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the engine with the smallest fromtal sres is desived. In the past, the
Since the largest compoment of a twbojet engive (using a centrifugel
campressor) is the compressor sssembly, then to decresss the fremtal avea
of a turbojet engine only the comgresscr frontsl srea noed be reduced.
the present time, wxiuleflow compressors can be desicned for o smaller
flow. In camparison to centrifugal compressors, axialsflov compressors
con deliver & greater weight flov per squave foot of frontal area at &
slightly grester efficiency, in the order of T-percemt (ref. 1), The
design of on axialeflow compressor is simplified since the compresser
can be studied stage by stase or isvestiguted os & complete unit. Most
of the work being conducted at the present time is on axisleflov compressors.
The design t4p specd of an axlaleflov ceipressor s uually selected
as hich es poseible within ¢he limitaticn inmpossd by the dreg rise Mach
msber relstive to the rotor blades. This high ip speed is desived
speed for the same blades and the sames flow ungles. 4 & result of
in yecent years.
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design, airfoil seclection, end lower relative air velocities, if the
pressuwre retio per stage can be maintained ot & moderately high level,
stages of an aircraft jJeteengine compressor operate at low corvected
(tenperatuve) tip specds. To illustrate this comsider & two spool
comgressor, (esch spool independently driven on & common axis), st &
tip speed in the second spool is 1,000 feet per second. For these
conditions the second spool will have a corrected tip speed of 675 feet
per second. In order $o operste a compressor ot low tip speeds, higher
turning angles are reguired to keep the workeinput high enough o ohbadn
the desired stagnetionepressure ratio at o reasonable opereting effis
and @ reasonable stagnationepressure ratio ot good opereting efficlencies,
Two parameters used in the design of compressor blades ave the

peesaure rise coefficient ('ﬁi«"ﬁ) It hes been found from

cascade data (vef. &) that the staticepressure rise coefficient is
relative impact pressure is mainly & function of the rotational apeed
and the axial velocity. The design end performance of & low speed
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impulsestype rotor with and withowt o stator o iz presemted in
veferences 2 and 5. In this design a very high stogmation pressure

& larpe staticepressure rise for the stetor and resulied in a high waloce
ity leaving the stator. Therefore, this rotor dosign =n not suitehle
for miltistaging, becavse of this large velocity incrense.

It 1s possible to increuse or decresse the emtering relstive fupect
pressure of the rotor by using guide wenes (prerotationel blsdes) 1f the
rotations) epeed and the work dooe by the rotar ie held constant, For a
miltistage commesser viore axial flov is desived st o1l vaddl for all
in aivereft axials-flow compressor desizn is to incrsase the emtering
 relative fmpact pressure to hicher values by desisming for supersonic
(velative) inlet velocities. The hish relsbive welocities are sttained
tive of the present work was to obtain information on combining low
rotational speeds and moderstely high axial velosities. In doinz so,
the relative Mech mmber entering the rotor will be in the high subsonia
to permit stagnation preassure ratios in the order of 1.2 per stoze with
symmetrical vector diagrams for all stages thet hawe no inovesse in wwial
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If the campressor 1s o be driven by & constant speed electric
motor 1t would be desirable Yo have a wide cperating range of mase
flow retes ocourring abt & constant stagnetionwpressure retio and at o
constant speed. In the case of an afrcreft compressor this condition
would also be desireble. Tor illustretion, consider @ two spool come
pressor, If the first spool wes desigoed for the condition that there
be & constant stagmetionejresgure ratio over the oparating range of mess
would be less eritical.
metrical velocity vector disgrams (to be explained in the design sectiom);
(2) constant sxial velocity of 650 feet per socond at all stages; (3) a
550 feet per second tip speed; (h) stagnation~pressurs retio of 1.217 per
stage, 3.25 overall; (5) islet ubetip rodius ratio of 0.7; (6) specific
and (7) o flat operating characteristic (constant stagnstionepressure
ratio at constant speed over the operating range of the compressor).
The compressor wae bullt snd tested as described in this thesis. The
design bad a possible immediate application to & bounderyelayer suction
control for & larce slobted throst transonic wind tummel, but would
be equally applicable to other installations where a low tipespeed
the compressor was to be driven by o constantespeed clectric motor,
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expectation of achieving a flat opersting charecteristic the compressor
was designed for constant power input per pound of flow.

Any maltistage compresscr that is designed for air, and has sym-
metrical vector dlagrams at all stages, can e run in other mediume
vithout serious mismetch (that is, the design vector dlagrems not being
obtained at all radii and all stages). Since Freone12 hes o higher
demsity than air, it will produce o higher veight flow st a given angle
of attack without increasing stall. To illustrete this condition, the
compressor was tested in both air and Freom-12.

To the knowledge of the aunthor this is the first compressor
designed for the faregoing conditions. The design, testing, and analysis
of results vas conducted at the Cascade Aerodynamics Laboratory o the
langley Aeronautical laboratory.

The design theory of this compressor will be taken wp in Sectiom IV.
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i1, SHeoLs
mmber of blades
perpendicular to meun velocity
equivalent tip speed, It/sec
Mach munber
mass, H.Sec
muber of degrees of freedom
total pressure, 1b/sq £t
static pressure, 1b/eq £V
rotor 1, rotor 2, ete.
rediuve, %
stator 1, stator 2, etc.
velocity of medium, ft/sec
angle between entering flow direction and blade
flow angle messured from axial directiom, deg
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Iv. DEsION

of this compressor, & brief description of & typical vector diagram
(shown in Pig. 1) is given. For the general case & flow with prerotation
has been aosumed. The emtering flov veloeity is V; with & prerotation
of Py degrees. This Flow welocity, Vi, can be broken down into its
axial end tangemtial casponents, Vg,1 and Vg , respectively. Sube
velocity, Vg,1, and adding vectorfally to this the axial veloeity, Vg1,
results in the emtering velocity relative to the roter, ViR, st
Qirection of £y n degress. Now assume the flow is turned Oy degrees
by the rotor. The flow velscity leaving the rotor has & magnitude of
Vo,n ot an angle of fp.n desrees in rotor coordinstes, where

fz,n ® BL,R « % This flov welosity, Vp,n, can be trolen down into its
axtal and tangeutisl components, Vg o end Vg o m, respectively. To
velocity U is sdded to the leaving tangentisl velecity in rotor coore
ddnates, Vg o, Snd this result is added vectorially to the axial
veloeity behind the roter V, o. The resultant flow velocity, Vo, demotes
the flov leaving the rotor in stationary coordinstes in & direction of
fp degrees. If 1t is comumed now that the flov is turned Gy degrees
by the stater, then the flov veloeity leaving the stater is Vs ina
divection of P3 decrees, vhexe Py = fp - 6. Again this flow velosity
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Vs can be broken dewn into its axial and tangentisl components, Vy 3
and V.'ymﬁw. A composite diagram, vhich is most commonly
used, is shown in Figwe 1.

For the desisn of the compressor in this thesis, the veloeity
diagrams were selected to produce a flat operating characteristic
(constant stagnation pressure rutio over the operating range of mass
flow) st constent rotatiomal speed or, more specifically, to heve &
canstunt power input per pound of flow at a constant rotational indee
pendent of the axizl welocity. The following equation expresses the
rate of change of the work fapié per unit msus flow with respect to a
change in the axial velocity end is derived in Appendix A:

..

-‘-5:
The following assumptions were mde in the derivations

1. Entering and lesving axial velocities are equal.

2. Streamlines remain st the same radii.

3. Ieaving flow direction relative to the roter remains constant
as the entering direction @y wvaries.

Conventional axialeflow compressors have a rotationsl speed (U) two
or three times as great as the change in tangemtial wvelocity scross the
rotor (AVg) and hence their constant speed operating line has a high
negative slope as shown in Figuwre 2. The impulse compressor of
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references 2 and 3 has & rotational speed less than the change in the
tangential velocity at some of the bladee-setting snsles tested and thus
had & positive sloping operuting line as showm in Figwe 2. Por &
positive sloping operating line the stasmation pressure rise will incresse
with increasing weight flow over the operstiny range of the compressar.
Por a flat opevating characteristic, or zero slope line, the change in
tangential veloeity mist equal the rotatiomal speed. (See Pig. 2).

Vecvor Diegram Selection

8ince a flat operating charvacteristic was desired for this compressor,
it wes necessary Lo make the chunge in tangential welocity across the
rotor equal to the rotational speed. This can only be dome at one radius
if the power input is to be constant along the span of the blades. Por
this design the power input was assumed constant redially and the mean
radius was selected to have the change in tangentisl welocity equal to
the rotational speed. From experience a hubetip redius ratio of 0.7
was selected for the firet rotor. Several facters which guided this
not critical and it was believed that such o high Mubtip radiuve ratio
would produce the flat operating characteristic desired. It was sssumed
that the flov direction wus axial at all radinl stations., On the
would be constant over the span of the dlade for all stages, no guide
vanes were used. With mo guide wvanes, both the rotor and the stator cowld
be designed to turn the flow axially, in their respective coardinates,
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enly at the mean radius for all stages. Therefore, the vector diagrems
sre symmetrical only st the mean redius. A typicsl symmetrical vector
diagrem is shown in Pigwe 5. Note that here the axial velocity is
egual in mgnitude to the rotational veloeity.

The mmerical values of the rotational speed, and hemce, the
The diffusion limit used was the staticepressure rise divided by the
nmﬂmmws;%m A maximm value of

0.5 was gselected from cascade data for this parameter. The relative
entering impact pressure wis made as high as practical to sttain & kich
pressure ratio per stage. Hemee, the only limit on the relative entering
impact pressure is that of choking in the blade passage. The inlet-air
angles are lov and the solidities are high so as to produce the high
angles the entering Mach mmber is limited to sbout 0.77 st the mean
considered egqually effective as & means of attaining a high relative
{mpact pressure. In other words, the limiting value of the diffusion
limit was considered to be independent of the rotor inlete-air angle.
pressure ratio, welght flow, inlet betip redius ratio, and the condie
tion that the axial velocity shall be constant st all redial stations,
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density was assumed comstant at all radii. Since constant density

to produce the given overall stagnation pressure ratio without exceeding
magnitude of the axisl volocity, and the hubetip radius ratio for all
stages was fixed. Using the results of this computation & three-

sity was assumed & variable along the blade span. Considering the first
stage and the conditions that the power input is consrtant along the span,
the density is & varisble, and that simple radial eguilidrium exists

the previcus two-dimensionsl design. If the conditions could not be met,
the only variable that bas not been fixed is the hubetip radius ratio.
were numerous iterations to be done, this work was carried out on & Bell
Analog computer. From the three dimensiomal design vector diagrems, trial
blade selections were made to check the choking Mach mmber. This complete
selected. For the final design an axial velocity of 630 feet per second
and & tip speed of 550 feet per secomd were chosen. The average stage
nation pressure ravio per stage wes set at 1.217 vhich permitted an
overall design pressure ratio of 3.25 to be attained in six stages. The
vector dlagrams for the first stage are shown in Figwre 4 and pertinent
mmericsl values for all stages are given in Tuble I (see page 19).
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TABLE I.- DESIGN VALUES FOR TEST COMPRESSOR

Blade Vz, ve)‘ B, 8, Cc a, | -a,la - arscr |la - Areq
row Radius| M ft/sec ft./sec deg |deg o [Chord|"l, deg | deg deg deg ’
0.667 |0.786] 650 |550.7 |40.3|28.9]/1.30|2.178|1.40[18.1| 22.2 2.1 0
Rl 582 | .TH6 481.0 |36.5]36.5|1.42|2.089|1.70[21.6| 1L.9 2.1 0
498 | .T710 411.3 {32.3|45.4{1.60(2.000|2.00{25.4| 6.9 2.1 0
667 | .689| 650 |L420.1 [32.9]32.9|1.40|2.345]|1.61|18.4] 14.5 0 0
s1 582 | .720 481.0 [36.5(36.5[1.48(2.172|1.78|20.5| 16.0 0 0
498 | L7665 562.5 |40.9/40.9[/1.60(2.000(1.98{23.2] 17.7 o] 0
667 | .T59| 650 |550.7 |40.3(30.5[1.28]2.140{1.52|18.6]| 21.7 1.4 -5
R2 55 | T26 491.3 [37.1|37.1|1.38]|2.064|1.78|21.7] 15.4 1.9 0
523 | 695 431.9 |33.6|4k4.6/1.51]|1.988|2.04]25.1| 8.5 2.0 -.8
667 | 6Th| 650 [L438.3 |34.0|34.0[|1.40{2.345]1.61|19.5| 1k.5 1.1 .1
s2 69 | 701 491.3 |37.1|37.1|1.47]|2.198(|1.73|21.3{ 15.8 1.3 -.2
523 | JT3T 558.8 [40.7|40.7[1.56(2.051|1.91]|23.4| 17.3 1.2 0
667 | J733| 650 |550.7 |40.3|31.8{1.35(|2.116]|1.60]|18.8| 21.5 1.6 .8
R3 605 | 705 499.6 |37.6{37.6(1.44]2.051(1.85|21.6| 16.0 1.8 .8
S43 | 679 448.6 |34.6]4k.0[1.55/|1.983]|2.05]|24.5| 10.1 1.4 1.0
66T | J659] 650 [L453.3 |34.9|34.9[1.40(2.345]|1.61|20.4 | 14.5 2.0 '
S3 605 | .682 499.6 [37.6|37.6(1.46|2.219|1.72|22.0] 15.6 2.0 -k
Sh3 | L7122 556.5 [40.6|40.6(1.53|2.092|1.86(23.8| 16.8 2.2 0
667 | .T09| 650 [550.7 [40.3|32.8{1.34]|1.007|1.59|20.0| 20.3 2.1 0
R4 613 | 685 506.4 |37.9/37.9[1.46]1.007|1.75|22.2] 15.7 2.1 0
560 | 663 L62.2 |35.4|43.5(1.60(1.007(1.92|24.6] 10.8 2.1 0
66T | J6Uk]| 650 |465.7 |35.6(35.6]/1.34]1.025|1.85({19.9] 15.7 0 0
sk 613 | 664 506.4 |37.9/37.9(1.46]1.023|1.88|21.3| 16.6 0 0
560 | .688 554.9 [40.5|40.5|1.60|1.025|1.95|22.7| 17.8 0 0
667 | .686| 650 [550.7 |40.3(33.7|1.34[1.007]|1.63]|20.6| 19.7 2.3 0
RS 620 | 666 512.0 [|38.2]38.2{1.44|1.007|1.77|22.6]| 15.6 2.4 0
573 | 648 473.3 |36.1|43.1({1.56|1.007|1.91|24.8| 11.3 2.5 -3
66T | 629| 650 [4T76.0 [36.2]|36.2[1.34]1.023(|1.83(20.5]| 15.7 .6 .1
5] 620 | 646 512.0 |38.2]38.2|1.kk4|1.023]|1.87|21.7| 16.5 5 -.2
S5T3 | 667 553.8 |4O.k|[LO.L4[1.56]1.023(1.92]22.9] 17.5 .6 -.1
667 | 665 650 [550.7 [L0.3|34.5]|1.34]|1.007[1.66]21.4 | 18.9 2.9 5
R6 626 | 648 516.6 [38.5138.5[1.43[1.007]|1.79|23.2{ 15.3 2.9 -.2
584 | 632 482.6 [36.6|42.8[1.53|1.007(1.91{25.1| 11.5 3.1 0
667 | 615 650 |484.T |36.7|36.7|1.34]1.023(1.83]21.0] 15.7 1.1 -1
s6 626 | .629 516.6 |38.5]38.5|1.43]1.025(1.87]|22.1| 16.4 1.1 -.1
584 | J64T 553.1 |40.4|40.4{1.53]1.023|1.91|23.2] 17.2 1.3 0




The throst area for the first rotor was within 5 percent of the
two-dimensional choking value at all redial stations for design flow.
Ho allowance was made for boundary layer displacement thickness in the
as included in the design adisbatic efficiency assumption. The adisbatic

| 7
n | (32 7F « 1.0

rise based on isentropic conditions divided by the actual or measured
taperature rise. In order to obtain a realistic valus of the actual
tempersture rise in the design of a compressar, the stagoation pressure
ratio exponent (in the isentropic temperature rise expression) is multi-
plied by an efficiency value which includes losses from boundaryslayer
real gas values end perfect gas values, irregularities in the flow, « . .«
etc. This efficiency is given the name of polytropic efficiency. The
design efficiency then becumes

— —_—
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£ K)mOLﬁ
fedtadatic = =7 .
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efficiency has been found by experience to be relisble. A walue of




-2l -

pressor considering that the walkes of one blade row have a conside
erably lower velocity relative to the following row which is not the
case of more conventional higher tipespeed compressors. In the
conventional compressor, the velocity in the wake ralstive to the
following row is approximately equel in magnitude to that of the free-
stream air. These velocities have a large gradienmt in flow angle
compared with that of the free stream inlet flow. In this design, the
walkes have a smeller difference in direction and o larger deficit in
veloeity. This low-energy air is able to continue flowing downstream
energy from the free siresm by turbulent mixing, This mixing vas
arbitrarily assumed to result in a Sepercent pemelty in polytropic
efficiency. The exact value of 85.8-percent polytropic efficiency was
chosen because the polytropic exponent of the temperature is then a
convenient integer for use in the Bell Asmalog computer. The design
adiabatic efficiency, or tempersture efficiency, for the design stage

Blade Selection
An WACA @ = 1.0 (uniform loading on isolated airfoils) meanline
with an NACA 16-series thickness distribution was used for all blades,
had s stresmvise variation of cross-sectionsl ares thut was considered
desirsble. The reason being that the minimm aree (or throst) occurred
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incyessed smoothly from that point to the trailing edge. Another impore
tart consideration dictating this cholce was the large amount of cascade
data svailable for this meanline.

A maximm thickness of O-percent was selected for all blade sections.
This wus @ compromise between the desire for thin blade sections (from
choking considerations) and for thick blade sections (to permit & wide
angle-of -attack range and to provide & thick enough rotor blade root
section so that a threaded shank fastening could be used).
from the low-speed cascade data of reference 5. The designation of the
blade sections selected in given in Table XX, (sce page 23). There ave
only four different blade types in the compressor, these are for rotors
and stators 1, 2, and 3, and rotors and stators &, 5, and 6. Bach yow
within the group differs only in redial length and blade setting sngle.
The blades were selected for the vector diagrams of the first row of
each group. The blades were then matched as well as possible to the next
two rows. mmm:ammumwmuq
order to meet the design vector disgrems. In Teble I (see pege 19),
the column labeled @ - Gpgc 1s the amount the design angle of attack
differs from the angle of aittack selected for o pesk-free pressure
distribution at low speed as published in reference 5. The column
labeled Q@ = Ghegyrq Shows the difference between the angle of attack
at which the blade would produce the desired turning angle snd the angle
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TABLE IT

BLADE DESIGNATIONS

Blade | Radius Blade Blade | Radius Blade

row (ft) designation row (ft) designation
0.667 16(1kA;5)08 0.667 16(15.9A10) 08
R1 .582 16(17A10)08 Rh .613 | 16(17.5A;4)08
.498 16(2041()08 .560 | 16(19.1A;0)08
667 16(16.1A;10)08 667 16(18.3A14)08
sl .582 | 16(17.8A10)08 | sk .613 | 16(18.84;1()08
498 | 16(19.8414)08 .560 | 16(19.3A;0)08
0.667 | 16(15.2A10)08 0.667 | 16(16.3A10)08
R2 .595 | 16(17.8410)08 | RS .620 | 16(17.7A10)08
.523 16(20.44A,0)08 573 16(19.1A14)08
667 | 16(16.1A,g)08 .667 | 16(18.3A14)08
s2 .595 16(17.3A10)08 S5 .620 16(18.7A10)08
.523 16(19.1A10) 08 .573 16(19.24;0)08
0.667 16(16A,4)08 0.663 | 16(16.6A:0)08
R3 .605 | 16(18.3A15)08 | R6 .626 | 16(17.9A10)08
543 16(20.5A10)08 .58k 16(19.1A10)08
.667 | 16(16.1A10)08 .667 | 16(18.3A10)08
3 .605 | 16(17.2410)08 | 86 .626 | 16(18.7A14)08
543 | 16(18.6A10)08 .584 | 16(19.1430)08
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of attack that is available using the first blade of each group. The
available engle of attack is & function of the blade twist and the
requirements of the other radial stations of the same blade.

All the blade chords for the first three stages were made about
2 inches in length so that the Reynolds mumber could be kept above
mmﬁmmm”muw
conditions. The chord of the blades for the last three stages vas
approximately 1.0 inch.

Mechanical Design

The complete six-stage axial-flow compressor, as tested at design
blade setting angles, is shown in Figures 5(a) and 5(b). The blades for
the first three stages were fabricated from 20(24)T sluminum alloy, while
those for the last three stages were fabricated from 416 heatetreated
stainless steel. All blades were cut on an airfoil dupliceting machine
and hand polished. The blades were mounted by turned shanks which
allowved variable blade setting angles. To finish turn the shenks,
notches were cut in the blade roots as shown in Figwre 6. Because of
the contowr of the imner case, the shank size, and the chord length, the
notches were largest in rotore 1, 2, and 3. These notches extended over
6 percent, T percent, and § percent of the blade span, respectively.

With the high solidities chosen, there would be no clearance between
the blade fastening muts when & simple drilled drum wes used. The
stresses would have exceeded & safe margin vhen the compressor was oper«
ated st 20-percent overspeed in air if the shell had been thin enough to
permit the use of a simple drilled drum. For these reasons a slotted drmm,
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with individual mounting blocks, as shown in Pigure 6, was used.
Pigure 6 also shows the method used to hold the last block in place.
Using this type of fastening allowed the solidity %o be changed in any
of the rotors by removing blades and inserting spacing blocks. The
stator blades were mounted by drilling the outer casing.

Figure 7 18 & cross section of the compressor. The diffuser was &
5.8° conlcal inner case (the dismeter varying from 1k inches to 12 inches
as shown jn Pigwe 7) end a radial diffuser (shown in Piguwre 8). A
roller bearing was installed on the inlet end of the shaft to carry the
radial load and any transverse movement of the shaft caused by
expansion. This bearing was lubricated by an oile-mist spray. The |
bearing assembly at the exist of the compresser consister of a roller
bearing carrying the radial load and a Kingsbury type spherical seated
thrust bearing carrying the thrust load. The rear assembly was lubrie
cated by @ pressurized liguid oil system.

From experience the tip clearance was set at from 0.0R3 to 0.025 inch
when cold. This assured a reasonable allowance for expansion while
running.

After the construction of the compressor was completed it was
assembled in the test stand described in the next section.
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standards as described in reference 6, a plan view of which is shown in
Pigure 8. In oxder to have low turbulence uniform flow in the test
section the following were used: (1) a 1+1/2 by 1-1/2 by 7 inch honeye
could grid; (2) three 100 mesh screens; (3) a 1-1/2 by 1+1/2 by 8 inch
honeycemb grid; () a 60 mesh screen; and (5) & 20 o 1 reduction from
& cireular settling chamber to the annular test section (see Fig. 8).
Located behind the test compressor is & vainless radial diffuser into
vhich the test medium is discharged. This low veloeity medium is then
passed through twe aircraft-type radiators vhich are used to remove the
heat from the medium. A drum-type throttle valve, with a butterfly vane
on the upstream end; is used to increase the beck pressure on the com»
pressor. This throttle velve consists of two concentric perforated drums,
the outer one being driven by an electric actuator. When the holes in
the two drums ave about 50 percent closed, the butterfly vane is geared
to clese. This allows a sensitive control on the mass flow. Between
the throttle valve and the settling chamber is a calibrated venturi. To
mmmmumm,am/:wmwm-a
honeycomb grid ves used in the inlet of the venturi.

With this installation the compressor can be tested in a medium
of air or Freon~12 and also tested as a closed or open cycle system.
To run as & closed cycle system the venturi is commected to the settling
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chamber as shown by the dashed line in Figure 8. For the open cycle
systen tests (solid 1ines in Fig. 8), the air is filteved before
entering the settling chawber. Between the filter and the setiling
chamber is o 20-inch dismeter gate valve used for throttling. It is
assumed that with the straightening vanes uniform flow is present at

the inlet of the compressor for both systems. The air is discharged
after passing through the venturl tube. For this compressor the
temperature rise in air was larger than the temperature drop across the =
radiator, therefore, the open cycle system was used for all of the air
testing. All testing in Freon-l2 was done in a closed loop system. Since
the contemination of the zas would produce erroneous results. The com~
pressor was driven by a 3,000-horsepower induction metor with a two
M, 2.015:1, Folk speed increase.

One method of indicating the overall performance of a compressor is
by measuring the temperature efficiency and the mase flow. The temperse
ture efficiency can be computed from the overall stagnation temperature
rise and the overall stagnation pressure rise (see tempersture efficiency
equation in symbols). The mass flow is measured by the calibrated
venturi meter (Fig. 8). Another efficiency used is the torque efficiency
which is computed from the work sone on the medium and the torque reguired
to do this work (see torgue efficiency equation in symbols). These are
both overall values. The static pressure rise along the outer case gives
an indication how each blade row is performing in relation to the others.
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For this compressor radial rakes were used to measure the steg-
nation temperature and the stagnetion pressure (Fig. 9). The approximste
location of the measuring stations are: Station 1, 3-inches ahead of the
firet roter; station 2, 1-inch behind the sixth stator; and station 3,
6.5 inches behind the sixth stator as shown in Figure 7.

The inlet stagnation temperature distribution vas messured by
0.16 inches epart, slong & rodial rake (Fig. 9). The rake was equally
spaced in the anmulus at station 1. The inlet stagnation pressure was
meastred by two 0.015«inch dismeter static-pressure orifices in the
settling chamber. From previous calibrations, it was found that these
static-pressure orifices indicated the same presswre as & stagnation
pressure probe in the inlet., The absolute inlet stagnstion temperature
in the settling chamber. The redial static pressvre distridution was
checked around the outer case at station 1 by four, 0.015-inch diameter,

The exit instrumentation for the first three tests was located
st station 3. Two staznation temperature rakes of the same type as used
st station 1 vere used to measure the stagnation temperature at stetion 3.
The stegnation pressure distribution was measured by two stagnation
pressure rakes (Pig. 9) consisting of eleven 0.060-inch diameter tubes
each. Each of these rakes, stagnation tempersture and stagnation pressure,
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tenperature rakes were located st 0° and 180° arcund the ciroumference
looking in the direction of flow and the two stagnation pressure rakes
were located at 90° and 27¢° around the circumference looking in the
the outer case ob stetioss 2 and 3 by four equally spaced 0.015-inch
dlameter static-pressure crifices located at esch station.

For the remaining tesés, one of the stagnation temperature rakes
and ome of the stagnation presswre rakes vere moved from station 3 to
station 2. This wes doue to determine whether there was any change in
location of the stagnation texperature and stagnation pressure rakes st
stations 2 and 3 wus determined so that the rakes were in the center of
one of the sixth stator blade passsges. It was assumed that the wakes
 from the sixth stator had litile effect on the resulting messurements.

The compressor eguivalent weight flow (weight flow based on standard
cenditions of pressurs asd temperature) wes determined from the calibreted
venturs meter (Pig. 8). ALl of the stagnation temperstures were indicated
on & recording Minneapolis Homeywell self-balancing potenticmeter. All
of the stagnation and static pressures were indicated on a multiple-tube
photegrephing the manometer board. The rotor speed was measwured by a
commercial Strobocon tuning instrument. A fluctustion of 1 percent was
found to be present in the cordrol system.

o order to obtain an indication of the work done by each blade
row staticepresaure orifices, 0.0l5~inch in dimmseter, were located



» 0 -

ahead of each blade row in the seme position relative to the blades
a8 shown in Figure 10(b).

The velocity of sound in Freonel2 air mixture wus measured by
- an instrument similar to that described in referemce 7. With this,
the characteristics of the mixture and the physicel properties of
the the medium were determined.

In order to determine the effect on the campressor of moisture
content in the test medium water was sprayed into the inlet. Four
nozzles, equally spaced, and 22 inches shead of the first rotor vere
used, The vater wus spesyed in ot wvarying rates with the supply
pressuwre (60 pounds per sguare inch) being the meximm. The amount
of water injected was measured by a commercial flowmeter.

The following procedure wes used when testing in adr. In order
to cbtain a constant speed operating line the speeds were corrected to
standard RACA temperature before running. This eliminated variations
caused by varisble inlet temperatures. A given corrected speed was set
at fulleopen throtile. For these tests the upstreum throtile was used.
The stagnation temperature rise and shaft torgue were recorded and &
photograph was taken of the manometer beard. At the sume speed the
throttie was closed in arbitrary increments, about 8 to 10, until the
stall region was reached. The stall region was determined by the
change in the stagnation pressure rise and the sound of the compressor.
From past experience, it is lmown that compressors have o definite
pulsating sound and vibration when the stall region is reached.
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Vibration indicators were mounted at both the inlet and exit of the
compressor on the outer casing to indicate these vibretions. From
the gtall region was determined. FPor speeds of 70 percent of design
and higher this point was the surge point, < podal wiasee the camplete
compressor had stelled snd there was flow rewwrsals At lower speeds,
unn-mwmm When data had been taken at ull
throttle position, the rotsiionsl spesd was changed and the same pro-
as that indiceted above. The air speeds were corrected to Freonel2
speeds by the following relation, (ref. 8) sssuming the same emtering

$he R in the cbove eguation is the universal gas constant.
Since s closed-loop syslen was used for cperwtion in Freonel2 the aystem
pressure could be comirolled. It was seb at sbout cneehalf an atmose
phere for all Freon-iZ teste. The throtile in the test stand vas used
for all the Freon-l2 tests. The actual ruaning procedure was the ssme
as given for air.
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The design configwretion was designated as configuretion A.
In order to reach design conditions the blade setting angles were
reset and the machining notches at the root of the blades in the
s configurations B and C respectively. In an sttempt to increase
of the first two stages were inecressed and those of the last two
stages were decrecsed. This modification was designated as
configuration D. The solidity of the first rotor was decressed in
an attempt to increase the flat opersting range of the campressor.
This modification wus designated as comfiguration E.

Table III (ses page 33) lists the configwations giving the
geometric change, the speeds tested, and the test mediwm.

: Presentation of Results
A typical radial distribution of the stagmation pressure ratio
and the nondimensional stugnation tempersture rise for the campressor
discharge at design speed is shown in Figuwre 1l.
The ares velighted value of the stagnation pressure ratio can be
found by first multiplying the stagnation pressure ratio by the incre=~
mental area that it acts on, swmming these results over the ammulus,



TABLE IIT.- SUMMARY OF CONFIGURATIONS TESTED

Config- Test
uration Description medium Speeds tested, (percent of design)
A Original blade-setting angle, Air ko, 50, 60, 75, 80,
(see Table I p. 20) 85, 95, 100, 105
B Blade-setting angles changed to raise angle Air 60, 75, 80, 8, 95, 100, 105, 110
of attack by
RL 2° R3 0° R5 0°
s1 &° s3 5° s5 5°
R2 0° Ry 0° R6 Q°
s2 59 sk 0o° s6 o°
C Same configuration as B except notches in R1l, R2, and R3 Air ko, 60, 75, 80, 85, 95, 100
were filled with balsa. Freon-12 | 50, 60, 80, 85, 90, 9, 100, 105,
110, 115
D Blade-setting angles changed to raise angle Air 60, 75, 80, 85, 95, 100, 105
of attack by the following as compared to Freon-12 60, ™, 8, 9, 100, 105
configuration A
Rl 5° R3 0° R5 =20
S1 4° s3 5° §5 59
R2 2° Rk 0° R6 20
s2 5° sk 0o° s6 0°
E Same blade-setting angles as configuration D. Alr 30, 4o, 50, 60, 15, 80, 85, 95,
Five blades removed from the first rotor. 100, 105, 110
Freon-12 | 30, Lo, 50, 60, 75, 80, 85, 90,

%, 100, 105, 110

-gg-
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n
al average of the stugmation pressure ratio <%*Z§;}>
‘ o = point mmber
approximstely equal to the ares weighted value when the end points of
appears in Table IV (see page 35). '
A discussion of the results will follow in the next section.



TABLE IV

SUMMARY OF TEST DATA

Peak efficiency

Percent of mass flow
at 100-percent

Configuration iiigzi Medium Repigl Ppeer
85-percent | 100-percent |Maximum | P)/P; | Py/Pi
design speed | design speed flow 2.0 5.2

A 12 Air 80.0 83.0 96.0 88.0 |' 2====
B 13 Air 79.5 775 100.0 | 100.0| ‘-===~-
C 14 Air 82.0 82.5 101.5 ' | 1015110k :5
c 15 Freon-12 81.0 81.0 105.0 | 104.5| 104.0
D 16 Air 81.0 82 5 102.5 | 102,51 102.0
D 17 Freon-12 82.5 80.0 108:0 - }:107:5 | 107.0
E 18 Air WG Sd 1 0 102.0 | 102.0 | 102.0
E 19 Freon-12 80.5 82.0 106.0 | 106.0 | 105.5

*For this configuration the efficiency was based on torque measurements.
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VI. DISCUSSION OF RESULES

The compressor in its design configuration, configuration A, had
the flst operating characteristic (constant stagnation pressure ratio
at constant speed over the opereting renge of the compressor)(Fig. 12(a))
that it was designed for, It ves low in mass flow by about & percent
and had & peak stagnation pressure ratio of 3.0 as compered to the
design value of 3.25. The temperature efficiency (Pig. 12(b)) st deaign
speed vas 83 percent compared with the design temperature efficiency of
aa.am. The power input t0 the compressor wes low by about
32 percent of the design value. This indicstes thet the design turning
angle was not attained in one or more of the blade rows. To obtain an
indication of the rows that were not operating at design values without
extensive swrveys, the static preossure rise slong the outer case was
plotted (Fig. 12(c)). In all the rows except the fourth stator row the
static pressure rise was below the design value. The points used are
referenced to the stagnation pressure ratio msp (Fig. 12(a)) by Roman
numerals. At the high mass flows, or open throttle, the sixth stator
was choked. For this configuration the static pressure distribution
was presented for off design speeds (Fig. 12(c)). At off design speeds
the compressor operated with the same characteristic as at design speed.
The sixth stator choked at high mass flows and the overall shape of the
statie presowre distribution wes the ssme, The flst opersting
characteristic is limited by the supersonic flow in the sixth stator
at the high mass flows and the surge point or rotating stall regiom at
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Mwmm, mmmwmm,mm
@38 £i£th stater blade Tows were reset to higher blsde setting angles as
Mammlmm 33)s This was done to increase the overe
_mmmmmmmm.mmmm

In configuration B, the above changes were incorporated. This
configuration resched the design mass flow (Fig. 13(a)), but at o pressure
retio of 3.1, The tempersture efficiency (Fig. 13(b)) was 7 peveent lower
than the tempersture efficiency found in configuwretion A (Pig. 12(b)).
By increasing the blade setiing angles in several of the blade rows the
{7ig. 13(c)) ss compared with that found in configuwretion A (Fig. 12({e¢))
at design speed. The sixth stator row choked at the high mass flows.

The notches (Pige. 6) st the root end of the blades of the first
three rotors were believed to be partly responsible for the lower-thane
notches extended redially for 6 percent, 7 percent; and § percent of
the blade span for rotors.l, 2, and 3, respectively. They could cause
flovw separation. If flow separation occwrred it would cause a lov
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notches were filled with balse wood for the next configuration,
configuration C, to ascertain vhether separation wus occurring and
to attempt to correct this adverse effect.

The performance of configuration C is shown in Pigure lh.
Pilling the notches raised the mass flow by 1e1/2 percent, the peak
temperature efficiency by 6 percent, and the peak stagnation pressure
ratio from 3.1 to 3.22, ot design speed. The overall static pressure
rise for configuration ¢ (Fig. 1h(c)) was increased to approximately
the design aistribution in all stages. By £illing the notches and
to epproximately design values at the same oversll temperature
efficiency (82 percemt).

Configuration C was also tested using Freone12 as as o test
mediwm. Becsuse of the lower retio of specific heats, the temperature
rise in Freonel2 is less than that in air for the same stagnstion
pressure ratio. This results in o greater density rise in Freonel2,
Appendix B shows that for this compressor, the demsity rise is effece
tively 2h percent greater in Freone12 that in air, Becsuse of this
have & greater effective anmulus ares at the exit. With the higher
wieght flow and lower sonic velocity, the blade rows will operate at
higher angles of attack, progressively incressing from the inlet to
the exit. This will cause stall st these higher wedght flows and
limit the operating range of the compressor.
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Pigure 15 shows the performance of confisuretion C tested in s
‘this configuration € in air (Fig. 1h), but the mass flov increased
had o smaller flat operating line for Freonel2 (Fig. 15(a)) as compared
with the air tests (Pig. 14{a)). A poseible reason for this was given
in the foregoing paragraph. The static pressure rise st design speed
and near stall (Fig. 15(c)) wes approximstely the ssme as for the air
tests, but st the open throtile condition it was considersbly lower
in the midecompressor stages. The higher mass flowe and mismatch could
pressure rise only occurred at as low as 85 percent of design speed for
mase flows at design and off design speeds, After tests of confige
uretion C were completed the exit instrumentetion ws changed to one
stagnation tempersture reke and one stagnation pressure reke (at
station 2) and one of each instrument at station 3. The data used in
the remaining configurations were taken from the instrumentation at
station 2.

' In an attenpt to increase the weight flow operating range of the
compressor, the blade setting angles of rotors 1, 2, 3, 5, and 6 were
reset (os listed in Teble ILI, see page 33) o a6 to increase the power
input in the firet two stages and decrease it in the rear stages. This
moddfication will be noted as configuretion D. Configpumation D was
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tested in alr first and its performance mep is shown in Pigure 16.

In comparison with configwation C tests with air (Pig. 1i(a)) there

was no change in the flat operating renge and there was very little
effect on the performance. As has been noted in previous configurations
the sizth stator passage choked at all speeds for maximm flow conditions.
At the mextmum flow condition for all speeds the flow behind the sixth
stator was gupersonic. AL came speeds, the instrmmentation st station 2
condition possibly due to this supersonic flow. .

Configuretion D vas also tested with o Freone12 medium. The overall
performance is presented in Figure 17. The peak stegnation pressure
ratio and peak tempersture efficiencies were the same &8 configuration C
tested vith & Preon-12 medivm. At 100-percent design speed and above,
configuration C tests with a Freons12 medium, However, the static
pressure distribution wes approximately the same as the distribution
found for configuration C tested with & Freon-12 medium.

The solidity of rotor mumber one was reduced for configuration B
with the expectation that this would increase the weight flow operating
range of the compressor. The lower solidity rotor should have a greater
varistion in deviation sngle and hence delay stall of the rear stages
at the low weight flows. The results (opersting range, pesk stagnation
pressure ratio, and static pressure distribution) of configuration B
teoted with air (Pig. 18) are the seme as those found for configwration D
tested with air (Pig. 16). PFor configuration E, the torque efficiency
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is presented since the temperature resdings weve in error. For previous
for configuration B tests with air was T7 pevcent ot design speed.

For all the speeds the pesk walues were fram 4 pereent to & peveent
configurations. It would then seem that there was mo change in the
efficiency of the compressor cue to the lower solidity of the first roter.
The hepercent deficit in torgue efficiency, measured by the torgue
coupling, can be partially stiributed to the friction of the two ball
boarings, three roller besrings, one thrust bearing, sud three carbon
seals in the assembly.

The compresscr vae xum in the rotating stall region at the speeds
vhere it existed. Previous tests were made ¢ith the ursteady flow as
the Limit. Por speeds above 75 percent of design spesd the unstoady
flow was the surge limit bul for speeds below this it was the boarder
of rotating stall. The torgue efficiencies for the points in the
rotating stall region are presented oo Figwre 18(b) and faived by a

The compressor desizn had a possible sppllcation o s bounderye
layer suction comtrol for a slotted throst trensomic wind tusnel. In
this application 1t would be subject to varying amsunts of moisture
content. To find the effect of molsture on the camgressor, vaber was
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injected in the inlet 22 inches upstrean of the first rotor. Fowr
nozzles were used at this point. Weter was sprayed in at rates uwp
to 15 percent of the mass flov vith no change moted in the torque
efficiency. The eolid point on Pigure 18(b) indicates the polnt of
wvater injection. Temperature readings were not taken since theve
vas some question as to whether all the water thet was injected had
evaporated et the exit of the compressor. |

Configuration E was also tested with & Frecnel2 medium. The
overall performance (Fig. 19) vas the same as other Freon-l2 tests
(Figs. 15 and 17), the mass flov vas increased by 5 percent and the
flat operating range was smaller than for air tests., The pesk value
of the stagnatione;ressure retic and of the tempersture efficiency
remained the seme as for configuration C tested with adr (Pig. ).
The static presswre rise had the same characteristics as other
configurations {(C and D) tested with Freonel2.

After the water injection tests were completed, the compressor
ersinge showed distinet lines of boundery flow (Figs. 10(a) and 10(b)).

The following is & sumsary of the results:

1. A flat operating characteristic at constent speed (stagnstion
pressure ratio independent of mess flow over the range of the machine)
was obtained by making the rotationsl speed equal to the change in
tangential velocity through the rotor at the mean redius, with the
limit of weight flow being the supersonic choking in the sixth stator.
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2. An average stagnation pressure retio of 1.217 per stage vas
cbtained at & tip speed of 550 ft/sec and an axial velocity of
650 fe/see.
3. Peak efficiency wus nearly constant (60 to 82 percent) at all
- speeds from 30 to 100 percent of design speed for configuretion C wheve
b, The effect of rumning this compressor in Freon wes to increase
the mnes £low by 5 percent but to decresse the remge of flst operstion
8% and above design. .
5. Moisture content up %o 1.5 percent of the mess flow st desigm
apeed had no effect on the torque efficiency or mass flow.
the next section.
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A sizestage exial-flov compresser with a 550 fool per second tip
radivs ratio of 0.7, The compressor was designed by conventional
compressors if the statlc pressure rise is grest enough to permit

2. A flat opersting characteristic can be designed for by using

3+ Usual limits of static-pressure coefficient were found to be
appliceble for this type of design.
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Appendix A. Derivation of en Bquetion for the Rete of Change
of Work Input With & Change in Axial Velocity

Aw«x«mvumumumi.

It 15 sssumed that:

1. DBntering and leaving axial velocities are equal.

2. Streamlines remain at the same redii.

3. leaving flow direction relative %o the rotor remeins constant
as the entering flow direction varies.

The work done per unit mass flow is UAVp, while the chenge in
tangential velocity is

a..vm.va - (A

&V = U « V, ten By = V, ten Pop (a2)
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Differentiating the change in tengential veloeity with respect to the
axial velocity gives
L = ~(vam 9y + tan ) (43)

Multiplying both sides of equation (A3) by V,/avy gives

alavs)
&g =V, ten By ¢V, tan Pop) ()
/Y av
A
Simplifying equation (Ak) by use of equation (A2) gives
dave)
“. A'-U
...5.....4 ....!_...”' (a5)
'I
or
a(avy)
avy v
T, "

Equation (A6) 1s an expression for the rate of change of work
input with & chenge in axial velocity at a constant rotational speed.

Appendix B. Effect of Testing With Freonel2
The ineresse in density will ellow the compressor to operate with
an effective area change without = change in geometry. To illustrate
this the percentage incresse in density is computed.
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The work input can be written as
Vork = me(Tp - ) = WAV ()

Equation (El) ean be rewritten in the form of tempersture ratio

33.(% ,)
%\l -
How sssuming the compressor operates with a polytropie process,

then the following expression

) (e

P
@ -f -
can be used to relate the stagnation values of pressure, density, and
temperature.
The relation for stagnationepressure ratio in terms of veloeity
and inlet temperature can be found by combining equations (B3) amd (B2).
This will result in

(B4)

From equaticn (B4), the stagastionepressure ratio is ratio of air to
Freon-12



B, (.
B G0

Bquation (B3) ﬂmmmm~m|\mﬁaa-mnm
and the stagnaticn~density ratio. This cam be written in the alr to
Freon-l2 ratio as

()

), @l
N

The ratio of the tip speeds for the same relative inlet Mach nunber
in air and Freon-l2, asouning ne inlet whirl, is, from veference §,

s al
e
Vatr | _\24(7 =M% air (1)
Upreone12 R >
<2’("”.12M-12

vhere R in this equation is the universal gne congtant.

For a multistage compressor vith a symmetricel vector diagram, where
all stages turn the flow axial, =od the work input is constant per stage
mumm&mmm,mmnmﬂm
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be used. The overall stagnationepressure ratio can be computed without
& stage-by-stage analysis since U = &Vy. Assuming a polytropic
efficiency of 85.8 percent and an inlet absolute Mach nusber of 0.6,
equation (B5) can be evaluated for the design conditions of the subject
compressor. The resulting ratio is

= 1.025 (26)

This indicates the pressure retio should be 2.5 percent less in
Freone12 for design efficiency. For an alr design pressure ratio of
3,25, equation (B6) results in

0.870
- V—
Freone12  \ 1/Frecn-12
e @ '3
L/agr P1/atr
The density is then epproximately 24 percent greater for Freonel2

than for air at the compressor exit., This would effectively increase
the effective amnulus area by 24 percent without a gecmetrical change.
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Figure 1.- General vector diagram.
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Figure 4.- Design vector diagram for first stage of six-stage
compressor at several radii.



(a) Rotor assembly. L-93975.1

Figure 5.- Six-stage compressor assembly configuration A.
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(b) Stator assembly. L-93972.1

Figure 5.- Concluded.
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Figure 6.- Detail of blade mounting and notches in blade.
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Stagnation-pressure rakefll Stagnation-temperature rake
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Figure 9.- Instruments. L-57-2230.1



Figure 10.- Six-stage

i A 535 OS5

wh s
Pttt

(a) Rotor assembly. L-96063.1

compressor assembly after solidity change, configuration E.
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(b) Stator assembly.

Figure 10.- Concluded.
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Figure 12.- Overall performance of a six-stage axial-flow compressor configuration A in air.
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Figure 16.- Overall performance of a six-stage axial-flow compressor configuration D in air.



Temperature efficiency (numerical average), 7

.9

6

.5

Percent  Tip
design speed,
speed ft/sec

D01

V\J =4
A 60 330.0
v h12.5 L\ %V s i
N 80 Lho.0
4 85  L67.5 \ N
NERE 522.5 A
D 100 550.0
a 106 577.5
10 20 30 Lo 50 60 70 8o 90 100 110

Percent design mass flow

(b) Variation of temperature efficiency (numerical average) with percent of design mass flow.

Figure 16.- Continued.



Tip static-pressure rise,

- &2 -

3.6
AN
3.2 AN 74
2.8 \
Point
At X
E; II N
o I1I
& A IV q 0]
20h
Fi ]
$ 8
4 Ea
2.0
A 55
L
Fa
JAN
i
/]
3]
1.2 VAN
&
08
Rl sl R2 S2 R3 S3 R sh RS s5 R6 sé

Blade row

(¢) Variation of tip static-pressure rise with blade row at 100-percent

design speed.

Figure 16.- Concluded.




L.2

3.8 ’ design

A

3 /| o
100 ;

Percent Tip v it i

design speed, Jéf\?

speed ft/sec /
60 330.0 95
3.0 75 112.5 '

Unsteady flow-+

DDANID
=
S8R
ownin
\\&\\
pa)
gicidt

1N

834/
]JLI
2.2 ,/ 4

Stagnation-pressure ratio (numerical average), P,*/Pi

0 10 20 30 Lo 50 60 70 80 90 100 110 120

Percent design mass flow

(a) Variation of stagnation-pressure ratio (numerical average) with percent of design mass flow.

Figure 17.- Overall performance of a six-stage axial-flow compressor configuration D
in Freon-12.

.

-gg-



Temperature efficiency (numerical average) s My

1.0
9
Percent Tip 7o Aﬂ-
8 design speed, AKA\ A Vi 7{ \ e Q
. speed ft/sec 4 N
A 60 330.0 4
vV 75 Q12 -
4 85 L67.5 .
N 95 522.5 <
.7 D 100 550.0
Q 105  577.5 éé‘%
[
@
.6
'50 10 20 30 Lo 50 60 70 80 90 100 110 120

Percent design mass flow

(b) Vvariation of'temperature efficiency (numerical average) with percent of design mass flow.

Figure 17.- Continued.



Tip static-pressure rise, Phehind blade row

-85 -

3.6
ax

3.2 4
2.8 Points

o1

O 11

O 111 A

o A IV

2 .h

2.0 i)

1.6

1.2 €§

R1 S1 R2 S2 R3  S3 Ry sk RS S5 Ré6 s6
Blade row

(c) Variation of tip static-pressure rise with blade row at 100-percent
design speed.

Figure 17.- Concluded.



L.2

3.8
3.4

Eal

(=)

~

o

N

&

£ 3.0

[

>

L]

]

(33

Bl

1

£ .6

gz

o

o

2

L]

1)

@

] 2.2

2]

0n

[

19

o

i=4

o

Pe]

>

gﬂ 1.8

o

2

(5]
1.h
1.0

-98-

Percent
design
speed

110 4
105 ; /%?
Percent Tip v
design speed, 100 JII
speed ft/sec = (
O 30 165.0 EEII
S % e F et :
[o] 0
A 60 330.0 /J\J—
v 7% L12.5 Surge line—*;
N 80 Lh0.0
Z 85 L67.5
= 95 522.5
D 1o§> 550.2 o
10 77.
& 110 &80 ;%U‘Az%
80
Al
75,.1 __m
A% &
. : /_\g——a-d
Rotating stall 11ne7f A
Sur‘ge line . _ A %
o O B ool
R I
c - N —
3?;x§fcr—"‘*1 6£§}*}133
10 20 30 110 50 60 70 80 90 100

Percent design mass flow

110

(a) Variation of stagnation-pressure ratio (numerical average) with percent of design mass flow.

Figure 18.- Overall performance of a six-stage axial-flow compressor configuration E in air.



Torque efficiency, rb

.9
.3
e b I "Vl A
] T H v 1]
% ! \ / } ? %@

.7 L \0' l — 5 A A .
! \ | x‘ / XA Jﬁ N \
= S i /

] i '§
) TR B I
/ | 8 / /P q
/ I / /
" 1 / /
! o 17
.5 A ’f ’5 //
/ | / /O Percent Tip
! / d / design speed,
T + 7 a speed ft/sec
,/ ,‘ // / C 30 165.0
W) ; W, / O Lo 220.0
7 JEY; 7 O 50 275.0
/ ( A 60 330.0
A v 15 Ll2s
7 ANV N 80 LL0.0
i/ ARAY, A & L4615
3 / S v N % 522.5
: 7 7 7 7 D 100 550.0
/ K> /A/ Q 106 577.5
/ Y, , o 110 605.0
Pl
) + z
/| o ,/ //
/
gl
/ K
d 7/
.1 eof A
0
10 20 30 Lo SC 60 70 80 100

110

(b) Variation of torque efficiency with percent of design mass flow.

Figure 18.- Continued.

-Lg-



- 88 -

3.6
ViN
3.2
i
Points
o1
2'8 D II ‘Lk.i
O 111 4
AT g o
al
Q,
2.1-[
e A g
g 20
.g é
® ) 45}
*%-, 2.0
o /'\ C]
%; 4
9 )]
2 &
3 D
% 1.6
Q,
%
1.2 i
.8

Rl S1 R2 S2 R3 S3 Rl Sk RS S5 R6 Sé

Blade row

(c) Variation of tip static-pressure rise with blade row at 100-percent
design speed.

Figure 18.- Concluded.



4.2
Percent
3.8 ercent,
speed
105
v Percent Tip
&; design speed, /ék\?
o 3. speed ft/sec .
> O 30 165.0 10
& O Lo 220.0 |
g O so 275.0 'D‘IS
; & © e i
v 12,
i 5o e "
§ ¢ R
g 9  L95.0 | qQ
§ % 95 522.5 Unsteady lnaw -xg %ﬁ_
E D 100  550.0 8 ;n
o 0 105 577.5
el 2.6 . M
: 85 ;
o
5
] %
Boee st
é ]
& 75 vz o
+» %
) ]
1.8
60
_M’ﬂ%
1.l 0
F—O—0—Of
10 / .?)8
30 g
- O —o0
105 10 20 30 Lo sc 60 70 30 % oG o

Percent design mass flow

(a) Variation of stagnation-pressure ratio (numerical average) with percent of design mass flow.

Figure 19.- Overall performance of a six-stage axial-flow compressor configuration E
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DESIGN AND TESTS OF A SIX-STAGE AXIAL~FLOW COMPRESSOR
HAVING A TIP SPEED OF 550 FEET PER SECOND ARD
A FLAT OPERATING CHARACTERISTIC
AT CONSTANT SPEED

By Joln W. Maynard, Jr.
ABSTRACT

A six-stage axial-flow compressor with a 550 feet per second tip speed
and & flat operating characteristic (constant stagnatione-pressure ratio at
constant speed over the operating range of the compressor) was designed and
tested. The design theory and test results are presented in this thesis.
Tt was designed for a constant power input per pound of flow regardless of
mass flow. The design specific weight flow was 21.1 pounds per second per
square foot of frontal area with an atmospheric discharge at an overall
stagnation-pressure ratio of 3.25 and an inlet hubetip radius ratio of 0.7.
In order to reach design conditions the blade setting angles were reset
and the machining notches at the root of the first three rotor blades were
filled. In an attempt to increase the flat operating range of the comwessor,
the blade setting angles of the first two stages were increased and those of
the last two stages were decreased. Also, the solidity of the first rotor
was decreased.
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