows the experimental and theoretical axial velocity
components behind the rotor as a fuanction of radius, and
the second graph shows the same comparison for the total

head.  3uch informotion has been preparcd for ths measure-
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ments behind the."free vortex" and "solid body" rotor and
for those behind the "ffee vortex" stator. As to the total
head behind the stator, it should be poilnted out that the
calculations, of course, indicate the same profile behind
the stator as behind the rotor, because no energy change
-occurs in passing through the stator, and the streamline
shift 1s negligible (see sesc. 3:5). In further graphs the
blade exit angle from each blade row is shown for each
radius as a functlion of the previously defined average
velocity ¢ . This same information is also replotted in
a graph showing the exit angle vs. the inlet angle in =ach
case, which 1s a common way of presenting cascade data,
On each of the foregoing graphs the angles corresponding to
the two assumptions (see 3:4) are also indicated,

The methods of tsking measurements and the basis of
comparison having been defined, the experimental work will

be analyzed in the followlng section.

4:6 Discussion of Results Dbtained With the "Free Vortex"

Blading.

4:8,1 Cascade Angle Charactlerlistics,

As was polnted out before, the validlty of the
principal assumptions of the theory can be checked best
when the flow conditions are such that the angle assumption

and the perfect fluid assumption are well satisfied., This
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point will therefore be considered firast, and with this in
'mind the cascade characteristics are examined, In Figs. 61
and 62 such information is presented in the form of a graph
of thz leaving angle vs, the entrance angle for various
sections of the rotor and stator respectively. In addition
to this experimentel data the =xlit angle predicted by
Constant's rule and that predicted by the cascade transfor-

mation are also indicated,
("Fres Vortex" Rotor)

Let the data for the rotor be analyzed first. The
points which are marked on each curve (Fig, 61) correspond
to flow rates, the points toward the right representing
the highest flow rates. (To show the relation of the
leaving angle to the flow rate Fig, 63 was prepared.)

It i1s then seen that for the larger flow rates the
experimental data sgree well with the assumed values af
least for the upper 2/3 of the blade., The discrepancy from
the angles computed by Constant's rule is of the order of
one degree only and the discrepancy from the cascade trans-
formetion is slightly larger. Also, the angle remains
falrly constant over a certaln range of flow which is in
agreement with the assumptions., At lower flow rates,
however, the lcaving angle decreascs considerably below

that predicted. lNear the hub the condition of decreasing
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leaving angle exists even at the larger flow rates, and
good agresment wlth the assumed angles exlsts only at the
highest.flow rate., At the very low flow rates, on the
other hand, the section closest toc the hub (f = ,633) shows
a reverse trend.

The characteristics sxhibited by the upper sectlons
of the compressor blade are also noticed in tests with two-
dimensional cascades, as has besen found in the 1iteratura.
Some of these data are reproduced in Figs., 67 and 68, The
camber, the range of entrance angles, and the solidity,
(/< ) ars of the same order oI magnitude in the two-
dimensional as in the compressor cascades, Two rotor
sections have actually a sufficiently close geometric corre-
spondence to allow them to he plotted on the same graphs.
(Figs, 67 and 68) A comparison of these two sets of data
shows such a close agreement that it seems permissible to
conclude that for the case under discusslon, the blade
sections in the compressor have characteristics similar to
those of the corresponding two-dimensional cascades.

Lpain there 1s a range where the outlet angle is
insensitive to changes of the inlet and a range in which
the leaving angle decreases conslderably with inlet angle,
This decrease 1s not predicted by perfect fluid theory and
is, therefore, vtelieved to be caused by reel fluid effects.

Further information on this question 1s obhtained by in-
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speclting Llhe pressure loss dula pglven for Los Lwo-
dimensional cascades., Thess data show that the drop off
in leaving angle 1s associated with a considerable increase
of the losses., This then is the same phenomenon as the
"stall" in case of a single airfoil. The stalling of the
cascade will usually be more gradual owing to the influence
of neighboring airfoils, and some drop off in leaving
angle may occur before ths loss becomes severe. The
angles below which for each cascade the losses become
large are indicated®, Some loss measurements were also
made in the compressor directly, and these loss character-
istics were shown tc be similar to those of the two-
dimensional tests (Ref. 4).

The angle data from the rotor (Fig, 61) may now be
interpreted in the light of this discussion. The sections
of the rotor in the upper half (f = ,8, £ = .9,f = ,967)

" for most of the flow rates

operate in the "flat range
tested, and the losses are therefore expected to be small.
In this ranges, as was pointed out, the magnitude of lsav-
ing angle is well predlcted by the assumptions. In the

present example Constant'ls ruls seems to give the angles

-

» The losses become high again if the inlet angle
inecreases above & certain value. Angles of such magnitudes
are, however, outside of the range of the reported tests,
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somewhat closer. A&t the 1bw flow rates, however, these
sections enter the "cascade stell"., The leaving angle
decreaées with further decrease of the inlet angle
(corresponding to a decrease in the flow rate) and the
losses are expected to increase. The sections nearer the
hub (¢ = ,633, # = .7) are operating close to the "cascade
stall" even at the high flow rates, and the leaving angle
decreases with decreasing inlet angle even then, The
magnitude of the leaving angle 1s not well predicted by
the angle assumptions, and higher losses should be expected.
The upswing of the curve at the very low flow rate is not
a real cascade effect but is caused by the rotating hub,
At the hub 1tself the velocity of the air must be equal to
that of the hub because 0 the viscosity of the air, The
direction of this velocity would be §, = 180°., At small
distances from the hub (e.g. at § = .633) this influence
1s still noticeable and brings about the upswing of the
curve, The influence diminishes of course with ths
distance from the hub., At ¥ = 0,7 it produces only a
flattening of the angle curve and no effect is noticeable
any more at { = 0,8. The effect is apparent only when the
axial velocity components are low, i.e., at the low flow
raﬁes. At the high flow rates the veloclity induced by the
hub 1s not sufficient to produce any detectable change in

the flow angle.



On the basis of the foregoing discussion one may
éelect the flow conditions. for which the velocity profiles
bshind the rotor can best be compared to the computed
’periles, Fig. 61 shows that at the highest flow rate
‘(55/: »9504) the leaving angles at all sections are in
quite good agreement with the assumed values. (Constant's
rule, in this case, gives the slightly better values.)
Furthermors, all the upper secltlons (¢ = 0.8; 0.9; 0.967)
are within the "flat range" and sven the sections near the
hub (§ = 0.7; 0.633) seem not far from this range, so
that the losses are expected to be small everywhere, This
high flow rate should, therefore, be selected for the
comparison of flow patterns behind the rotor for the
purpose of checking the assumptions of the compressor
theory.

("Free Vortex" Stator)

The angle measurements for the flow through the
stator are shown in Fig., 62, in which the leaving angles
from the stator, # , are plotted as a function of the
corresponding inlet angles, # . (The leaving angles are
also plotted as a function of flow rate in Fig. 64). The
general characteristics of thess curves are the same as
those described for the rotor. The characterlistics for

two of the stator sectlons are entersed on the graph of the
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“eagurad angles ere ~uite close to thiose predictsd Hv ths

assurmitions.  The to

hovever, Sonsteat's ~ule o in corpares hetter ~ith the
measured direction. v the penie ruaoconing os beforo, the

a2

to be Trirly sriell st these flew

o
=
o
0
i
T
(@]
o

rates. Thig vre vwaryrifico by dirsct reasurens
colnt of the comorssscr, l.e., a% the secbion ¢ -.0, «F
the stator (Hef. 4).
s vias seen befure, ths first tvo asswtions (lov
losses and correct leeving angles, viers satiefiled =t 2
high flov rate ( F' = ,5C<, for thre robtor =od it is now
seen that these conditiong are aslso ghis’lied for the
stator ¢t this flow rate. Thie flov rate, wnerefore, 1s
also s=tisfeactory for enalvzing the flow “ettern vehind

the etator.

cive wvery sinilar results
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("Free Vortex" Entrance Vanes)

As was mentioned in ssection 4:3, the compressor was
- not designed for extensive measurements behind the entrance
ﬁanes. Consequently, only a few measurements were made &t
thié station to check approximately if the expscted flow
conditions exlsted. These data show that the flow
direction behind the entrance vanes was wilthin sbout 2° of
the expected directions. Thils agreement is believed to be
suffieient to allow satisfactory comparisons to be made

for the flow profiles behind the rotor and stator., The

angle data for the entrance vanes are given in Fig. 69,

4:6,2 Veloelty Profiles - ("Free Vortex" Blading)

The axial veloclity as measured behind the first
rotor at a flow rate of é7:.504 is shown in Fig., 70a as a
functlon of radius,f’. The caleculsated profiles are also
indicated, (The profiles calculated by the two angle
assumptions are practically identical as both assumptions
lead to about the same value). A comparison of the
measured profile with the caleculated one then, shows
perfect agreement, This agreement is the first test which
indicates that the particular assumptions of the compressor
theory are valld, It is also to be pointed out that the

’

flow rate in guestion ( é;z .504) 1is above the deslgn



point, éo that éome three-dimensional flow exlsts,

4a1though the blading ié of the "free vortex" type. The
flow profile behind the stator at the same flow rate

( éf: .504) (Fig. 70b) 1is again in very good agreement with
the;calculated_data. This 1s taken as a further verifi-
cation of the assumptions of the thsory.

Additional flow profiles behind the rotor and the
stator are given in Filgs. 71 to 74, These profiles ars
for the flow rates ¢ = .463, .419, 394, and .354. The
fioures show that the apresment between measured and
calculated values becomes gradually worse as the flow rate
igs deereased, Thne differences are causad in part by the
deviation of the angles and in pzrt by the losses,
Although the agreement of the profiles at the lower flow
rates 1s not good, nevertheléss the calculated profiles
st111 indicate the same tendencies as the measured
profiles, and some information on the behavior of the flow
at low flow rates 1s still obbtained,

"Grapns summarizing the calculated and measured
velocity profiles for various flow rates are given in
Figs. 7ba, b and 76a, b for the rotor and stator

respectively,

4:6,3 Total Pressure- Profiles - ("Free Vortex" Blading)

Before inspecting the total pressure profiles the



losses which occur upstrgam‘of the measuring station
should be recalled. The total pressure is measured behind
the roﬁor (#) and behind the stator between blade wakes
(35). The atmospheric pressure 1s used as & basis for the
total pressure measurements. At a station behind the
rotor, therefors, the air has lost total pressure as a
raesult of friction in the entrance duct, in the entrance
vanes, and in the rotor itself, The further losses
incurred in passing through the stator row are largely
excluded by taking measurements in between wakes.

In comparing celeculated with measured profiles, the
aforementioned losses have to be kspt in mind, From some.
surveys in front of the entrance vanes, the approximate
losses in the entrance duct haye been determined (Fig., 89),
The losses are seen to amount to about 2% at the lowest
flow rate ( 97: .354) and tc as much as 8% at the higher
flow rates. The losses through the entrance vanes thnem-
selves seem to be very small., Any difference in measured
and calculated total head teyond the amount accounted for
by the duct losses indicates elther that cascade losses
oceurred or that less work was done on the gir than was
calculated,

Ths measured total head profile behind the rotor at
a flow rate of & = ,504 is shown in Fig. 70ec, On the

seme graph the calculated profiles are given, The shapes
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of the two profiles are practically identical, There are
'some differences.in the magnitudes, but if the duct loss
is taken into account the remaining difference is very
smaell and can easlly be accounted for by small friction
logses through the blade row itself, The two profiles
are, therefore, said to bz in excellent agreement, and
thelr asreement constitutes additional proof of the
validity of ths compressor theory.

Sinece Tthere is no addition of energy in the stator,
ths total head vprofile 1is practically unchanged, and the
same comments apply to the profiles behind the stator,

The pressure profiles for the lower flow rates
(¢ = ,463, .419, .394 snd .354) are given in Figs. 7lc
to 74c, and Figs., 71d to 74d for the rotor and stator
respectively. £s 1In the case of the velocity vrofiles,
the agreement between calculated and measured profiles
becomes less perfect when the flow rate 1s reduced. This
is again caused by the deviatlon of the flow direction
from the assumed one and by the increasing cascade losses,
The general tendenciss of the total pressure profiles at
low flow rates is still feirly well ropresented, and in
spite of the deviation the caleculations for the low flow
rates are still sufficiently close to the measured valuss
to be used for the presdiction of the overall performance,

This will be discussed in connection with the oversall
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performance -data 1n sectlon 4:8, Graphs summarizing
calculatzsd and measured total pressure profilles are shown
in Figs. 75¢, d and 76¢c, d for the rotor and stator

respectively.

4:7 Discussion of Results with the Solid Body Blading

4:7,1 Cascade fngle Charactaristics

("Solid Body" Rotor)

Ths leaving angle from the rotor of the "solid body"
blading is presented as a function of the inlet angle for
various blade sections (3ee Fig., 77). The angles ars also
given as a function of the flow rate in Figs. 78 and 79.
The angles predicted from Constant's rule and from the
simplified cascade transformation are also indicated., It
1s seen that predicted and measured values of the angles
agree extremely well, in particular at the high flow rates,
The angles obtained from the cascade transformation are
possibly somewhat closer in this case, Furthermore, all
sections operate in the "flat range" of the angle curve
for all sxcept the lowest flow rates, There is no
noticeable hub sffect hecause, wlth the "solid body" type
flow pattern the velocities near the hub are still relati-
vely high, even at the lowest flow rate in question,

Before drawing any conclusions con the losses
] 3

1
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however, a further aspectkhas to be considered., The flow
through the rotor of the "solid hody" blading requires a
considerable change in the axial velocity component. This
change is more prominent than that at the off design
conditions of the "free vortex" blading, although some
change of axial velocity component occurred even there,
This change 1In the axlal velocity component means either
more or less diffusion througnh the compressor cascade
(depending on whether the axlal veloclty component in-
creases or decreases) than would occur through a similar
caescade having essentially two-dimensional flow, For the
"solid body" blading at the flow rates tested, the axial
veloclty increases through the lower part of the rotor
blades and decreases through the upper part, &£t the tip
section, in fact, the blades hardly turn the air, and
almost pure diffusion takes place. Whenever three-
dimensional flow causes such addltional diffusion, changes
from the loss characteristics of a two-dimensional cascade
should be expected.

The angle properties of three of the rotor sections
were plotted together with the previously used character-
istics of the two-dimensional cascades 1In Figs., 80a, b, c.
The geometry of the lwo-dimenslional cascades differs more
from that of the "solid body" blade sections than it did

in the case of the sections from the "free vortex" blading.
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The comparison is therefore not quite as satisfactory,
nevertheless some interesting observations can be made.

In Fig. 80a, e.g., the angle characteristics of the rotor
| section f = ,735 have been entered. The magnitude of the
leaving angle 1s seen to be in line with that of the two-
dimensional cascade, however, the "flat range" seems to
extend further to the left, i.e., the "cascade stell"
occurs at a lower inlet angle, This shift is explained by
the increase in axisl veloclty which takes place at this
section (y’: .735). The adverse pressure gradient through
the compressor sectlon is less than that in the two-
dimensional tests, and therefore the stall should be
expected to occur at a lower inlet angle, Similarly, the
losses will probably hecome severe only then., Near the
center of the blade the change in axisl veloecity is small,
and the data for such a ssction (f = .84) fit in well with
the two-dimensional charscteristics (See Fig. 80h). In
the case of a section near the tip of the blade the con-
ditions are the revserse of those at the root sectlons.

The data for the sectlon ¥ = ,95 are plotted on Fig., 80c.
There are not sufficient two-dimensional data avallable to
make an exact comparison in this case, and 1t 1s therefore
difficult to appreciate the shilft cf the angle curve., The
losses, hbwever, may become considerable before a drop in

leaving angle is noticed, because the sectlions near the
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tip act principally as‘diffusers. Very 1little turning 1s
'required, but the losses which correspond to those of a
straight diffuser certainly exlst. At the highest flow
rate tested (¢ = .499) the amount of diffusion required
is, however, small and the losses are therelfore expected
to be negligible.

| The high flow rate (97': .499) should, thersfore,
give satisfactory conditions for checking the particular

assumptions of the compressor theory.
("Sclid Body" Entrance Vanes)

£s in the case of the "free vortex" blading, only
approximate data could be obtalned bshind the entrance
vanes., In fact the chords of the "solid body" vane
sections were longer than those of the "free vortex"
blading (especially near the tip) and at some radil the
ins trument heads were actually located a small distance
(about +") inside the vane cascade. A slight correction
was made to compensate for this error, The data are shown
in Fig. 81. The velocity directions of the air leaving
the vanes are seen to be close to the assumed values,
although (as in the case of ths "free vortex" vanes) the
vanes produce somewhat less turning than expescted. The
entering conditions to the rotor are, however,

sufficiently close to ellow satisfactory comparisons for



the profilss behind the rotor,

4:7.2 Velocity Profiles ("Solid Body" Blading)

In the discussion of the cascade characteristics of
the blade sections of the "solid body" rotor it was con-
cluded that at a flow rate of & = ,499 the perfect fluid
assumption was well satisfied and that the leaving angles
were very close to those asssumed., In Fig, 82z, the
measured and the calculated velocity profiles at this flow
conditlon are shown. The two profiles are seen to be in
almost perfect agreement, which 1s taken as further ﬁroof
of the validity of the compressor theory. This check is a
particularly important one as the axial velocity component
varies considerably from tmb to tip. The older two-
dimensional compressor theory would have assumed a constant
axial veloclty compoasnt, which would not have been a good
approximation in this case. The present compressor theory,
however, gives the very satisfactory approximation just
mentioned.

The profiles for Lhe lower flow rates (# = .466,
427, and .392) are shown in Figs., 83a to 85a., These
~profiles are still in good egreement with the computed
prolfiles, because the lezavling angles still correspond
- very well to the assumed ones, The losses, which gradually

increase at the lower flow rates, are believed to have only



a sescondary effect on the flow profiles,
Graphs summarizing ealculated and measured veloeity

profiles are shown in Figs, 86a and 86Db.

4:7.5 Total Pressure Profiles ("Solid Body" Blading)

The total pressure proflle at §;,= «499 1s shown in
Fig., 82b. If (as in the cass of the "free vortex" blading)
thie entrance duct loss is added to the measured profile,
it is seen to be in very gdod agreement with the computed
total pressurss. The profile which was calculated on the
bagis of ths oaécade transformation angles glves a some-
what better comparison hecause these angles corresponded
better to the meesured angles, as seen from Fig, 77.
£gain the compressor theory is well verified by the com-
parison. It is interesting to note here that quite an
erroneous total pressure distribution would have been
obtained on the basis of the assumption that the axial
velocity component 1s constant (see Fig. 82¢).

The pressure profiles at the lower flow rates ars
given in Figs., 83b to 85b, The deviations from the calcu-
lated profile become gradually larger as the flow rate i1s
reduced, This is due to the steadily increasing losses.
However, as in the case of the "free vortex" blading, the
general tendencies of the profiles are still correctly

indicated by the calculacions, and adequate prediction of
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the overall performance will still be obtailnable.
Two summary grephs giving calculated and measured

total pressure profiles st the varlous flow rates are

again shown in Figs. 86c and 86d.

4:8 OQOverall Performance of Both Blade Types.

The quantities which will be discussed under the
heading “overall.performance", sre the average total head,
the torque coefficient, and the efficiency as a functlon
of the average flow rate, The above terms are defined as

follows: The average total head

7 - Y i i

(29)
the work coefficient
— 7‘,
}// = 2(01?‘:_6)# (50)
Af C‘)o’o' 9’
and the efficiency
7 - z (31)
v

These guantities have been plotted as a function of
flow rate in Figs. 87 and 88 for the "free vortex" blading
and "solld body" blading respectively. The calculated

work input (which is equal to the caleulsted total head



increase, because no 1osses are consldered in the theory)
is also shown in the figures.

Because the work coefficient, which is derived from
the compressor torque, includes the 1oéses, it 1s particu-~
larly suiltable for comparison with the calculated work
input. For both types of blaeding the caleculated and
measured curves for the work input are almost perfectly
parallel. The analytical curves are slightly displaced
towards higher flow rates, as the reduction of flow rate
due to the boundary layers was not teken into account in
the analytical work., 7The difference in both cases is of
the order of 3% - 5% and can be predicted fairly well from
experience, With this adjustment the calculated and
analytical work coefficient curves become almost identical.
This also means that the design point (j; = '45’;;.:.'40)
has bheen obtained very sccurately for both blade types.

The total head curves arse located slightly below the work
curve, the retio of the two being the efficiency. Both
blade types reach their psak efficlency very nearly at the
dzsign point., The two maxlmum efficiencies are about equal,

velng 89% for the "free vortex" blading” and 874 for the

-

# This efficiency was obtained at 7560 rpm, which
corresponds to a Reynolds' number of 80,000, According to
experiments by Eckert (Ref. 7) (Fig. 90) an improvement of
about 5% is to be expscted at a Reynolds! number of 160,000,
i.e., at 1500 rpm. Tests with three stagss of the present
conpressor have verified vThese data (Ref. 4)
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"solid body” blading,

| It is interesting to point out that the two blade
types,.which have different properties and are guite
different in appearance, actually do yield the same overall
performance and that they hoth reach épproximately the same
high efficiency at the design point. This fact gives
further credence to the compressor design theory and
establishes the fact that a blading with a three-dimensional

flow pattern can have a high efficiency.

4:9 Summary and Conclusions of Section IV,

In the preceding section (sec. IV) experiments with
two blade types were discussed. The first type (the so-

called "free vortex!

blading) was designed for a two-
dimensional flow pattern, the second type (the "solid body"
blading) was designed for a three-dimensional one. The
experiments were.perfovmed principally in order to evaluate
the merits of a spscilal theory describing the flow through
en axial flow compressor (see sec, 3:1). As a secondary
objective, it was desired to obtain some information on
the characteristics of compressor cascades.

In the experiments, the fluld veloclty, the flow
directions, and the totsl pressures were measured behind

the various blade rows for a number of different flow rates.

In gddition some data on the overall performance of the two
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wlnde tvonag vere collaecthed.

.The measured Tlc.: .ruiles lers then cordared to
‘Tthose calculatad by the e i zientloned theory. 1 sn2lvi-
ing the celculated »rofiles wiith the eid of the =it erirentol
ones, it was fcund =dvanitzeous To classgifyv the asswintions
of the theory into thres grouvs: the agsuwistion thet ths

fluid is werfect, the szssummtion concerning the directicn

of the flow lesvineg th: bLla2de rovg, and the agsumntbinon

in

e =ni si nlify ths equations of ¢1iree-

introduced to lilineari

i~

dirensional flovi. This latter group of asswistlong wss
conslidered perticulsr to the Theory, and in =ccordancs vith

the yurpose of tha ermsvelients, the investizeticn of trhelr

0
(6]

hion ]

velidity was & malor nurnoss of tha tests. Tor the snsl-rsis
of these assunntions, trerefore, flovw conditions “iere

celected at whiech the first ©wo tvnes of aggumotions viare

The overall —erformance wasg rigesured in order Lo
obtain further commarative data and to deternine ~hetiar or
not a blade tyve hoving a 'threse-dimensional flo wrhlhern
{the "solid bodv" bleding in ©this case) can be as effielent
as the "free vortex' bleding, wialch, at the design point
has 2 two-dimensional flor »attern.

Un the basis 07 the exnerinentsl date of the orevious
section, the fcllowing conelusions vere drevn:

(a) The applicebility of the aforemsntioned con-
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pressor theory has been demonstrated. The theory
ylelds accurate results in predicting the flow
characteristics of given blades at and off design
conditions. This conclusion 1s based on comparisons
of velocities and totsl pressures at flow conditions
where the perfect fluid assumption and the
assumption of the lesving angle were satlsfied.

(b) The ouverall performance of the compressor in
the neighborhood of the design point is predicted
well by the theory. The analytical and experimental
"work input" curves ere almost identical, provided

e small adjustmnent is made for the wall boundary
layers.

(¢) The design point (as determined by flow rate
and work coefficient) is obtained closely by the
blades designed from the compressor theory. The
maxirmum efficiency coincides well with the design
point.

(4) The "free vortex" blading as well as the "solid
body" blading yields a high efficiency at the design
point., This shows that a blading with three-
dimensional flow can heve an efficiency rcomparable
to that of & "free vortex" blading.

(e) The leaving angles from the bhlade rows are

quite insensitive to changes in the inlet angle for
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g Peirly wide T?DQ%»I s3lon that renpe (i.e., for
the hisher incidence anrles and hicher 1ift coef-
finfents) the czscode Lzoine to 'stell",  This
cauges a deecrczese of the lesaving engle vith desereas-

ing inlet angle es vell as 2 considerable increzse

e

n losses. Ths "gtall" is usuglly legs sorurt

.

than In the cege of o sinrgle =airfoil, beceuse of
the rutual influence of the Ylades.

It the sxisl velocity through a section of a
blade row reriaing feoirly constant, the rsasured
angle characteristics of the commressor blede
secticng ere =1710st 1dentlicel with the somerinznts]
dsata for & corres;onding two-dirensional cascede.

5

If, houever, there is a considerable change in the
axial velocity conponent, the "stall™ point ©ill be
shifted and the logses will probably he different

from those of the tvwo-dirmensional caccesde.

(f) For the region in vwhieh the crsczds l:zvin:

aﬁgle ig fairly indenendent of the irlet snzlz, Loth
assunaphions used for predicting this angle (Constant's
rule as well as the transformation methoi (see sec.
3:4,.2)) give the magnitude of the ansls to a good
approximation. Zach of the assumptions leads to very

nearlyv the seme values and, for the ceses tested,

nme is not consistently better then the other.
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(g) The assumptlon that the fluild 1s perfect is
good as long as no part of thes blade is stalled and

- there are no large uilffusion losses through the
blade sections, If large losses occur at any part
of the blade, the compressor theory under investi-
gation cannot be expected to yleld very exact
results even if the leaving angles were predicted
accurately.

On the basils of the results obtained, it iz seen that
the compressor theory as presented in section 3:1 is based
on justifiable assumptions, provided the losses are low
and the characteristics of the cascade sections are known,
Under these conditions the theory yields results well
within the usually required englneering accuracy for both
problems: the design of blades and the prediction of
performance for given blades, If greater accuracy is
required than can be obtained from the theory, or 1f per-
f'ormance predictions are to be made in a region of high
losses (e.g., the "stall" region) viscous effects must be

taken into account,
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APPENDIX T: HNOTATION

The symbols defined below are generally used through-
out the thacsls. Svecial symbols, subscripts, ete,, are

defined in the body of the thesis where neesded,

Symbol Definition

B Area of comprsssor annuius

c Epsolute veloclty (in a fixed coordinate
sys tem)

Cq Absolute axilal velocity component

Cy Absolute bangential velocity component

Cp Lbsolute radlal veloclly component

Cr, Lift coefficient per unit length of airfoil

Cp Static pressure coefficlent

hg, Hp Blade length

P Static pressure

Py Total (stagnation) pressure

P Reaction ratio

r Radius from center of rotation

T, Tip radius

s Cascade pitch

U, Tip velocity

w Veloclity relative to a moving coordinats

system



BN M) N

0

I T T BN N R

r, &

Relative meah veloclity

Axial distance from blade row center
Cylindrical cocrdinate system

Direction of relative veloclity from vlane of
rotation

Stagger angle

Direction of absolute velocity from plane of
rotation

Circulation per unit iength of airfoil
Dimensionless axial distance = z/rg

Efficiency

Cascade camber angle

Sir turning angle

Dimensionless tangential velocity = cy/ug
Dimensionless radiél veloclty = cp/ug .
Dimensionless radius = r/r,

Dimensionless hub radius (or hub ratio) = ri/r,
Dimensionless tip radius = rg/ro = 1

Fluid density

Cavitation coeffilcient

Dimensionless axial velocity component
Dimensionless average axial veloclity component
Tocal Work coefficient

Tocal total (stagnation) pressurs rise coefficient

motal work cousllflclent ( Torque coellicient)



8]

’ bverage htotal pressure rise coefficient

¥
o Dimcnsionlcos angular vcloeclity = «w, 4/«
Engular velocity

e

For " Diagrammatlec Representatlon of Specilal Symbols”

see next page.
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DIAGRAMMATIC REPRESEMTATION OF SPECIAL SYMBOLS

Cascape NOTATION {ANGLES)

S

_ ent,
/ / / / STATOR
N |
7;<lt < ent,
X
RoToR

\
\r__

ﬁﬁ:mf \\
X

NoTaTiON ConcERmiNG FLow THROUGH BLaoe Row

+ ar; A
t — ] Ca,
<, A
BlAI)!5
Row
r
s & 7z
“
- - % - -
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F18, 2 THE DYNAMOMETER WITH DRIVE SHAFT REMOVED
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F18, 5 THE THROTTLE VALVE



Froo = "SSEMBLED TEST COMPRESSOR
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Fi16, 11 DETAIL OF BLADE FASTENING MECHANISM
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FiBs 12 DETAIL OF INSTRUMENT PORTS AND STATOR BLADE FASTENINGS



MY¥EY T/0m 103 UTHES TriUsnELsid

011 ARE LiSEARALLY BUALID
_/— ‘*m\\
kS e m“%—«_»
;‘“}L’ 0 T 7 T f] T T T ’_’_;p ¥
—— & ] = ] S o de— TR & [~

= 1 =
e MAX. THICKHESE .,
AT *e=035

Fig. |3

2

Basit AimFoin Tuicssess rop Gompreseon BLape Desial




107

. 2000 :
- i
ce TN AL
ce e
\\ e

D
=

St

Ty

FIG., 14 MASTER BLADE ORAWING

THE PHOTOGRAPH SHOWS A 10X DRAW-
ING OF A BLADE SECTION. A FULL
SIZE PRINT OF THIS SECTION ON
TEMPLET STOCK 1S SHOWN (N THE
UPPER LEFT CORNER AND AN ACTUALLY
CROSSECTIONED BLADE 1S SHOWN NEXT
T0 11,
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Fic. }A  BLADE BLING FINISHED.

£iG. 16 BLADE BEING FINISHED WiTH SECTION TEMPLATES.
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FiG., 20 THE OPERATING DESK

IN THE CENTER OF THE DESK THE TAGHOMETER D1ALS ARE SHOWN, THE CENTER
DIAL 15 FOR INSTANTANEOUS INDICATION. THE RIGHT HAND DI1AL {5 A CLOCK
AND THE LEFT HAND DIAL A REVOLUTION COUNTER. THE TWO ARE COUPLED. ON
THE DESK, TO THE RIGHT, TWO MERIAW MICRO MANOMETERS ARE SHOWN AND THE
INSTRUMENT CASE TO THE LEFT CONTAINS THE BRIDGE FOR THE STATHAM PRESS-
URE GAGE. THE LEADS FROW THE GAGE ARE SEEN OM THE TOP OF THE BOX. IN

THE BACKGROUND THE 20=-TUBE MANOMETER 15 SHOWM.
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MEASURING PROBES
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F1G, 24  INSTRUMENT CARRIAGE INSTALLED IN FORWARD PORT
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Fla. 25 INSTRUMENT CARRIAGE — BOTTOM VIEW
SHOWS HOW THE SLIDING TAPE

THE PHOTGGR
FITS SMOOTHLY TO THE CURVED CONTOUR OF THE
BASE. A TOTAL HEAD TUBE 1S PROTUDING THROUGH

THE TAPE.
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FIG. 27 INSTRUMENT CARRIAGE ON CALIBRATION STAND

THE SHOWN INSTRUMENT CARRIAGE 1S SHOWN AS INSTALLED
FOR CALIBRATING THE UDIRECTION FINDING CLAW PROBE.
THE CARRIAGE 1S MOUNTED IN A PERFECTLY HORIZONTAL
POSITION AND THE DIRECTION OF THE JET IS THEN DE-
TERMINED. THE CARRIAGE |5 THEN MOUNTED IN A SiM-—
[LAR POSITION BUT DI(SPLACED BY 180° AND THE DIREC~
TION READING 1S REPEATED. THE MEAN OF THE TWO
READINGS GIVEN THE ZERQ DYRECTION OF THE PROBE.
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ENTRANCE VANE LEAVING ANGLE, §,

SOL1D BODY ~ ENTRANGE YANES
LEAVING ANGLE VS, RADIUS

80
— MEASURED DATa
70 x;\\\ ;
. \\ ]
\\ HYEABURED AND
~ ADJUSTED DATA
L\\
N |
~. ﬁ(\\‘
60 \\ ‘N_M
o,
CALCULATED DATA
50
40
30
20
NOTE s
No CHaNGE In LEAVING ANGLE Was DETECTED
YITH FLOW RATE. EXPERIMENTAL POINTS
REPRESENY VARIOUS FLOW RATESB.
10
0 !
0.6 n,7 0.8 0,9

DIMENG I ONLESS RADIUS, }?

1.0

£Fra. 8/
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AXIAL VELOCITY COMRORENY BEIND FIREY AOTOS. ¢,

GUNNARY ZHAPH
AXTAL YELOCETY COMPOMENY SERIND FiR$T ROTOL

. S0L10 B0V BLADSHG
{CALOULATED DATA » CONSTANT'S RE)

SUMARY GRAPH

AXTAL 05 1YY CUMPONENT SEHIND FIRST ROTOR

SOLIU BODY BLADING
(MEASURED DATA)

AXEAL VELOGITY COMPONENT BENIND FIRSY Roton, @

e.3 P
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0.4 .1
VARTING FLOW RATES VARYENS TLO¥ PATES
¢ [ 1 0 [
0.8 0.7 6.5 0.9 1.0 G5 a7 [1%:3 (8 1.0
NS § ONLESS was,? IMENS LOMLESS PROIVS, f
¢ SusARY
Fl e
e Lufal, POESSURE BEWIND FRST AOTOR
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(4E4SURED DAFA)
{CALCULATED DATA ~ CORSTAWI®S RULT)
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FREE VORTEX BLADING & YVERALL PLRFURMAMNCE

S1MGLE 5745E CPERATION = 750 APH
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WORK COEFFICIENT, )/ ~ TOTAL HEsD COEFFICIENT, ¥
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NOTE: THE LOSS IS FAIRLY
UNIFORMLY DISTRIBUTED —

OVER THE ANNULUS

C.2

" 03

0.4 0¢5 0.6

FLOW COEFFICIENT,

FiG. 89

$

0.7



181

F38a gg }
MAXEMUM COMPRESSUR LFFICIENLY ws, REYNOLDS %Wﬁi@?
."‘""w
| foter
]
o //
& o8
% e
B8
2
b A
E-Y
a3
2 o
& é”)g
5 //
/f
5 Lo
9 9.3 2 4 & 8 W .82 4 & 805 9.5 2 4 6 a1°
REYNOLDS NUMBER = Be m%gi
MoTE A Gyrye GHOT3 18 ZAVELOPE OF a4 NMUMOER OF EFFIGIERTY GUAYESs

arpaoouceD From [oxea?’s Reeont (REe. 32)




T 2 3LES



162

[ABLE (

ELEGTAIGAL SPECIFIGATIONS

_q;f MAMUHE TER

ELECTRIC PRODUCTS C0., D.0. MoTOR (REBUILT), TYPE 172564, STABILIZED

SHUNT WouND, 250 YoLT8, 450 Anps,, Hax. SPEED 2000 R.P.M.

MoToR GENERATOR SET

Drtving MotoR: ELECTRIC MACHIMERY WFa., 0., SYNCHRONOUS MOTOR,

STRiAL MO, BISBZ, THREE PHast, 60 CYCLES, 125 H.P., 2400 Vours,

32 MPs,, SPEED TZ00 RaFaM.

GEMERATORS (2): Tmov Enaing ano MaCMInE CO0,, DIRECT CURRENT GENERATOR

(rEBUILT), CouPoUNL dOUNMD, 60 K.%., 120 VoLTs, 500 Aars, , SPEeD 1200 R.P.W,
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TARLE 3B

COMPARISON OF FLOW RATE MEASUREMENTS

THE FOLLOWING DATA GIVE A COMPARISON BETWEEN THE FLOW COEFFICIENT
DETERH INED FROM EF\I'T'RIN‘CE DUCT MEASUREMENTS, AND FROM COMPLETE SURVEYS BEHIMD THE
BLADE RGOS, THE CLOSE AG’(EE?‘IENI' AND THE RANDOM SCATTER GIVE A CHECK ON THE ACCLRA-
CY OF THE SURVEY MEASUREMENTS AND IMDICATE THAT THERE 1S NO SYSTEMATIC ERRCR DUE TGO
WAKE FLUCTUATIONS.,

z, % _

FLOW CCEFF. FLOY COEFF, 7?»
STATION FROM EniR, OUCT FROM SLRVEYR {56
BEHIND 18T 5TATOR 2353 2392 1.003
BEHIMD 18T STATOR +366 2382 958
BEHIND 1ST STATCR 487 «492 9%
DErieD 18T ROTCR 2394 2399 #9087

BEH{ND 15T ROTCR 2392 387 1.01%
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TABLE 4

CHARAGTERISTICS OF YARIQUS BLADE TYPESe

BLADE TYPE
RAD 1AL o ol

=5 == o « ol g7

POSITION A 1 § §

RELATIVE VELOGITY 0.6 0,40 0451 0,61 0065 0.72
(ROTOR) 0.8 0.70 0,70 0.70 0,71 0.72

1.0 0,96 091 0,84 0,76 0,60

RELATIVE VELOCITY 0.8 0.88 0.84 0.8 0,81 0.%0
($TATOR) 0.8 0,70 0,569 0,69 0,69 9,70

140 0463 0,81 0,60 0,6! 0,61

ROTOR CHORD TWIST 64,3 48,0 41,2 38,7 42.0
STATOR CHORD TwisT =3 ¥ =}3,2 4,1 21,7 37,6
AR TURNING ANGLE 0.6 51,8 39,9 33.3 30,8 282
(ROTOR) 0.8 17.9 17,9 17.9 18,2 8,1

1.0 863 9s i .2 2.5 =863

AIR TURNING ANGLE 0.8 5.7 181 9.9 2.4 | 209
(STATOR) 0.8 17.8 17,9 | 17,9 1863 17,4

1.0 17.9 17.9 17,7 19,6 24,4
(®) 0.6 =0, 008 0,113 0,175 0,163 0,200
PERCENT REACTION 0.8 0,503 0,500 0,500 0,485 0,472
1,0 0,685 0,580 0,693 0,693 0,690
CAVITAT 10N 006 1,03 1e19 1,27 1032 .42
COEFF 16 IENT 0.8 0,79 1.18 1.19 1,21 1,25
1.0 1e91 1.79 1,66 1,51 1,33

ALL ANGLEE GIVEN IN DEGREE&. ALL VELOCITIES GIVEN (N TERMG OF TIP SFEED,
s) TaNGENTIAL VELOCITY I FRONT OF ROTOR MIDBECTION {7) WAS TAKEN EQUAL FOR ALL T9PLS
EXCEPT FOR A SLIGHT CHANGE FOR THE TYPE "a.gz'.



167

TAOLE £

TABULATAOM OF BLADE TYFES 12 URDER

OF THEIS SUITABILITY FUR YARIOUS GRIZERIA

"RELATIVE
YELOCITY

BLARE
TYI8T

ATR TURMNIHG

PERCEMT
REACT I O

{."'t:‘s') 1 "A’& i ' |
GOEFFIGiE 1

FAYORABLE ®aT i, |

ALl A98LEE GIVEN 18 DEGAEES,

QUANTITIES IN BRAUKET® ARE UFTIMA FOR THE

AAGHT e | BLADE | NAGHI= | BLADE | MAGHI- | BLaDE | MA0W1- | BlAGE | BLove
TIDE TIFE | TUDE TYPE | Tubx IYRE | TUDE v b | terE
{211 [55«3/1;{ 1 (o.28] (L ma,ﬂf,{ 1
[30] | [.mi) [o.au] L0t
080 | oy o o | g a0 | dkER Loy | ol
[.a1] { {042 ] [so0] | (3ag] RECH R RTETEY
noa1 | oot A o a u, 0,352 tt. FEAN Y
dopa | Az o §* 33 o S0,24 | o N
[6.c0) [%gm/ggjl [as? [ms‘;{%} Do) Lavss
0.5 r(/? 48 m/sé 40 »o!./;, wlln B0 €/ Voo ;’f;;[
0485 :452;,; : &4 o/ g 52 d./g} w0510 | g BT A
S — . o P W
a) Tog 7 IBURE LESD NMERE 48 ELual 10 (P o (BUJ. Smalh ABALLGTE el LabIGaTE

ALL VELGCITIES GIVEN IN TERMS OF T1P SPEED,

RESBPECTIVELY, iNDEPENDENT OF LOCATION OF 50% REACTION POINT,

"FREE VORTEX” AND "50L1D BODY" BLADING
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TABLE &

CHARACTERISTICS OF FREE VORTEX BLADING

S1TH YARIQUS LOGATION3 OF THE 50% REACTION POINT

RAD1AL POSITION OF 50% REACTION POINT

HAD AL 0.50 0-85 0070 0,80 0,90
POSITION ]
% {86 =025] (el =111} (o=, 145} |{eX =m,220) (K=,305)
0 . | :
BELATIVE VELOGiT¥ a6 0,71 006 0,39 0430 0.54
0.8 .
a3 ia0® 1,00 0,96 0,80 0e 84
0.6 0,60 0,70 0,75 0,84 0,98
RELATIVE VELOCITY
0,8 0.54 0,59 0,67 0,68 0.78
{37aTOR)
1,0 0.50 0,55 0.55 0,63 0.59
ROTOR CHORD TWIST 2} 33 38 49 &3
STATOR CHORD TwiST \\ 9 14 i 13 15
~
AIR TURNING ANGLE 0,6 23 3as 37 40 41
{ROTOR) 1.0 5 ) 7 g it
A1R TURNING ANGLE 0.6 35 27 24 is 13
(TATOR) 1,0 23 21 19 i7 6
0.6 0,65 0,42 0,32 0,14 =0, 12
PERCENT REACTION 0.8 0,81 0.67 0,62 0,50 0.37
1,0 0,88 0a79 0,76 0.68 0,60
0.6 1,46 1,11 1,10 1. 14 2,22
CAYITATION COEFF. 0.8 1,42 1,29 1.23 1,15 1,29
1,0 2,10 1,95 1,90 1,70 2:.75

ALl AMGLES GIVEW 1M DEQREES,

ALL VELOCITIES GIVEN IN TERMS OF TIP SPEED,
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" TABLE 7

CHARACTERISTICS OF SOLID BODY BLADING

"WITH VARIOUS LOCATIONS OF THE 50X REACTION POINT

RADIAL POSITION OF S0% REACTION POINT

RAD 1AL 0.45 0.55 0,67 0.80 0.82 0,90
POSITION _
¢ Amw0 | K0 | X220 | =325 |Ame344 | ofw,40
RELATIVE VELOCITY 0.6 0.75 0.7! 0,69 0.65 0.67
(ROTOR) 0.8 0.94 0.85 0,79 0,71 0,68
1.0 1.10 1,00 0,91 0.76 0,71
RELATIVE VELOGITY 0.6 0.55 0,62 0.70 0.81 0,90
(STATOR) 0.8 0.51 0.55 0.62 0,69 0,75
1,0 0,50 0,47 0,55 0.6} 0,65
ROTOR CHORD TWIST 22 28 30 40 43
STATOR CHORD TwiST -8 3 9 22 ]
: 1
AIR TURNING ANGLE 0.6 2 S 3 30 8
(ROTOR) 0.8
1,0 5 2 3 3 4
31
AIR TURNING ANGLE 0.6 37 z 20 17
(STATOR) ¢.8 A
1.0 23 26 3 20 24
0.6 0.72 0458 0.42 0.19 016 -0, 12
PERCENT REACTION 0.8 0.84 0,75 0,64 0,50 0,49 0,40
1.0 0,90 0,86 0.80 0,70 0.69 0,60
0.6 1.13 1.25 1,30 1.32 0,81
CAVITATION COEFF, 0.8 1,36 1,20 1.2¢ 1,2} . 0,74
1,0 2,33 1,79 155 1,51 1,47

ALL ANGLES GIVEN IN DEGREES.

ALL VELOCITIES GIVEN IN TERMS OF TIP SPEED.
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TARLE 8

ELADE ANMELE CALUAATIONS

ASSULFTIONS: S Aum zugmw ¥, = 0,40000, P, = 9.45000, F, 20,0000, C,= 0.58000,
& o e, ke g tes00, BB g a0, ZE s g6z 9.0
0
sectTice | UL | vl M y 1Y " 11 )

b | 060000 | G.62000 | n.63000 | o.70000 | 0.75000 | 0.80000 | 0.%000 | 1.00000
5 1. G6ES 6189 11,5983 1.4285 9593 }.£500 11111 180000
A, 0.24167 | 0.233670 | 0.22960 | 06715 | 0.19333 | U.18125 | 0.18111 | 0.145300
A, 0.57498 | 0.55045 | 0.5%078 | 0.49267 | 0.45999 | 0.43125 | 0.98933 | 0.34%0
TR, 0.35833 | G.98613 | 0,92720 | 0.a9285 | U.55667 | 0.61875 | 0.73889 | 0.85%0
F- A, | 0.0252 | 0.06955 | 0.11922 | 0,20713 | 0.20001 | 0.26875 | CG.51667 | 0.63500
coz B, | 0.79628 | u.85¢06 | 0.949%2 | 1.09521 | 1.23703 | 1.37497 | 1.64196 | 1.89998
cot B | 0.0555G | 0,13122 | 0.26493 | 0.46028 | 0.64446 | 0.81944 | 7.14874 | 1.45554
¢ 260000 | 2, 80000 | 2.66000 | 260000 | 2.60000 | 2.60000 | 2.60000 | 26000

5 2.26194 | 2.39734 | 2.4%044 | 2.63899 | z.8274% | 9.01592 | 3.392971 | 3.7699

S 0.86998 | 0.89898 | 0.94248 | 1.01497 | 1.08747 1 1.15997 | 1,304G7 | 1.4500

e 0.9%3 3,949 0.971 1.007 1,943 1,077 1,142 1.204
0l6 e | 0.24258 | 0.24674 | 0.25246 | 0.26162 | 0.27118 | 0.26002 | 0.29692 | 0.31304
(Exi7) B, | 860 497 | a19 s8¢ [ 739 100 | 659 190 | 57€ 120 | 509 40 | 419 31 | 340 g
{Enmrenice) 00 519 210 | 4% 220 | 48P 200 420 240 | 989 5y [ =59 20 1319 210 | 290 45
9° 359 a1 | 420 260 | 280 410 { 220 53 | 180 150 | 140 380 | @4z | 60 aq
A~ 825 /5% | 075742 | 0.7552€ | 0.78734 | 0.75818 | O.72862 | 0.71998 | 0.70%8 | 6.68696
& 460 407 [ 4301 | 989 220 | 919 o0 | 259 27 | 200 190 | 130 471 | o0 dgd
g 580 &' | 920 591 | 040 511 | 750 247 | £30 591 | 560 29+ | 450 gv | 370 3%
o2 220 121999 ] 190 T D s s | 1e@ 3 ] w0 ] €0 54 1 40 s
! 749 481 | 719 11 | 650 407 | 579 540 | 519 287 | 460 121 | 90 15+ | 320 26

(2T g1 0.1 o118 0,11, 0.13% 0,16 £.05 . p.o8
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TAELE 9

VOXTEX STATOR ELADE ANELE CALCULATIUN

ASSUYPTICNS: § HUB = 050000, -, 3 0,40000, 5, < 0.43000, §, 2 0.70000, €= 0.98000,

—;{— 2 z.zpze, S 2 014500, LB 2 0,34500,~ 222 7x % < 3.53572
%
SECTi il y 1i 1 i
¥ 0,60000 ., 70600 0,80090 0,56000 1,0000
1/ 7.66066 1.4286 1.2500 11111 10000
A, 0.,24167 (.,20715 i1.18125 G.16111 ., 14500
A, G, 57408 f,AQING 0,4%123 0.38333 0.34500
¥ - A, {3,2585% 0.49283 4.61875 0,73889 0,85500
1 ¥ oA, 0.G2kuz 0,20715 0.36675 4,516€7 0.65500
f cor T 0.55704 D460 040271 .95802 0.92222
cot 1.27772 1,0%526 0.95652 0,85164 0.76666
¢ 2., 206000 2.4000 2, 6600 2.8000 9.,0000
5 2,12432 247500 2.82833 9,1821% 3.53572
S/ 0.965600 1031250 1.087915 1.136482 1.178573
0.24 54 01,25556 0.2647€ 0,£7118 0.27716 0.28236
T ABY €10 46 €50 147 €80 4 709 18t 720 @
"33 (ETRENCE) 580 3 429 244 469 131 490 341 520 311
g° 250 4351 ;20 59 210 511 200 442 199 971
/- et VL ., 74442 0.79584 0.72682 0.72284 0.71764
15 {i.$83 1,016 1.045 1.066 1.086
A4 510 551 310 £+ 290 5gt 280 41! 270 201
e b0 56 10 2 60 121 80 15 190 51
&% 150 59 | 150 %5 140 591 140 219 1530 401
v ] om0 g 50 v | £i0 g €10 559 662 11
A o i 210 .10 .10
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TABLE 11

S50L1D BODY STATOR BLADE AMBLE GALCULATIONS

ASSUMPTIONS: 1,5 = 0460000, %= 0,40000, %, = 0,45000, fy = 0,80000, A4 = 0,25000,
oc = 0,32500, Ky = 0,24800, X, = 0.20800, ZD/N = 3,53429

SECTION vigs v I H i
¥ 0,60000 0270000 080000 0,90000 1200000
A, 0.15500 0.22750 04260600 0,29250 0,32500
Az 0,52833 05131 0,51000 0.51472 «52500
' 0.52150 0549446 0,46131 0,42058 0,36080
, & 0.50425 053595 0, 46991 0.39780 04 20454
 fam )= qé/&, Z.5744 2:1735 147743 14379 11379
LanTe = B/a, || 1o1248 1,0443 0.92140 0.76313 0.56104
¢ 2,2000 2,4000 2.6000 2,8000 3.0000
§ =7DfN X ¥ 2,1206 24740 2.8274 341609 3.5343
s/C 0,06391 - 1.0308 1,0875 1. 1360 1.1781
Vs/t’ 0.98180 1.0153 1.0434 1.05658 1.0854
o286 /S/C° 0.25527 0.26396 0.27128 0.27711 0.28220
1 = 426/5/C 0,74473 0. 73602 0726872 0.7228¢ 0071780
77 (Exi1 <) . 89" 307 650 18 600 361 550 11°¢ 480 41"
W2 (ENTe £) 480 22° ! 460 150 420 400 370 217 299 18*
R 7 -0y 210 8° ’ 190 3¢ 170 569 170 501! 19¢ 231
8 = O - z/%)| 280 237 250 53¢ 240 377 240 42° 27° 0*
T =72 + 5 750 451 720 8% 670 177 620 3¢ 560 181
%/ 140 127 L 120 570 120 19° 120 1 130 30¢
T= 0 B 620 347 | 590 127 540 591 490 42° 420 28!




FREE VORTEX ELADING - FLOV THROUGH STATCR
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TARLE 1R

AVERAGE FLOW COEFFICIENT: & 2 0,33

SaLE CALGULATIONS, USING CONSTANT!S RULE FOR THE DETERMINATION OF THE LEAVING AMGLES

77 f 0,600 6.700 0,800 34500 1.000
2 }\g 2583 2550 516 2479 444
3 4 4 327 347 367 382
A }\+ 5%2 432 470 387 .34 943
g -é-g% (,?ﬁ +gf) 10 -0 - 10 -.109 -.099
& [5"-*,?’{;/3" =F 457 .32 223 ,145 38
7 F 23 1.502 988 J643 396 257
S| 1.8 65.3 68.1 70,3 72,1
G| (w7 yf L4723 L2494 1759 1262 L0945
10 ‘ﬁ,’?]a{? 0000 .0304 L0514 L0662 L0770
A= 1.000 1,031 1,053 1.068 1,080
2| sin? 881 509 928 .942 958
13| [sin = F/4, 1.325 R 528 398 264
14 /[1 3t ,0000 1126 .1898 ,2455 217
151 [stn 4)/ {i!] 8 881 .881 .681 L8681 681

16| [4]=[is] = L0060 0994 L1670 .2315 L2445

17 wE .188 188 188 Ji88 188
/8| A+kB=¢ 188 .287 4355 402 453
191 det Y = A 161 .132 143 .44 140

K 45 CALOUATED FROM:

.s{"'c (A+ + =4 3 f{? = /170
it = flhonticcs = fhics  fBes -  fole = 112

MHUMERTCOL 1NTEGRATIONS DONE 8Y SIMPSOH'S RULE A CRASICALLY,

N/, —ﬁ}a@ 5

M120-,0519

[Biets

£82

. “;ﬁ!

.

)
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TAELE 13
FREE YORTEX BLADING ~ FLOW THROUGH STATOR

AVERAGE FLOW COEFFICIENT: @ 3 0.35
SAMPLE CALC‘}—AT‘CMJ USING CASCLDE TRANSFURMATION FOR THE DETERMIMATION OF THE LEAVING ANGLES

/ f 0,6 07 0.8 0.9 1.0

21 A .624 560 .502 .459 404
3| & | 1343 .351 2351 2357 362
4| A+& 508 437 319 997 294
5t f%(ﬁ:*gv -.425 -.350 -.250 -.200 - 175
6| s1+A4fe=F 225 099 065 03 | -ot
7 | Ba=tany .551 .627 an 718 895
g\ % 28.9 32,0 35.4 37.9 41,8

9| 7 65.0 61.3 69.2 7.1 72.1
10| (o )s 297 213 157 17 088
{1 /[’03 dé 0 0249 ,0431 L0568 0670
2] et 1 1,025 1.044 1.058 1,069
/31 U2 sin"} F/;é .595 266 ,178 .093 | -.0336
4 /[’ 3]d¢ 0 .0400 .0616 0756 ,0790
/5| Gin 7,’)/[“3 =B .506 -900 .895 .894 .80
/6| 141<[1s] = A 0 10360 0552 L0676 0703
71 5 .299 297 .295 295 294
18| A+kB =4 -299 333 2350 .%3 .364

K 18 CALCULATED FRCM3

L 20~ [RSds _ 11200165 _
- [Bds 288

330

MMERICAL [NTEGRATIONS DOME BY SIMPSON'S RWE AND GRAPHICALLY.



