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INVESTIGATION OF AN IMPULSE AXTAIL-FLOW COMPRESSOR

By John R. Erwin and Wallace M. Schulze
SUMMARY

An investigatlion was made to determine the possibillities of
obtaining high pressure coefflclents by applying a constant—
pressure high turning principle to lmpulse axial-flow campressor
rotors. In conventlonal axisl-flow campressors, the total pressure
coefficlent is limited to a maximumm of about 1.0 by separation
., losses that accampany turning angles exceeding sbout 309, as a
result of the assoclated static—pressure rise. Turning the flow
wlthout static-pressure rise, as In Impulse turbines, greatly
oextends the 1limit of turning angle, and higher pressure coefflclents
are possible. .

In order to develop blade designs for an Impulse axial—flow
campressor, blade sections were tested in a 5—inch low—spesed cascede
tunnel at the Iangley Aeronautical Iaboratory. Fram these results,
a. rotor was designed to produce a turning angle of 75° and a total
pressure coefficient of 2.40. This rotor was tested in a low—speed
test compressor without inlet gulde vanes and wilith and wlthout
stator blades. At the design quantity—flow coefficient of 0.82,

a rotor total-pressure coefficient of 2.3 with 98.3 percent
officiency and a stage total pressure coefflcient of 2.05 wilth an
efficiency of 89.6 percent were cbtained.

INTRODUCTION

The advantages of the axial—flow campressor are In ita high
specific—Plow capacity and high efficiency. The princlipal
disadvantage 1s thes low total-pressure—rise coefficlent obtalnable
with the usual design. This limitation is imposed because the
rotor-blade passages are used not only to impart kinetlc erergy
to the flow but also, as diffusers, to convert part of the dynamic
pressure to static pressure. This system is desirable when interest
is centered largely In cbtaining a given static pressure rise with
maximum efficiency because, when & constant diffusion efficlency
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or constant blade lift to drag ratio is assumed, dividing the static
pressure rise equally between rotor and stator has been shown to
produce least losses (reference 1). Separation losses accampanying
high static—pressure—rise coefficients, however, set a limit to the
diffusion and, therefore, to the turning angle. The angle through
which the flow is turmed is the primary determinant of the amount

of energy added to the flow; therefore, with this system, the energy
that can efficiently be added to the air 1s limifed.

/

The flow may be turned through large angles efficlently if
little or no static-pressure rise takes place. Such flows exlist In
impulse turblnes. The purpose of the present investigation is
to examine the possiblility of obtaining significantly greater total—
pressure—-rigse coefficlents by using these principles to design
an axial—flow campressor rotor. Although conventlonal campressor
turning angles are in the range of 30° and below, impulse turbines
normally operate with turning angles of 90° and above, with 1200 as
a typical value. If this large turning angle could be accampllished
efficlently 1n a campressor, the energy Iinput would be greatly
increased. Seme priocr work has been done Iin this field. In
reference 2, a constant—pressure blower (called the Schicht blower
after 1ts inventor) is discussed. Possibilities of such a blower
were indicated by the French enginser, Rateau, as early as 1890,
but very little attempt was made to develop the idea before the
Schicht designs. Reference 2 indlcates that, with turning angled
of about 45°, efficiencies of over 80 percent were experimentally
produced with a pressure—rise coefficlent of 0.8 but, with a
pressure~rise coefficlent of 1.4, the highest efficlency attained
was 60 percent. Although the constent-pressure principle was
previcusly esteblished, full advantage of the possibillitlies was
not taken. .

In the present investigation the flow was turned more then in
the Schicht blower in order to cbiain higher pressure coefficlents.
Another advantage of greater turning waes a reduction iIn the taper of
the rotor annulus necessary to maintaln constant static pressure.
Reducing the taper of the blower passage made the flow more nearly two
dimensional and therefore minimized radial flowes which complicate the
anelysis. Axial flows elsd permitted the direct use of blade sections
developed in two-dimensional cascades. It was believed that an
efficient high-pressure—coefficient impulse campressar would result
‘when these principles were used. A similar attempt was made by
A. Weise (reference 3); however the maximum pressure ratio was L.k
rather than the value of 2.1 which Welse anticipated. The adiabatic
efficiency was very low, of the order of 40 percent. Welse attributed
this performance to the observed extremely nonuniform flow leaving
the rotar, but he was unsble to find a satisfactory explanation for

the poor flow.
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SYMBOLS

diameter, fest

power avallable, foot—pounds per secomd
power input, foot—pounﬁs per second
mags rate of flow, slugs per second
rotor speed, revolutlons per second
total pressure, pounds per square foot

statlc pressure, pounds per square foot

- quantlity rate of flow, cublc feet per second

dynamic pressure, pounds per square foob

radius, feet

rotational veloclty of rotor blade, feet per second
velocity of air (relative to casing), feet per second
velocity of.air (relative to rotor), feet per secoﬁd
angle of attack, degrees

stagger angle, degrees

ratio of specific heats of alr, 1.k

adiabatic efficliency

turning angle, degrees

alr density, slugs per cubic foot

solidity (blade chord expressed as ratic of mean blade
gap)

angle of air flow with reference to the rotor axis in
statlonary coordinates, degrees

angle between blade chord llne and tangent to mean line,
degrees
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Subscripts:
a

c

0 =wH o

ct

quantlity coefflcient

static—pressure—rise coefficlent

totalrﬁressure—rise coeffiéient

specific—flow capacity

axlal direction

entrance chamber

hub

inboard section

local

ocutboard section

rotor
stage
tip

tangential

at any point
at section entering rotor blesdes
at sectlion leaving rotor blades

at sectlion leaving stator blades
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ARRODYNAMIC DESIGN

Genseral

The purpose of thils investigation was to design an impulse
axial—flow campressor that would produce a higher total-pressure
coefficient than conventional blowers and campressors and yet be
of such configuration that the unit could be tested in existing
equipment. Nonradlal entry into and exit fram the rotor were
required. As the rotational speeds to be used in practice are
expected t0 be rather low when subsonic stators are employed, a high
ratio of axial veloclity to rotational velocity wae selected (stagger
angle B = 45°) to provide reascnable quantity flows for a glven
tip diameter. The design guantity flow coefficient 1s 0.82.
Consideration of hypothetical flow—inducing criterioms, explained
in detail subsequently, suggested a turning angle 8 of about T5°.

Two main problems were comsildered in selecting the veloclty
diagrems to be established by the campressor. The first problem
was that of obtaining a high pressure coefflcient. A brief analysis
indicated that In the range of stagger angles and turning angles
being considered, 45° and T75°, respectively, diffusing the flow
In the rotor would reduce the mamentum Input and, consequently,
the total-pressure coefficlent, other condltlions remaining constant.
The ability of the blades to turn the air efficiently while diffusing
the flow was also doubtful. With a high static—pressure-rise
coefficient In the stator, the development of an efficlent stator
i1s a difficult problem. ZFor this reason, a reduction in the static
pressure acrosg the rotor was considered undesirable, sven though
higher total-pressure coefficients would result, because the stator
problem would became mors difficult for such conditions. An essentially
constant, static pressure through the rotor was therefore selected.
Calculations based on the veloclity diagrams for the geomstry
selected suggest that 1ldeally the design pressure coefficlent
would be 2.4. The analysis of Perl and Tucker (reference &) is
suggested for the general case.

The second problem concerned the induction of flow through
the campressor by the rotor. A turbine normally operates fram a
separate source of pressure, as & boller, but a campressor must
induce its own flow. Although the flow in turbine and compressor
rotors may be aerodynamically similar, care must be exerclsed in the
deasign of an Impulse compressor to insure that steady flow in the
‘desired direction is established by the rotor. Inssmmch as little
information concerning the factors which influsnce the induction of
flow into a rotor could be obtained. the velocity dlagrams and
blade shapes for the inboard station located 25 percent span fram
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the hub and for the cutboard station located 25 percent span from
the tip were selected.to have same cha.racteristics similar to conven—

tlonal campressors; thus,

(1) The entrance air direction B; would have a larger
Inclination fram the axis than would the exit alr direction 52

(see figs. 1 and 2) with By = 45° and B, = —30° whén 6 = 75" .

(2) The leading edge of the rotor blades would precede the
trailing edge in the direction of rotation.

(3) Vortex distribution of tangential velocity of the flow
leaving the rotor would be employed. With a stagger of 45° and
a deflection of 75° at the inboard station, without guide vanes
a stagger angle of 48.4° results and a deflection angle of 65.9°
1s required at the outboard stationm.

(%) An airfoil thickness distribution having a round leading
edge and a sharp tralling edge would be used.’

(5) A hub—to=tip radius ratio of 0.78 at the inlet to rotor
would be used.

Blade sectlons were desired which would have the highest
critical Mach numbsr obtainable for the condltion of constant
velocity through the rotor. Blade sectlions baving circular-arc
mean lines which closely approximete this condition were selected.

The impulse rotor blades are required to turn the flow
through angles significantly greater than the angles used in
conventional campresecr blades. For this reason, blade soliditles
of about 2.0, approximately egual to those of Impulse turbines,
were employed

A configuration with the leading edge forward of the trailing
edge was desired. An estimate based on turbine—blade design experi—
oence indicated that, with the use of circular-arc mesn lines and a
blade solidity o = 2.0, the camber angle of the mean line would
be 15° greater than the desired turning angle of T75°. Under these
conditions, with hgo stagger the tangent to the mean line at the
leading edge 1s 50 from the axlal direction, and the tangent at
the trailing edge is —40° fram the axial direction. With a circular—
arc mean line, then, the leading edge precedes the tralling edge.

(See fig. 3.)
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If these flow angles are used, a contraction of passage area 1s
required to cbtain equal static pressures upstream and downstream of the
rotor. Inasmuch as a change of tangential velocity occurs in the
robor, a spanwise statlc pressure gradient is required for nonradial
flow. The static pressure can thus be constant in the axijal
direction at only cme radius. In order to avold statlic-pressure
decrease at any radius, this condition must exist at the inner casing.
Because of the fairing inserted on the inner casing and the expected
boundary layer, the constant~pressure condition was designed %o
occur at a position 25 percent of the blade span fram the hub.

Although the impulse—campressor stage tested was intended to
gimulate a unit from a multistege campressor, a conditlon of no
prorotation of the flow entering the rotor was selected because of
the difficulty of accurate measurement downstream of stationary
blade rows. The logses of such & guide vane row are believed to be
low and detract 1little fram the performance.

Experimental Development of Rotor Blade Sectioms

The turning angles regquired of the blade sectlians for the
impulse ccmpressor were well beyond those used in conventional
campressors. For this reason, a blade design based on results of
turbine blade tests was selected. For the solldity used and the
turning angle selscted a mean—line camber angle (¢l + @) of 900

was estimated to be necessary. A few cascade tests 1n which the
apparatus described in reference 5 was used were run to provids
a check on this estimate and to insure that satisfactory blade—
surface pressure distributions were obtained. At the time of
these tests, cascade testling techniques at Iangley were in an
early stage of development and the results are toc be comsidered
of a gqualitative nature only.

The design conditions B = 45° and 6 = 75° for the inboard
section of the rotor blade, located at 25 percent span fram the Inner
casing, were quite sgimilar to typical impulse—turbine blade
conditions. A turbine blade section was thus belleved satisfactory
for this purpose. Accordingly, a turbine section was tested In a
5-inch low—speed cascade tummel at ILangley. The section maintained
an approximately constant flow—passage arezs when used in conjunction
with a reduction 1n blade span introduced in the rearward half
of the passage. This section was tested with and without a fairing
piece on cne wall of the tumnel to provide the reduction in span.
The fairing varied linearly in thickness fram zero at midchord
to 0.68 inch at the trailing edge of the blades. The results of
these tests and a sketch of the blade (blade 1) are presented

J—_



G - NAGA RM L9JO5a

in figure 4. The very high values of qQ, /q_l recorded were

undoubtedly due to the rather large thickness. High values
of q, /ql are indicative of low critical blade Mach numbers and

limit the entrance veloclities and the power input to the flow. The
desired turning angle wes obtained when the fairing was inserted
and thus the solidity and camber estimations were verified.

With these two points in mind, a circular-arc airfoll having an
NACA 65010 thickness distribution (blade 2, fig. 5) was constructed.
Following previous airfoll practice, the thickness was distributed
in percent of the chord. With this highly cambered mean line, however,
e section having very thin leading and treiling regions resulted.
When tested in cascade, this section proved to be very sensitive
to angle-—-of-attack changes and wvas considered impractical. The
blade and its pressure distribution, with and without the 0.68—
inch fairing piece, are presented in figure 5. Without the falring,
a turning angle of ThC (about 1° lower then the desired value
indicated) was measured. With the fairing installed, the desired
turning angle wes obtained.

The next step was to lay out a blade having the FACA 65-010
thickness dlstributed in proportion to the mean—line length. A
scamewhat more reasonable airfoll resulted. With a mean—line camber
angle of 900, a turning angle of T4° was obtained with comstant
span. With the fairing installed, a turning angle of T5° was
meagured. The pressure distributions and a drawing of the blade
(blade 3) are given in figure 6. Because of higher values
of g;/q; 1n the farward region, this section is not considered to

be the best that could be evolved. Inasmuch ag the purpose of this
low—speed investigation wes primarily to determine whether such

a campressor would operate, no further lmprovement of this section
wvas attempted.

Selecting the constant static—pressure conditiom at the inboard:
sectlon requires the outboerd section to produce a static-—pressure
rise. Vortex dlstribution of tangential exit velocity fram the
rotor prescribes the vector dlagram for the outboard statlon, once
the inboard veloclty diagram has been determined. With the outboard
sectlon located 25 percent span fram the outer casing, a turning
angle of 65° fram the entering stagger (P = 48.5°) is required.

The empirlical methods used 1n deslgning the inboard section were
again employed. In order to cbtain blades having simlilar sectlons
at all radil, a circular-arc meen line with NACA 65010 thickness
distribution was used at this station. The camplete blade was
obtained from the sectiaons at the inboerd and outboard stetlons by
stralght—line generatrix.
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This sectlion was tested with and without the falring used in
the previocus tests. This procedure was necessary because all
gectlions in the rotor are belleved to be simllarly affected by a
change of flow area, whether the change is accamplished by altering
elther the Inner or the outer casing.

The desired turning angle was achieved in the first attempt,
but agaln the observed pressure distribution indicated that an
optimum section for high-speed operation was not obtained (fig. T).
A smaller increment of local and exit velocitles was noted when the
fairing was Installed. Thils result was perhaps due to thicker
boundary layers in this pressure-rilse case. With the fairing iIn,

& lower pressure rise and thinner boundary layers resulted, and
the geamstrical reductlon in passage exit area was thus masked.

The significant dimenslions of the rotor blades are presented
in figure 8. A photograph of a typical blade 1s presented in

Plgure 9.

Stator Design

Inasmuch as the impulse rotar by definition does not increase
the static pressures, this burden falls on the statar blades. When
satlegfactory rotor blades had been cbtalned, therefore, it was
necessary to test & rotor—stator cambination In attempting to evaluate
the possible performance of impulse campressors. The stator
configuration Investlgated was one which dlscharged the flow wlith an
exlt tangential velocity similar to that of an Intermediate stage
of a multistage campressar.

The stator was designed after the rotor had been tested. Fraom
the rotor-alone tests, the exit flow at design quantity coefficient
(0.82) was known. The stator was designed to turn this f£low about
21° with a vortex distribution of tangentisl velocity at the
stator exit. Ideally, stetor blades having a small camber
varietion would have been required if each sectlon were to operate
at its design point. For reasons of simplicity, & blade having
sections of constant camber was used. Fram the charts of reference 5,
NACA 65-(12)10 sectlons were selected for the three design diameters.
(See f£ig. 10 for sketch and coordinates.) This simplification
probably reduced the high efficiency range dbut should have had
little or no effect on pesk efficiency, since all sections operste
near their deslgn polnts at deslgn quantity coefficient.



10 - NACA RM 19J05a

APPARATUS AND METHODS

The T5-horsepower low—speed test campressor used in this
investigation (described in reference 6) was modified to the
configuration shown in figure 11. For these tests, a radlal
diffuser was added at the exit of the axlal diffuser. A spoller—
type throttle was attached to the exit of the radial diffuser.

The outer casing had a dlameter of 27.82 inches. The.
hub dlameter of the rotor was 21.82 inches. The hub—to—tip radius
ratio of 0.78 represents an average condition in typical compressor
application. Beglinning midway through the rotor blades, balsa
fairings were glued to the hub and the diasmeter increased linearly
to 23.0 inches at the tralling edge of the bladea. For one series
of tests (A series) this diameter was held comstant to a point
2 inches downstream fram the stator. For a second series (B series)
this constant diameter was extended 24 inches beyond the stator to a
point downstream of gtation 3*¢ The exlisting rotor hub bad provision
for 26 blades. A chord of 5.5 inches was used to obtain a chord-
gap ratio of 2. The tip clearance varied fram 0.008 inch to
0.015 inch, or less than 1/2 percent of blade span.

The annular height was maintained conatant fram the rotor blade
exlt to a position downstream of the stater exit. Twenty—
seven stator blades of 4.5—inch chord and solidity of 1.5 were used.
Flow—survey Iinstruments were located forward and resrward of the
rotor and In a ring, which could be rotated, downstream of the
stator,

Instrumentation

The survey instruments were mounted In suitable relative
positions at the several stations so that the wake of one would
not affect the flow near a following Instrument. All instruments,
therefore, could be in place while readings were belng taken, and
all measurements could be made simultaneously.

A conventional mull-method claw—type yaw meter having total-—
and static—pressure tubes located as shown in figure 12, instrument I,
was first used at stations 1, 2, and 3. (See fig. 11.) The
measured velues from stations 1 and 2 appeared to be reliable in
every cese, but difficulty was encountered wilth station 3. In
the first series of tests, thls survey was mesde 1.8 inches,
approximately 1/2 chord in the direction of the chord, behind the
stators where the wakes were quite severe. The pressure and
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direction values of the flow had large gradients In the wakes
(figs. 13 and 14) and no instrument was avallable that would
accurately survey such a flow field. Instrument II, a conventional
pitot—static tube with shart yaw tubes downstream of the static
orifices (fig. 12), was designed in an attempt to take resdings in
the stator flow flelds and wes used at statlion 3 for the A series of
tests. This Instrument exhiblted high yaw mensitivity but was not
ideal for the severe flow conditlons present because null readings
could be cbtained at more than cne angular position. The null
angles were widely separated end, therefore, the final data are
reasonably accurate as is shown hereinafter. The resulits of these
tests are believed to be reliable to within 1 ar 2 percent.

The third instrument was an attempt to overcame the undeslrable
characteristics of instrument IT. All readings were taken fram a
gmall, wmdivided part of the flow. The total-pressure tube was
conventional except for location but the statlc—pressure values
wore taken fram the yaw-tube rsadings. These yaw tubes were carefully
£iled to the angle that would indicate true statlc pressure when
milled for yaw reading. This condition was cobtained by trial-and—
error procedure 1n the campressor. Camparison was made with a
small standard statlc—pressure probe located at the same diameter
in the same axial plane but 30° away. The instrument was used in
+the B series at & distance of 5 chords behind the stators so that
accurate data could be cbtained with fewer test points. All static—
pressure readings of instruments were calibrated to an accuracy
of 10.2 percent of the dynamic pressure. The direction readings -
were accurate to x1/hO.

Operating Procedure

In operation of the impulse campressor, &s with more conventiomal
designs, same difficulty was experienced in establishing low
quantity—coefficlent flows. The throttle had to be opened momen—
tarily to & higher flow condition to unstall the campressor. For
such runs, this starting operstion was begun at low rotational
speed.; then the speed was increased to the usual test value
of 31200 rpm. The test range was covered by runs made at seven
equally spaced values of quantity coefficlent from opern throttle
to surge 2nd several check runs near the design value of 0.82.

Two serles of testa were made. In series A, flow measurements
were teken at statione 1, 2, and 3, as indicated iIn flgure 11. AL
stations 1 and 2, surveys were made along one radlal line at 15
to 21 radial positions. At station 3, with instrument IT downstream
of the stator, 12 to 15 survey points were taken along 12 to 19
radial lines covering two stator passages. These surveys were later
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averaged by mechanical integration. Care was taken to restrict the
integration to the flow field of omne blade passage.

In serles B tesie, surveys were taken at stations 1 and 2, as
befare, but the surveys made downstream of the stator were taken at
station 3'. At station 3!, mesasurements consisted of 12 survey points
along each of four radlal lines spaced 90° apart. Instrument III
wvas used. Each radilal survey was mechanically integrated as before.
The four integrations from station 3' were arithmetically averaged.

As these surveys were being made, frequent temperature readings
wore made of the manameter alcchol and of the air for both dry and
wet bulbs. The barametric pressure and tims of test were also
recorded. The entrance chamber static pressure was taken every
time & survey instrument was reasd and was used as the reference base
pressure for all calculations. The valus was very nearly equAal to
atmospheric pressure.

RESUITS ARD DISCUSSION

Rotor Alone

In the first series of tests wlth the lmpulse campressor, omly
the rotor was installed in the test setup. The addition of a
radlal dlffuser to the exit of the axial diffuser was necessary
to obtain flow through the campressor. Thls need for & radial
diffuser was evidently due to the lack of a statlc—pressure rise
produced by the rotor and to the fact that most of the energy inmput—-
to the flow appears as tangentlal velocity. With the radial diffuser,
the rotor performance was very setisfactory., ‘A wide operating renge
with mild stall characteristics was obeserved. In general, the
rotor-alone behavior was quite similar to that of conventional low—
speed axial-flow canpressors (reference 6).

The flow upstream of the rotor was gqulte uniform and exhibited
cnly a thin boundary layer end omly *1° of deviation from the
axial direction. Typlcal cross—chamnel plots obtalned by surveying
along one radial line downstream of the rotor (station 2) are presented
in figures 15 and 16. The total— and statlc—pressure curves indicate
the type of variation fram deslgrn normally observed In investigations
such ag this. The measured turning angles presented are not
carrected for the higher exit axial velocity (than design) and appear
to be low by 3° to 3%0 in the center of the annulus. Consideration
of figure 17, however, indicates that turning angles corrected by the
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method presented in conjunction with figure 42 of reference 5
would yield design values because the tangential velocltles are
very cloze to those as estimated, whereas the axial veloclitles are
high in the center of the snnulns. No allowance for boundary
layers was made ln selecting the annular area at the exlt of the
rotor; therefore s sanswhat higher axlal velocitles might have been
expected.

0.839,

D
Design veloclty dlagrsms for the inboard section iTi
. t

D
diameter of 23.32 inches, and for the outboard section D_° 0.946,
t

dismeter of 26.32 inches, are presented in figure 1. Experimental
values (fig. 2) indicate that a close approach to the design conditions
was reached, although slightly high exit axial velocities were
measured, as previocusly indicated.

Estimated rotor—performance curves, based on the cascade test
results, are presented in Pfiguires 18 and 19. The measured total—
pressure—coefficlent plot (fig. 18) exhibits the same trends as
the calculated curve, but with values zbout 8 percent lower. Rotor
gtatic-pressure coefficients were almost equal with estimated
values (fig. 19). The predicted turning angles (fig. 20) are
based on cascade tests at fixed stagger angles. As the rotor stagger
angle increased with increaging angle of attack, divergences of
the type observed at angles of attack above and below design are
not unexpected. At low staggers, a steeper slope of @ against «
was measured, whereas -at higher gtaggers a lower slope was measursd
than was cobtalned in cascade. Acceptable agreement with estimated
performance is believed to have been achieved. -

Very high efficiencies @bout 98 percent) were obtained (fig. 21)
with a total-pressure cosfficient of 2.3 at design guantity
coefficient of 0.82. Efficlency values presented have been corrscted
by the methods outlined in the appendix. A performance characteristic
different fram conventiomnal axial—flow campressors is the increasing
total pressure with Increasing quantity coefficlent (fig. 18). The
stabillty of operation was excellent at all quantity flows above
stall.

S
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Rotor and Stator

A geries of tests of an impulse campressor stage were made to
obtain informetlon concerning operating performance and characteristics.
The operatling characteristics did not significantly change with the
addition of the stators. Typical total-pressure, static—pressure,
and averaged exit—flow—direction results obtalined by surveylng
downstream of the stator are presented in figures 13, 14, and 22.

A peak efficlency of 89.6 percent was obtained at design gquantity
flow (fig. 21). This peak stage-efficiency value is only a little
less than, or is equal to, efficlenclies obtainable with conventional
axial-flow campressors. This camparison is not strictly exact;
because the discharge from the stator was not axial as would be the
case for a single—stage blower, nor was there preroctation in the
Inliet to the rotor as would be the case for an Intermsdlate stage
of a multistage campressor. ‘A gradual decline in efficiency was
observed at higher or lower flows than the design flow. The stage
static—pressure coefficients (fig. 18) are appreciably below values
estimated froam cascade results. The calculated values assumsd no
losses, however. In order to determine whether the discrepancy was
due mainly to the rotor or to the stator, figure 19 was prepared.
As the rotor static—pressure ccefficients approach design values,
most of the discrepancy is seen to be chargeable to the stators.
Consideration of the stator performance in detail Indicates that,
gince the rotor total-pressure coefficient is less than the design
value, less energy 1s available to the stators than calculations
indicate. A third of the difference noted can be attributed to this
factor (fig. 19). If the measured stator turning angles were below
the design angles, a lower static—pressure rise would be expected.
Figure 23, however, lllustrates that the average turning angle is
perhaps a degree greater than estlmated. The discrepancies between
calculated and measured stator static—pressure rise, therefare,

are assumed to be due to flow losses. The stage total-pressure
coefficient (fig. 18) indicates a slight increase with increasing
flow quantity similar to rotor—alone results. A total-pressure
coefficlent of 2.05 was measured at deslgn conditioms.

An attempt was made to obtaln more reliable data by surveying
the flow from the stator blades 22.5 Inches downstream of the stator
(station 3'). At this location, the wake gradients were much less
severe than at station 3. The mass flow measured at station 3!
agreed with that measured at statlon 2 withln 2 percent; whereas
that measured at station 3 differed by as much as 5 percent. (See
appendix.) The stage efficiencies qbtained from the readings at
station 3' were appreclably lower than that at station 3 and
varied fram —3.4 percent at low flows to —9 percent at the highest
flow. The dlfferences are belleved to be due to the Inefficlency
of the annular dlffuser having large Inflow angle. Reference T

G
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indicates that for inflow angles In the range of this investige—
tion (30°), an 8° diffuser would have an efficiency of fram 50

to 70 percent. As the kinetic energy entering the diffuser
Increases with increasing flow guentity for this installaticn, the
over—all efficiencles would be expected to be lower at station 3!
than at station 3 by same direct functlon of quantity coefficlent.
In general, the results obtalned at stetion 3! indlcate the same
rotor—stator efficliency trends as obtalned fram the surveys of
station 3.

A method of improving axisl—flow—camnpressor efflciency has been
suggested In the use of boundary—layer control. Presumably, this
Inmprovement could be accomplished with statlonary blades and casings
mors easily than with rotetlng members. Inasmuch as the rotor
efficlencles measured were very high, perhaps the impulse compressar
offers a mesans of obtalnling high efficlencies as well as high pressure
coefficlents.

EXTRAPOTATION OF LOW—SPEED TEST RESULTS TO HIGH SPEEDS

In order to estimate the pressurs ratlo per stage obtainable
if the test impulse caupressor were operated at higher speeds,
calculations were made by using performance values meassgured at low
speed. From lowsSpeed cascade resulis, the allowable operating
Mach number of the rotor blades was cbtained. When the Kdrmin-Tsien
extrapolation and the maximum value of q‘Z/qiL observed, l.64, are

used, sonic veloclty would be expected when an entrence Mach number
of 0.66 was reached. Preliminary information indicates that high
losses do not occur untll local Mach numbers are samewhat above 1.
(See reference 8.) The impulse-rotor design presented herein should
operate efficlently wilth an entrance Mach mumber of 0.60. Further
blade improvement should make posslible the use of samewhat higher
values.

For the first extrapolation, the vector dlagram used was the
same as thet shown in figure 1, but the values were increased so that
a Mach number relstive to the rotor blades of 0.60 would be obtained
at the mean dilameter. This condition would be reached with a mean
rotational speed of 481.5 feet per second and a tip speed of 5S40 feet
per second 1f the test hub—to-tip ratio of 0.78 were employed. The
axial velocity would be k50 feet per second, samevwhat less than the
maximm used in conventional campressors. The stator Msch number
for this case is 0.80. At the turning angle required of the stators,
blede sections having critical Mach mmbers as high as 0.80 are
entirely feasible. Thus the stator does not limlt the cperating
Mach number selection made fram comsideration of the rotor. Using

15
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the rotor and stage effliclencies obtalned In tests ylelded a static
pressure ratio of 1.37 per stage. This value is higher than values
obteined In any production axial-flow campressor, even though ususal
tip speeds are in the range of 1000 to 1100 feet per second.

A second calculation is presented for a design employing 60°
of prercotation in the direction of rotation upstream of the rotor
(fig. 24). Prerotation permits higher rotational speed without
exceeding & rotor Mach number of 0.60. Although the entrance axilal
velocity would bs 430 feet per second, low hub—to—tip ratios would
permlt specific flows that approach those of supersonic campressors.
Supersanic velocitles into the staetor blades result. At a rotational
speed of 1205 feet per secomd, a total—pressure ratio of 2.14 per
stage would result if the efficiencies measured at low speed are
assumed. Although this is not conservative, no great error is
believed to be involved, as the stator Mach number is quite
low (M = 1.42). At this value, the total-pressure recovery of a
normel shock is 95,3 percent. Using these esssumptions resulted In
curves of total pressure ratlo, gtator Mach number, and blade rotaticnal
velocities for guide—vane turning angles fram 0° to 60° (fig. 25).

Because of the high—-pressure ratios obtainahle at relatively
low rotational speeds, impulse canpressors offer advantages In
verious fields.

CONCLUSIORS

An investigation to determine the possibilities of obtaining
high pressure coefficients by applylng a constant—pressure high
turning principle to impulse axial-flow compressor rotors indicated
the following conclusions:

1. An impulse campressor rcrbor, which turns the air 75° fram
an entering staegger angle of 45°, has been designed. In low—speed
tests, thils rotor produced & total-pressure coefficlent of 2.3
at a static—pressurs coefficient of 0.2 with an efficlency of
98.3 percent a2t a design flow coefficient of 0.82.

2. An Impulse compressor stage, conslisting of the aforementioned
rotor and a conventional stator, produced a total-pressure-—rise
coefficient of 2.05 with an efficilency of 89.6 percent at design
guantity~-flow coefficilent. :

3. The operating behavior of a single—stage impulse campressor
is similar to that of conventional single—stage ccmpressors.
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k. Extrapolstion of test results to high—speed conditions
indlcates that Impuise compressors operating with subsonlc stators
can produce pressure rises per stage equal to those now obtainable
wlth conventional axlal—flow campressors but wilth significantly
reduced rotational speeds. Same sacrifice In specific quantity
flow and perhaps in efficiency, however, would be incurred.

5. Extrapolation of test results to high-speed conditions
Indicates that Impulse campressors operating wlith supersonlc stators
can produce pressure rises per stage equal to those reported for
supersonic axial-flow compressors but with significently reduced
rotational speeds. Sams pacrifice in specific quantity flow, however,
would resultb.

6. Impulse-rotor efficlencies are shown to be very high;
hence, there exists the poesibility of achileving very high stage
efficiency by the application of boundary-layer control to the
stationary blades and casings, in which most of the lossesa occurred.

Iengley Aeronautical Isboratory
Netional Advisory Camnlttee for Aeromautics
Iangley Air Force Base, Va., August 10, 1949
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APPENDIX
CAICULATION FROCEDURES AND CORRECTION

The more specific explanations and equations used in campubting
the performance from test data are presented; the more cammon
equations and conversion systems that were used to get test data
into bagic units are camitted. Each equatlion origin or Justification
is also glven. .All performance parameters are given relative to
en intake pressure of 2116 pounds per square foot and 519° F absolute.

The density at entrance to the rotor was found by using the
equation o Ce e

b, = 7P b
o =p |1-— 5S¢ 8¢ Sx 8¢ _ 1
x c 7Py, 27pg
7 —

This equation conslets of the first three terms of a seriles
expansion which converges rapidly in the range of pg 1':/pﬂc near 1,

experlienced in these low—speed testas. The relation expanded is
Psx 1/7
Py = P, _p
Be

No change in denslty 1s assumed 10 take place through the rotar.

The power input 1s calculated fram the rate of mamentum change
across the rotor, or

lnr 2 .
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The amount of power input that is realized as total—pressure

Increase in the air is determined by comparing results cbtained

fran flow measurements taken at the positions surveyed. The
difference of each polnt fram chamber pressure is used for comparlson,

that is,
r.be
E, =x 5 v, (Pt - b, a(r2)
rh x X [o]

This equation is an approximation, but for the low values of' Py 3/Ptl

obtained in these low—speed tests, it ylelds nearly exact results.

The mass flow msasured at each polnt is

r 2 )
t
mx=xf pV  a(r2)
rhe X ay

The rotor and stage efficlencies would ordinarily be found by
the Ffollowing equations if the calculated mass flows were found to
be equal al all posltions:

n R ! _
T Ip-—-1;
and
n =37
8 L,-1;

The mass flows varied as much as 5 percent, however, (fig. 26) so that
mass—flow corrections were required. The measured flow at position 2
behind the rotor was used s the correct value for sseverel reasons:
first, because it accepts a somewhat more representative sample

of the flow and was found to yleld most conmistent resulis;

second, flows measured at the other two stations were in closer
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agreement to flows measured at this stetion than to each other;
third, this system d1d not result in any impossible rotor
efficienclies, and all points fell near a smooth curve.

Two systems of applying the mass—flow correction were tried.
The first system made use of the assumption that the total—pressure
readings were in error because of turbulence or same other effect.
This system yielded poOr results: scattered points and impossible
rotor efficlencies. Another correction system was therefore used
which assumed that the p, readings were in error. This asgsumptlon

is probably more logical, because all instrumentis reguired Py

correction factors and the instrument litself may set up various
pressure flelds which depend upon its locatiom, relative size, and
the flow conditions. The corrections intended for each statilc
pressure were those which would result in making the mass flows

of stations 1 and 3 exactly equal to the station 2 value. The
process Involvea starting with the station 1 or 3 mass flows

as known, using the station 2 value, calculating the static
pressures which correspond, and then using these new static pressures
to calculate the sfficienclies. Because the statlc-pressure
affects both the mass—flow and efficiency results In the pame way,
the intermediste steps can be amltted and the mass—flow ratiloc
applied directly to the energy velues for the final result. The

ginilarity of the equations for calculating the mass flow m &and
pover avallable E are indicated by the followlng:

1'.‘-b2 r2

=
M
\
a
no
4;:
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cf
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e
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The power input has the statlic—pressure factor appearing twice.
Thus,

rte
I, = 2%°n 2 vaaxvtan & a(x2)

2 l.tz > 5 ;
2 ‘[h o Px{cos $y JE(Ptx - PSI) sin ¢x\j§(Ptx - Psx) r &(x2)

Consequently, the maess ratio must appear twice in the carrection.

The effect of the small statlic—pressure correction on the density
has been found to be negligible, and 1ls therefore amitted. The fol-
lowing equations were therefore used for the efficlency curves presented:

To — Eig2
1
My = o
1112
%-n(3)
and

.
3 1

Tls—

The calculations for the thsoretical values presented as.
canparisons with test results are the usual incompressible, isentropic
relations used with low—speed flow. Turning-angle vaelues from
two-dimensional cascade tests were used.
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Outboard section D
Digmeter = 26.32 in.; D_:. = 0.946

4o = B51l.0°

\ U =0.946
" Vian = 1.269

Inboard section ﬁ = 0.839
Digmeter = 23.32 in.; 7Dy

By = 455 4o = 54.3°

[Vag = 1.028

U =0,838

vm; 1.430

Flgure l.— Expected velocity dlegrams for impulse rotor, given as a ratio
of Uy = 145.66 reet per second.
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Outboard section Do
Diameter = 26,32 in.} T = 0916

L Y
¢ = 1,00

(-
g = 49.4°

-
w

T =0.946

Vag = 1,077

Inboard section By
Diasmeter = 23.32 in.; PG 0.832

¢ = 0.8°

¢ = 56.2°

U =0.838

Vian = 14807 ‘

Figure 2.— Experimental velocity dlagrams for impulse rotor, given as a
ratio of Uy = 145.66 feet per second.



NACA RM L9JO5a

FT-HIS

3.— Rotor assembly before area change was added.
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2.8 [

- = = Without fairing
With fairing

0 — . _;—

" N | | | . |
QO 20 40 60 80
Percent chord

Figure L4.— Pressure distribution of blade 1 in cascade. Circular—arc msan
line and constant passage area. o = 40°%; 6 = 75°; B = 4k5°; o = 2.0.
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g
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|8
ﬂ - = = Without falring
With faliring
2 [T —
0 —
(s} =] 40

Percent chord

Figure 5.— Pressure distribution of blade 2 in cascade.

Circulsr—earc meen
line with NACA 65-010 thickness distribution. o = 44.5°%; @ = T6.8%;
B = 45% o = 2.0. .
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.2 = - = Without falring . —
With falring

I [ l l I

0 20 ho 60 %0 100
Percent chord

Figure 6.— Pressure distribution of blade 3 in cascade. Circular-ecc msan
line with NACA 65010 thickness distribution. a = %439; @ = 75°; B = 45°;
0' = 2.0!
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1.6/— 9 "o, T —

1.2 ' : : —

qL/ﬁl

MF— — - - Without falring —
With feiring )

— _

o 20 ko 60 &0 100
Fercent chord

Figure T.— Pressure distribution of blade 4 in cascade. Cilrculsr—erc mesn
line with NACA 65-010 thickness distribution. o = 37.8%; 6 = 65°;
B = 48.505 g = 2.0,



NACA RM 19J0Sa - A 31

Alrfoil Coordinstes

x ¥y
0.030 0.045
L0b5 .053
075 067
.150 .09k
«300 .133
450 .163
.600 187
.900 .225
1.200 .253
1.500 ~OTh
1.800 .289
2.100 .299
2.400 .303
2.700 .302
3.000 .292
3.300 274
3.600 249
3.900 .218
%.200 .182
%.500 L1h7
1 .800 111
/ 5.100 .075
A-—- ———————— A 5.400 045
5.T00 021
6.000 .009
g ———1—— Y S — -5 AA: R = 4.245
7 BB: R = 3.799
! L. E. radius: 0.040
~TET

Figure 8.— Sketch and coordinates of impulse rotor blads.
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Figure 9.— FPhotograph of rotor blade.
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Alrfoil Coordinstes

R} Ju 1, IL
) 0 0

o __—1— Root 07 | .055 .038 -(-)-.017
,bgb 2°—1~Pitch .037 | .076 O5L | —.017
) —Tip .089 1T .076 | —.018
5 ' Axis of rofor .198 .182 136 | —.017
,//,__ ot roio .309 .233 .252 [ —.011
. Ji21 277 «366 | —.00k

Ny g .348 L79 | .003
876 103 LT03 | 015

1.104 Lhé .925 | .o27

1.332 Jr79 1.146 | 037

1.562 .502 1.368 | .0h6

1.791 SLT 1.588 | .o54

2.021 .522 1.809 | .062

2.250 517 2.029 | .069

2.179 .501 2.250 | .079

2.707 LA76 2.471 | 090

2.935 Al 2.693 } .103

3.161 <399 2.915 | .115

3.387 «351 3.139 | .126

3.611 .297 3.363 | .132

3.83% «237 3.589 | .133

| | k.o57 173 3.816 | .126
L.279 101 Loz | .107

[I— %.503 .006 L2711 | .070
- L kot | —.006

L. E. radius: 0.030

13.91" radi us .

2. Lo

—""L _______ — _""h_—ROOIT N xL yL

488" radius

Figure 10.— Sketch and coordinates of NACA 65-(12)10 stator blade.
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Figure 12.— Sketches of the three survey instmments used wlth genaral
dimensions.
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Quter casing

Imner casin )
& ~NACA_~ r = 11.49

Figure 13.— Graphlcal representatlion of the flow fleld one-helf chord length bshind the stators.
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Contours show constant values of total-pressure-riss coefflcisnt, I_P-t_
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Figurs 14.— Graphical representation of the flow fleld one-half chord length behind the stators.
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Figure 15.— Variation of totel— and statlc—pressure rise across annulus.
Calculated and measured valués at deslgn conditions for rotor.
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&2 '

Turning angle, 6, deg

Bl

Estimated - - = ]
Measured —(O— : .

NACA,

S N N R D I R R N

12 13 Tip
Radius, 1in.

Figure 16.— Estimated and meassured turning angle of the sir by the rotor

from lub to tip at deslgn condition.
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' o - o ‘Estimated
Tangential .velocity - -- -_ ed  Measured
Axlal veloclty L )

Radius, in.

Flgure 1T7.—Axlal and tengential velocitles from hub to tip. Estimated
and measured values behind the rotor at design condition.
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Figure 18.— Variation of weighted aeverasge pressure—rise coefficlents with
guentity coefficient.
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Figure 19.— Variation of welghted everage static-pressure—rise coefficlents

for rotor and stator individuslly.
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Figure 20.— Varlation of turning angle with angle of attack for rotor at
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Figure 21,— Variation of sfficlency with quantity cosfficlent for rotor alone end also the entire stage.
(Both series of tests ero shown.)
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Figure 22.— Radlal distribution of the air direction before and after
gtator. Estinated and measured values at 1200 rpm.
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Figure 23.— Variation of turning angle with angle of attack for stator at
three redil. -



NACA RM L9J05a

49
Without enfronce vanes With enitrance vanes

Diameter=2482 in, [YD;=0892 Dlometer= 2482 in, /D, = 0.892

REr R

i Sl *e "‘SQ%
U=481. =48] g
219 V};,TO

Entering and leaving rotor

536

Go g

Leaving entrance vénes
and entering rotor

70.1°

Vo

o .
A LLn
526° 203 U-1205.5\
msts\ 1414
e (’,f‘ Leaving rotor
8B S’? L
E,N 2694 \“'%'\}6; R
Viar= 700 _
Enteri d leavi tat ut
ering ond leaving stator @c{,, 5’503
>4
Entering and leaving stator \{m-l4l4
Synopsls of Theoretical Cglculatlons
Mach Velcclty
gl Yt Pa/Pte | Pt/Ptg
Without entrance vanes
Entering snnulus 0.410 450.7 0.891 1.000
Entering rotorl .600 660.0 .891 1.137
Leaving rotorl .522 578.5 .938 1.130
Entering stator <797 882.5 940 1.429
Leaving stator L6 51%.0 l.221 1.400
With entrance vanes
Entering vanes 0.296 328.0 0.941 1.000
Leaving vanss .820 860.5 643 1.000
Entering rotorl .600 630.0 .643 .820
Leaving rotort 502 552.5 .66k .800
Entering stator 1.420 1503.0 667 2.178
Leaving stator .280 348.0 1.966 2.0k6

lRotor coordinates.

lations of high-speed operation.
.

Figure 24%.— Velocity diasgrems and chart of results for thesoretical calcu—
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Figure 25.— Extrapolation of low—epeed test results to high rotational

speed.
blade Mach number of.0.60 were used.

Measured rotor and stage efficlencies, and a constant rotor
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