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EFFECT OF MACH NUMEER ON OVER-ALL PERFORMANCE OF SINGLE-STAGE
AXTAL~FLOW COMPRESSOR DESIGNED FOR HEIGH PRESSURE RATIO,

By Charles H. Voit s Donald C. Guentert
and James F. Dugan

SUMMARY

A COIH.P.LS'UG sna.ge of an axigli-flow compressor a631guea i’ pro-
duce a high pressure ratlo by use of the optimum combination of high
blade loading and high relative inlet Mech number was investigated
at speeds from 110 to 130 percent of design speed {836 ft/sec); the
data obtained and the results of a previous investigetion of the
same compressor at speeds from SO to 100 percent of deslgn speed
were used to determine the effect of Mach number on over-all per-
formance. The blading of this compressor was designed on the basis
of low-speed cascade data and dild not account for any variation of
blade performance with Mach number. Thie investigatlon covered a
range of relative inlet Mach numbers at the mean radius of the rotor
blades from Q.34 1o 0.91.

At the highest equivalent tip speed investigated (1088 ft/sec),
a2 maximum total-pressure ratic of 1.635 was obtained st an adiabatic
efficlency of 0.74; at the peak-efficlency point for this speed, a
total-pressure ratio of 1.628 was obtelned at an adisbetic efficiency
of 0.75. .

The peek adlabatic efficlency gradually decreased from 0.93
to 0.89 as the relative Inlet Mach number gt the mean radius of the
rotor blades lncreased from 0.34 to 0.77 and the total-pressure ratio
increased from 1.085 to 1.515. Above & relative Mach number of 0.77,
the efficlency rapidly decreased. At the highest speed investigated,
the peak efficlency decreased to 0.75 at & relative inlet Mach num-
ber at the rotor inlet of 0.8%.

The angle of attack at the mean radius of the rotor inlet for
peak efficiency was nearly constant vp to & Mach number of 0.68
and wes approximately 5.5° sbove the design angle of attack obtained
from cascade date. At Mach numbers above 0.68, the angle of attack
for maximum efficlency decreased and approsched a minimum value
approximately 1.4° sbove the design value.
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INTRODUCTION

In order to obtain & maxlmum pressure reatio from an axiael-
flow compressor stage with a given stagger angle, it 1s necessary
to use the optimum combinatlion of relative inlet Mach number and
blade loading. The performance of such an axial-flow compressor
stage using NACA 65-serles blower-blade sections and designed on
the basis of the combinstion of blade camber and the resulting
critical Mach number thet would produce the maximum pressure ratio
is reported in reference 1. (The critical Mach number is that
inlet Mach number at which sonic velocity 1s obtained on the blades.)
According to cascade date obtained at the NACA Iangley laboratory,
however, the coritical Mech number may be exceeded up to the force-
bresek Mech number without a sharp increase in losses, Above the
force-break Mach number, a sharp increase in drag and decrease Iin
1ift ococur. The range of angle of attack for low drag, however,
decreases sharply above the critical Mach number and limite the
efficlient flow range at high Mach numbers.

The single-stage compressor described in reference 1 was there-
fore investigated at the NACA Lewis laboratory at speeds up to
130 percent of design speed (836 ft/sec) in order to determine the
limiting Mach nuwmber and pressure ratio and to determine the effect
of Mach number on efficiency, flow range, and optimum operating
flow conditions.

Investigatioms were made at equivalent tip speeds of 920, 962,
1004, 1046, and 1088 feet per second corresponding to 110, 115, 120,
125, and 130 percent of design speed, respectively. From these data
and the results of reference 1, the variation of total-pressure ratio,

efficlency, and relative Mach number at the inlet of the rotor blades
at the mean radius was determined over a range of equivelent tip
speeds, and the limiting practical value of relative inlet Mach number
at the rotor inlet for this blade design was ascertained. The range
of practical operatlon of the compressor stage was aleo evaluated.

SYMBOLS
The following symbols are used in this report:
P total pressure, pounds per square foot absolute

U blade velocity at any radius, feet per second
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U./N@ equivalent tip speed corrected to standard NACA sea-level
conditions, feet per second

W welght flow, pounds per second

WAf6/6 welight flow corrected to standard NACA sea-level conditions,
pounds per second

5 ratio of absolute pressure to standard NACA sea-level abso-
lute pressure :

Nad mass-flow welghted average adiabatic efficiency

e ratioc of sbsolute temperature to standard KACA sea-level
absclute temperature

Subscripts:

0 inlet measuring station

3 " outlet measuring station

t tip radius

APPARATUS AND FROCEDURE

Blade design. - The blading of this compressor was the same
as that used in reference l. The rotor and stator blades were
designed to produce the maximumt pressure ratlio by use of the optimum
combination of blade loeding and critical Mach number. The variation
of critical Mzch number wlth camber was obtained from two-dimensional
high-speed cascade data of the NACA Iangley laboratory.

The blade sectlons .and the angle-of -ettack settings were obtalned
from low-speed cascade data (references 2 and 3) to give the flattest
pregsure distribution for the desired turning sngle. Because of the
flat pressure dlstribution of these design values, they represent
the approximate angles of attack for maximum critical Mech number.

The followlng assumptions were used in the compressor design:
(1) Velocity diagram based on a wheel-type rotation added by
the Inlet gulde vanes, a vortex addition by the rotor,

" and a symmstrical veloclty diagram at the mean radius;
rotation added by the rotor removed by the stator

wil—
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(2) Ratio of axial velocity at the mean radius to rotor tip
speed of 0.6, correspond;ng approximately to maximum

power -input conditlons

(3) Simple radiel equilibrium of pressure from hub to tip at

the entrance to each blede row
(4) Relative Mach number at the mean radius entering the rotor

equal to the absolute Mach number at the same radius

entering the stator

The stage conslsted of a row of 40 guide vanes, 44 rotor blades,
and 46 stator bledes. The gulde venes were varlable-chord, circular-

arc sheet-metal vanes with a radius of curvature of 4.25 inches.
rotor blades were varisble-camber, 6-percent thick NACA 65-serles

NACA RM E5S0D26
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blower-blade section with a camber that varied from 13.1 st the tip
to 20.8 at the hub. The stator blades were e constant-camber

NACA 65-(13.8)06 section. The variation of stator-blade turning

angle from hub to tip was very small and a constant-camber section,

with the camber and the angle of attack for the flattest pressure

distribution at the mean radius, was used.

A summery of the blade design is presented in the following

table:
Guide vans

Hub Mean Tip
Redlus ratio, leading edge 0.747 0.908 1.000
Chord, in. 1.43 1.76 1.97
Included angle, deg 19.3 23.9 26.8
Solidity : 1.740 1.765 1.790
Incident angle, deg 9] 0 o
Blade 'thic]ﬂ.').ess, in. 0006 0-06 0-06

Blade sectlon

Circular arc, 4.25-in] radius

Number of blades 40
Rotor blade
Hub Mean Tip

Radius ratio, leading edge 0.800 0.806 1.000
Turning angle, deg 39.7 31.2 23.4
Angle Of attack, deg 2506 18-7 1507
Relative inlet Mach number 0.668 0.704 0.740
Stagger angle, deg 45.0 49.1 52.8
Chord, in. 1.35 1l.35 1.35
Solidity 1l.69° 1.50 1.35
Blade section 65-(20.8)086 |65-(16.0)06|65-(13.1)06
Number of blades 44

.
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Stetor blade

Hub _ Mean Tip
Radius ratio, leading edge 0.832 0.9086 1.000
Turning angle, deg 31.2 30.7 29.5
Angle of attack, deg 17.4 18.75 15.8
Stagger angle, deg 47.2 47 .7 49.1
Absolute inlet Mach number 0.734 0.702 0.664
Chord, in. 1.35 1.35 1.35
Solidity 1l.69 1l.56 l.41
Blade section 65-(13.8)06 |65-(23.8)06|65-(13.8)06
Number of blades 46

These blades were installed in a varlable-component exisl-flow
compressor that had a constant tip diameter of 14 inches and a hub
diameter that varled from 10.464 inches at the gulde-vane Inlet to
12.100 inches at the outlet measuring station, approximastely
0.9 chord-length downstrean of the stator blades.

Installation. - A schematic diagram of the compressor installs-
tion 1s shown in figure l. Alr wes drawn from the test cell through
g thin-plate orifice mounted on the end of an orifice tank and flowed
through a butterfly valve into a depresslion tank 4 feet in diameter
and 6 feet long. A series of screens and & 3- by 3-inch honeycomb
woere used in the depresslon tank to obtaln smooth wniform flow Into
the compressor bellmouth Inlet. The air was discharged through a
collector into dusl outlets connected to the laboratory exhaust
system. The air flow and the Inlet-tank pressure were controlled
by butterfly valves in the outlet and inlet ducting. The compressor
was driven by a 400-horsepower, 20,000-rpm dynamometer.

Tastrumentation. - The. instrumentation used in thils investigation
was the same 28 that described in reference l. Instrumentatlion was
provided 1n the depression tank, station 0; after the guide vanes,

statlion 1; and at the compressor outlet, station 3. NoO measurements
were made after the rotor, station 2.

Preliminery circumferential surveys were made in order to locate
the survey lnstruments so that they were removed from the wakes of
upstream stationary bledes and instruments.

At station 0, the pressure end tempersture msasurements were
assumed to be stagnation values because of the very low velocities
in the depression tank. At station 1, approximately 1/4 chord-
length upstream of the rotor blades, measurements were made of total
Pressure, stallic pressure, and flow angle for six radial positlions.
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Compreasor-outlet measurements of total pressure, static pressure,
flow angle, and total temperature were masde at station 3. Total-
pressure measurements were made with 1l5-tube circumferential rakes,
which covered & complete blade pasesage, at each of four radial
posltions. Statlic-pressure measurements were made with a single
radisl survey. Total-temperature measurements were made with four
radial thermococuple rakes, spaced around the periphery, that

were connected dlfferentiaeally with those et station O In such a
menner as to measure an average clrcumferentlal wvalue of the tem-
perature rise acr.<s the compressor at each of four radii. Flow-
angle measurements w.re made with e single redisl survey.

Alr flow through the compressor was measured with & thin-
plate orifice. Compressor speed was measured by an electronic-
type tachometer.

A more complete description of the instrumentation is given
in reference 1.

Procedure. - The equivalent tip speed U,/AJ[6 was varied

from 920 to 1088 feet per second, corresponding to a range of

110 to 130 percent of design speed (836 ft/sec). At each speed

the air flow was varied from the maximum cbtainable to a point near
surge, but the two highest speeds were not extended to surge. For this
investigation, it was necessary to maintain the pressure In thse inlet
depression tank at 15 Inches of mercury absolute because of the power
limitations of the drive equipment. The investigation reported in
reference 1 was made at a constent Inlet-tank pressure of 25 inches of
mercury absolute. The range of Reynolds number, based on blade chord,
for this investlgation was approximetely 258,000 to 290,000 and that
for reference 1 weas 210,000 to 396,000. Check points were made at

80 percent of design epeed at inlet pressures of 15 and 25 inches

of mercury absclute, which agreed well and indicated that the effect
of the reduced inlet pressure on the performance of this single-

stage unit at the higher speeds was negligldble.

Methods of calculatlion. - The total-pressure ratio used in this
investligation vas obtalned from a mass-flow welghted average of the

isentzgpic energy input integrated across the flow passage {refer-
ence . :

The adiabetlc efficlency used in evelusting the compressor per-
formance was calculated from a mass-flow weighted average of the
total-temperature rise across the compressor and & mess-flow welghted
average of the isentropic energy addition (reference 4).

1308
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RESULTS AND DISCUSSION
Over-All Totael-Pressure Retlo and Adlabatic Efficiency

Over-all toital-pressure ratio PS/PO is plotted agalnst cor-

rected weight flow WA[6/8 in figure 2.. The data presented in
reference 1 are included in this figure for comparisan. The dashed
curve indicates the flow condition for design angle of atitack of
the air entering the rotor at the mean radius; this condition may
be considered to be the operating point at which the main portion
of the blade meost nearly approaches design conditions because the
radial distribution of angle of asttack approached design closely
except near the hub and the tip. This design angle of attack
corresponds to the deslgn polnt of references 2 and 3, which is
the angle of attack for the flattest pressure distribution for
this blade section. The maximum-flow limit approaches the design
flow condition as the speed la Increased and, at the highest
speed (1088 ft/sec), design flow conditions did not occur within
the obtainable flow range. The totel flow range elso decreased
as the speed increased. The flow range at the two hlghest speeds
wa.s not established because the flow was not decreased to surge
in order to avoid the possibility of blede fallure due to the
combination of vibratlons and the high stresses resulting from the
high tip speeds.

The totel-pressure ratlos and the welght flows for peak effl-
clency are shown by the dot-dash line crossing the speed curves in
figure 2. The peak efficliency and the peak pressure ratlio occur at
approximately the same weight flow at all speeds up to design speed.
The flow range from peak efficiency to surge decreases as the speed
increases up to design speed (836 ft/sec). Above design speed; the
peek-efficlency point shifts toward the high-flow reglon and spproaches
the deslgn flow condition at sn egquivalent tip speed of 1004 feet
per second.

The mass-flow welghted average adlsbetic efficiency for all
speeds investigated for this compressor 1s plotied egainst corrected
welght flow in figure 3. The deslgn flow condition at the mean
radiug entering the rotor is indicated by & bar on each efficilency
curve. At equivalent tip speedes from 669 to 962 feet per second,
corresponding to 80 to 115 percent of degign speed, respectively,
the efflciency i1s nearly constant at each speed over an sppreclable
range of corrected welght flow corresponding to an angle-of-attack
range of approximately 9°. Above design speed (836 fit/sec), the
polnt of maximum efficlency shifts toward design flow condition
indicating that the angle of attack for maximum lift-drag ratio
decreases with incressing Mach number.
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Constant-efficlency contour lines are superimposed on the plot
of total-pressure ratio ageinst corrected weight flow in figure 4.
A maximum pressure ratic of 1l.635 was obtained at an equivalent tip
speed of 1088 feet per second with an adlabatic efficiency of 0.74
(see fig. 3), and = pressure ratio of 1.628 was obtalned with an
adiabatlc efficlency of 0.75 at the meximum-efficlency point for
this speed.

Veriation of Over-All Performance
with Tip Speed and Msch Number

The variation of total-pressure ratio, edlabatic efficlency,
and relative Mech number at the mean radius of the roior inlet with
equivalent tip speed is shown in figure 5 for two flow conditions.
The solld curves represent the flow conditlon for design angle of
attack, corresponding to the design point of references 3 and 4
for this blade section, at the rotor-inlet meen radius. The dashed
curves represent the flow condltion for maximum efficlency at each
gpeed. By use of the Mach number curves, the compressor performance
at the two flow conditions can be compared on the besls of the same
Mach number at the mean radius at the rotor inlet as shown by the
vertical lines. The mean-radius Mech number is used to represent
the operating Mach number of the entire blade. The Mach number at
the tip ranged from 0.02 at the low speeds to 0.05 at the higher
speeds above those at the mean radius, and at the hub ranged from
0.08 et low speeds to 0.10 at high speeds below those at the mean
radius.

The efficlency curves in figure 5 are fairly flat over & range
of tlp speeds from 418 to 920 feet per second, corresponding to a
Mach number range of approximately 0.34 to 0.77, with the meximumm-
efficlency curve decreasing from 0.93 to 0.89. Above a tip speed
of 920 feet per second, the efficlency decreases rapldly.

The total-pressure ratic for design angle of attack at the
rotor-blade mean radius increeses steadily with tip speed up to
1010 feet per second, corresponding to a relative Mach number
of 0.87, beyond which a decrease In pressure ratio occurs. At the
highest speed investigated (1088 ft/sec), design angle of attack at
the mean radius did not occur within the obteinable flow range.

The pressure ratio obtained at the meximum-efficiency operating
point Increeses from 1.095 to 1.635 asg the relative inlet Mach



NACA RM E50D26 - 9

number increeses from 0.34 toc 0.91 and is higher than that obtalned
at the design angle of attack at all speeds. This pressure-ratio
curve tends to flstten out in the high Mach number region, but does
not drop off as does the pressure-ratlo curve for deslgn angle of
attack.

The operating point glving the highest pressure ratlc without
a sharp decrease in efficiency occurs at en equivalent tip speed
of 920 feet per second, at which point a total-pressure ratlo of 1.515
wes obtained at an adiabatic efficlency of 0.89. This point cor-
responds to 110 percent of design speed and a relative inlet Mach
number at the mean radius of the rotor blade of 0.77.

The inflection in the pressure-ratioc curve for maximum effliclency
at an egquivalent tip speed of 836 feet per second, corresponding to
& relative Mach number entering the rotor of 0.68, 1s caused by a
decrease in the angle of attack for meximum efficlency, as shown In
figure 6.

The varietion in angle of attack at the rotor mean radlus with
relative Mach number at the rotor inlet is shown in figure 6 for three
efficiency conditions: (1) maximum efficiency, (2) an efficiency
of 0.85, and (3) an efficiency 0.02 below the maximum efficliency at
any Mach number. The deslgn angle of attack 1s alsc shown for com-
perison. In this flgure, the flow conditlons at the inlet to the
rotor at the meen radius are used to Indicate the operating point of
the compressor. Because the radial distribution of angle of atteck
and Mach number approached design closely except near the hub and the
tlp, and because the angle of attack for sach blade section was deslgned
for the flattest pressure distribution by the use of a varlable—camber
blade, the operating point of the mean section is probebly represent-
atlve of the entire passags.

An appreclable range of welght flow over which the change in
efficiency is small exists et speeds from 80 to 110 percent of design
speed, making 1t somewhat difficult to select the maximum-efficliency
point. Conslderation of the trend of the efficlency curves with
speed, however, indlcates that the angle of attack for maximum
efficiency 1s nearly constent up to a Mach number of 0.68 and is

approximetely 5.5° above design angle of attack.

Above & Mach numbsr of 0.68, the angle of attack for maxlmum
efficlency decreases and approaches a minimum value approximately 1.4
above the design sngle of attack. This trend would be expected from
a consideration of the effect of Mach number on the low-drag range of

O
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an airfoil section. A+ low Mach numbers, this range is defined by a
minimum and a meximum angle of attack beyond which stall and flow
separation occur with resulting high losses. If compressibility
offects dld not exlst, these limlts of angle of attack would remain
approximately constant at all Mach numbers. For the blading of

this compressor, the trend of these limits ls represented by the
approximately constent velues of angle of attack for an efficiency

of O. 85 at the low Mach numbers, equal to a.pproximately above
and 5° below deslgn angle of attack.

Because of compressibility effects, however, shock losses occur
at the extremitles of the low-drag range as the force-break Mach
number is reached, resulting in a decrease in the low-drag operating
range at the higher Mach numbers, as well ae an increase in drag
over the entire cperating range. The decrease 1n low-drag operating
range with increasing Msech number 1g shown in figure 6. For an
efficiency of 0.85 or higher (fig. 6), the range of poesible angle
of attack decreases rapldly above & Mach number of about 0.70 and
0.84 was the highest Mach number at which an efficlency of ¢.85
could be obtained. The decrease in pressure ratio obtained at design
angle of attack at the high Mach numbers (fig. 5) is probably due to
thig decrease in low-drag renge because the design angle of attack
is apparently too low to fall within the low-drag region at these
Mach numbere. Because the lift coefficlent of a typical alrfoll
section increases appreciably beyond the angle of attack for minimum
drag, the angle of attack for maximuwm lift-drag ratio, or maximum
efficlency, lles near the high-angle-of-attack end of the low-drag
range. The angle of attack for meximum efficiency would therefore
be expected to decrease with the decrease in the low-drag range
encountered at the high Mach numbers, as shown in figure 6, and %o
approach the angle of attack for maximum force-break Mach number.
Results of a British cascade investigation show & similar trend in
the performance characteristics at high Mach number for %the airfoil
sectiona gtudled in that investigation.

Because the design angle of attack for the blading in this com-
pressor wasg based on the angle of attack glving the flattest pressure
distribution and because the flattest pressure distribution would be
expected to permit e maximum force-break Mach number, the angle of
attack for meaximum efficlency would be expected to colinclde with the
deslign angle of attack at the highest Mach number. That they do not
coincide may be caused by several possible reasons: (1) Difficulty
mey be encountered in gelecting the exact angle of atteck glving the
flattest pressure diletribution at low Mach numbers; (2) the angle of
ettack giving the flattest pressure distribution may be different at
high Mach numbere from that at low Mach numbers at which the design
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angle of attack was determined; (3) mismatching of the rotor and the
stator could cause the maximum efficiency of the rotor-stetor com-
bination to occur at a different angle of attack from that for eilther
row teken separately; and (4) the angle of attack plotted in figure 6
does not account for eny cheange in axisl velocity across the blade
row; the effect of thls change in exial velocity, however, would
probably be to increase the discrepancy.

Application to Multistage Compressors

A stage of an axial-flow compressor can be desligned to produce
a high pressure ratioc with an acceptable efficiency by use of a
proper combination of high blade loading and high relative Mach num-
ber (reference 1). The present investigation shows that even higher
pressure ratios could be obtalned by 2 further increase in Mech num-
ber if some sacrifice in flow range and erficiency were acceptable
at these high Mach numbers.

In the application of such & high-pressure-ratlo stage to =&
mltistage compressor, however, the reduction in the atege operating
renge mey be undesirable because of stage-matching problems. For
this reason, limiting the operating Mach number and stage pressure
ratio 1s perhaps advantageous. In addlitlon, beceuse the rotetional
speed of a compressor 1s establlished by the limiting Mach number in
the Inlet stages where the temperature is low, it may be 1mpoesible
to operete the later steges st high eguivelent speeds. Operation of
the later stages near the force-break value of relative Mech number
mey be accomplished by lncreasing the axial component of veloclty,
but this method is ineffective in obteining high stage pressurs
retios.

In the design of en axlal-flow compresesor stage for multlistage
application in a2 Jjet engine, an adequate range with good efficiency
under pert-speed operating conditlions is necessary for goed starting
and accelerating characteristics. The operating line of an axial-
flow compressor in a Jet engine l1s usually such that the angle of
atteck of the inlet stages wlll increase with a decrease in engine
speed. Conversely, the lower compression at part-speed operation
wlll cause the angle of attack of the later stages to decrezse from
that at reated speed. Designing the inlet stages for an angle of
attack near the lower limlit of the good-efficiency range and the
later stages near the upper limit is therefore desirable In order to
remein in the good-efficiency range &t pert-speed operation. In
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compreseors desligned to operate at extremely high Mach numbers,
however, matching of the blade rows 1s very critical because of
the reduced low-drag range, and the angle of attack must be that
for maximum force-~break Mach number.

SUMMARY OF RESULTS

A single-stage axiel-flow compressor designed for a high pres-
sure ratlo was operated over a range of relative inlet Mech numbers
at the mean radius of the rotor blades from 0.34 to 0.91 at speeds
from 110 to 130 percent of design speed (836 ft/sec). The data
obtained and the results of a previous Investigation of the same
compressor at speeds from 50 to 100 percent of deslign speed were
combined and are summarized as follows:

1. A maximum total-pressure ratio of 1l.635 with an adiabatic
efficiency of 0.74 was obtalned at an equivalent tip speed of
1088 feet per second and, at the peak-efficlency point for this
speed, & pressure ratio of 1l.628 was obtained at an efficiency
of 0.75.

2. At equivalent tip speeds corresponding to 80 to 115 percent
of design speed, the efflclency was nearly constant at a glven speed
over an appreclable range of weight flow. This flow range corresponded
to a rotor angle-of-attack range of approximstely 9°.

3. The peak efficlency gredually decreased from 0.83 at a relative
Mach number of 0.34 at the rotor inlet to 0.89 at a relative Mach num-
ber of 0.77, and above & Mach number of 0.77 the efflciency rapldly
decreesed.

4. The operating point glving the highest pressure ratio without
e sharp decrease in efficiency occurred at 110 percent of design speed,
at which a total-pressure ratio of 1.515 wilth an adiabatlc efficiency
of 0.89 was obtained. This corresponded to an egquivalent tip speed
of 820 feet per second and a relative inlet Mach number at the mean
radius of the rotor of 0.77.

5. The angle of attack at lhe mean radius entering the rotor for
maximm efficlency was neerly constant up to s relative Mach number
of epproximately 0.68 and was approximetely 5.5° above the design
value obtained from low-speed cascade data. Above a Mach number
of 0.68, the angle of attack for maximum efficlency decreased and

VI
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approached a minimum value approximetely 1.4C above the design value.
At the higher Mach numbers, the angle-of-attack range for good effi-
clency rapldly decreased.

Lewls Flight Propulsion laboratory,
National Advisory Commlittee for Aeronautlcs,
Cleveland, Ohio.
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