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SUMMARY 

The aerodynamic design and the design-point performance of a 16-inch 
impulse-type supersonic -compressor rotor component with turning to the 
axial direction were investigated in part I of this series . The possi 
bility of good stage performance was indicatedj therefore, in this report 
the off-design and the stage performance are analyzed . The analysis of 
the stage performance was made with a set of diffusing stators designed 
from considerations of the off -design performance . 

The characteristics of this rotor were such that the rotor-discharge 
Mach number could be reduced from that obtained at the design condition 
of 1 .94 to about 1.65 without a large drop in performance . But closing 
the throttle farther to reduce the discharge Mach number resulted in a 
considerable decrease in rotor component performance. This rotor char 
acteristic resulted in the peaking of computed stage performance at an 
intermediate Mach number (about 1 .55) when the stator losses were assumed 
similar to those previously obtained . Thus, the computed best stage
performance point is obtained at this intermediate rotor-discharge MacIl 
number rather than at the design condition for the rotor. The computed 
stage-performance curves indicate the rather critical nature of the 
matching problem between the rotor and stator performance characteris 
tics and the possibility of improving the stage performanc e by decreasing 
the losses in the diffusing stators . 

The stators set at the design angle limited the rotor operation at 
97.5 - percent design speed to a point below the best computed stage
performance point . Under these conditions, the stage total-pressure 
ratio was about 4.0 and the stage adiabatic efficiency was about 0.66. 
Reducing the stator angle 60 below the design angle increased the stage 
performance at 77 . 9-percent design speed from a total-pressure ratio 
of 2 . 5 to 2 . 7 and from an adiabatic efficiency of 0 . 70 to 0 . 77 . This 
increase was a result of improved rotor performance and also improved 
stator total- pressure recoveries . The reduction in stator angle im
proved stator total-pressure recoveries at Mach numbers below 1.25 but 
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seemed to have l i ttle effect on the total -pressure recoveries above this 
value . These stator recoveries are slightly higher than those obtained 
in the previous stator investigation . 

INTRODUCTION 

Impulse - type supersonic - compressor rotors are designed to impart 
energy to the fluid by a large amount of turning with a relatively small 
amo·unt of diffusion ( static -pressure rise) in the rotor pa ssage . In 
these design configurations , the flow relative to both the rotor blade 
row and the diffusing stators is supersonic . Considerable deceleration 
is then required in the stators to obtain useful flow velocities . Sev
eral compr essor rotors of this type have been experimentally investiga
ted and ar e reported in references 1 to 4 . In references 1 to 3, 
impulse - type supersonic - compressor rotor component total- pressures ratios 
of 3 . 6 and 6.6 were obtained at adiabatic efficiencies of 0 .80 and 0 . 78, 
respectively. In reference 4 (part I of this series) a total- pressure 
ratio of 5 . 7 was reported at an adiabatic efficiency of about 0 . 89 . 

The compressor rotor of reference 4 represents a considerable im
provement over previous rotors for design, or impulse, operation . Also, 
there was only a moderate drop in effi ciency with reduced discharge Mach 
numbers (i. e .) increased back pressure) . This contrasted markedly with 
previous i mpulse - type compressor rotors) where appreciable reductions i n 
efficiency were observed with i ncreased back pressure . These chara cteris
tics are attractive with respect to the use of this rotor with diffusing 
stators as a stage . Before a satisfactory stage can be designed) the 
problems associated with diffusing stators must be considered . 

References 3 and 5 indicate that the losses in diffusing stators 
increase very rapidly with stator - entrance (rotor absolute discharge) 
Mach number . (For the rotor of ref . 4 the design absolute discharge Mach 
number is about 1 . 93 .) However) as stated previously) the rotor of ref 
erence 4 operated at somewhat reduced Mach numbers without a large drop 
in performance . The reduced losses in the stators, arising from opera 
tion at the lower entrance Mach number obtainable by increasing the back 
pressure on the rotor) appear to more than offset the slight drop in 
rotor performance . Consequently) the optimum combination for operation 
with stators may occur with the rotor operating at an off- design condi 
tion . This report presents the more complete analysis of the off - design 
perf ormance of the compressor rotor that was a necessary preliminary in 
determining the rotor operati onal point for the best stage performance . 
The stage performance was then analytically determined with the assump 
tion of the stator recoveries obtained i n a previous stator investigation 
(ref . 3). After these considerations, a desirable rotor operational poi nt 
was selected for the design of diffusing stators) with particular atten
tion given to the flow area . Performance data obtained for the stage and 
the stators at the des ign setting angle as well as at 30 and 60 below de 
sign are inc luded i n this report . The data were obtained at the NACA 
Lewis laboratory; Freon- 12 was used as the test medium . 

-. 
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APPARATUS 

Impulse - Type Supersonic - Compressor Rotor 

A photograph of the 16- inch impulse- type supersonic-compressor 
rotor with turning to the axial direction is shown in figure l(a). This 
rotor was designed by a quasi - three-dimensional design procedure that 
permitted good mechanical design . The design procedure is described in 
detail in reference 4. 

Diffusing rLators 

The stators were designed to allow sufficient area so that they 
would not restrict the rotor weight flow . The flow- area considerations 
included an allowance for losses by noting that the change in critical 
flow area is dependent on the losses by 

A* P 
''a b ( 1) = 

where A* is the critical flow areaj 
the upstream conditionj and b is the 
in area from the upstream condition to 
the contraction ratio Cr, or 

Cr 

where A is the flow area . 

P is the total pressurej a is 
minimum-area section. The change 
the minimum section is defined as 

(2 ) 

Equations (1) and (2) can be combined by 

and, if the minimum section b is designed to have a Mach number of 1.0 
(~/Po = 1.0): 

( 3) 

- -------
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A point was selected at 97 . 5-per cent des i gn spee d of t he r otor at 
whi ch the stator - inlet Mach number was about 1 . 55 and the f low angle was 
about 57 .40 . (The r eason f or t he selection of th i s design point will be 
discussed in the off - design ana lys i s of the data f or the compr essor r otor 
component . ) By sett ing Pb /Pa at a va l ue near normal shock losses at 

this Mach n umber) Cr was determined to be about 1 .11 . With this con
tract i on r at i o and the preceding all owance for losses ) the a r ea at the 
minimum sect i on was f ound t o b e sui tab l e to all ow the rotor to oper a t e 
at i ts maximum wei ght - f low poi nt at a ll speeds above abo ut 70- per cent 
des i gn speed . 

The bla ding was des igned so that the ml nlmum-area secti on occurr ed 
at ""he entran ce to t he stator passage ) \lith a con stant a r ea f or a d i stance 
equa l to t he passage wi dth . The number of stator blades was set at 31 ; 
f low direct i on a t t he minimum- ar ea sect i on was set equal to t he ent r an ce 
f low direct i on ; a r ea incr ease behind the mi nimum section was set eq ui va 
lent to a 50 con e wi th an init i al area equal to the mi n imum ar ea ; and 
exit flow direct i on was set at 470 ) an d tra iling- edge thickness at 0 .03 
inch . The length of the sub s onic port i on of the b l ade was t hen computed 
to be 1 .7 inches to obta in the des ired change in area along a str a i ght 
circular con e . Thus ) with these spec ifications) the minimum a r ea ) the 
bla de length ) and the f l ow direct i on at the entrance ) mini mum- ar ea) and 
exit sect i on s wer e fixed . The blade surfaces were fa ired to meet these 
requ iremen t s . Thi s blade secti on was used at the r oot and t iE sect i on s ) 
with straight - line f a iring between these two sect i on s and a 5 t wist 
fr om r oot to t i p . The leading- edge wedge angle was about 100 and was 
rounded to a leading- edge thi ckness of 0 .015 inch . The des i gn setting 
resulted in a suct i on - surf ace angle of about 64 . 30 and a pr ess·ure - surface 
angle of about 54 . 30 at the mean - r adi us section. A photogr aph of the 
stators is shown in f i gure 2 . 

Var i ab l e - Compon ent Test Ri g 

Th e data us ed in this anal ys i s were obt a ined with the rotor installed 
in the variable - component compr essor test r i g adapted to use Freon - 12 as 
the test i ng medi um . Thi s test r ig is shown schemat i cally in figure l (b) 
and is described i n detai l in r e f er ence 4 . The rotor component data wer e 
obtain ed wi th both a straight - and an expandi ng- dischar ge annul us ( see 
fig . l (b) an d r ef . 4 ) . The diffu s i ng stator s used i n the stage i nvesti ga-

1 
tlon wer e installed in the str aight - d i scharge ann ulus about 28 inches 

b ehind the compr essor r otor . 

Instr umentation 

The r ot or component data wi th the expanding- dis charge annulus were 
obt a ined wi th instrumentation at sta t i on 2 (fig . l (b) ) . A con e- type 

rl 
lJ) 
rl 
tI) 
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survey instrument was used to meas·ure total pressure and flow direction) 
and total temperature was obtained wi th a double - stagnation- type probe; 
inside and outside wall taps were used to obtain the stat i c pressure 
( ref . 4) . The survey instruments were slightly different for the 
straight- discharge - annulus data) in that a claw- type total- pressure in
strument was used to determine the flow angle and total pressure at sta
tion 2) and the total temperature was obtained from a stagnation- type 
thermocouple . A photograph of these survey probes i s shown in figure 3 . 

The stage data were obtained at station 3 (fig . l (b ) )) 0 . 5 inch be
hind the stators. The previously described flow- angle and temperature 
probes were used at this instrument station along with a 24 - tube total 
pressure survey rake (fig . 3) . The 24 total- pressure tubes on this rake, 
which were equally spaced and sufficient to cover approximately one sta
tor passage) were inclined to the mean- radius section and mean blade 
angle . The rake was rotated to the flow d i rection according to a claw
total survey instrument at th i s survey station . Static pr essures at the 
survey stations were averaged from several taps on the inside and outside 
walls . 

In order to keep the closed Freon- 12 circuit as small as possible) 
the entrance nozzle to the compressor was calibrated to determine the 
flow rate through the compressor . Fixed probes in the entrance tank de 
termined the total pressure and temperature at this location (station 0) . 

PROCEDURE 

Operational Procedure 

The compressor rotor component was operated in Freon- 12 over a range 
of speeds from 48 . 7 to 97 . 5 percent of design . The design rotor speed in 
Freon- 12 was computed so that the design relative entrance Mach number 
would be obtained at the rotor tip . The inlet temperature was maintained 
constant at 1000±1 . Oo F and the inlet pressure at 30 . 0±D . l inches of 
mercury absolute by the automatic controls of the test rig . The back 
pressure was varied from the open-throttle condition to audible surge by 
the sliding throttle installed in the collector (fig . l (b )) . 

The rotor component data included in part I of this seri es (ref. 4) 
were obtained with a discharge annulus of increasing area) which allowed 
the rotor to operate near its design condition. These data are included 
in the present analysis along with the data obtained with the straight 
discharge annulus . The stage investigation was made with the impulse 
rotor and diffusing stators previously described installed in the 
straight -discharge annulus. 



6 NACA RM E53L24 

computational Procedure 

The compressor rotor performance data are based on the flow condi
tions measured in the depression tank and the survey data obtained di
rectly behind the rotor ( station 2 ). stage performance was obtained 
from measurements in the depression tank and at station 3. The total 
pressures obtained from the 24- tube total- pressure rake at station 3 were 
averaged arithmetically at each survey position and mass-averaged along 
the r adi us . The computational pr ocedure i s described in appendix B of 
reference 1 for experimental data obtained in Freon- 12 . An approximate 
air equivalent weight f low can be obtained by the methods described 
therein . 

The consistency of the data at des ign conditions was indicated in 
reference 4, where the change in angular-moment'um work input agreed with 
t he measured temperature-r ise work input within about 2 percent, and the 
measured electrical power varied from the measured temperature - rise work 
input by 4 percent . The survey data at station 2 indicate a weight flow 
1 . 6 percent greater than that measured by the inlet calibrated nozzle. 
This agreement is typ i cal of all open- throttle data . As the back pres 
sure is appli ed, the absolute discharge Mach number remains supersonic, 
but the axial component becomes subsonic . This change results in sub
stantial disagreement in the pr evi ously mentioned terms, probably largely 
as a res'ult of err oneous angle measurements . In general, total pressure, 
total temperature, wall static pressure, and nozzle weight flow are con
sidered essentially correct and are used in this report. ( The calibrated 
nozzle is relatively close to the rotor ; however, static- pressure pro
files along the outs i de wall indicate that the rotor does not measurably 
affect the nozzle calibration.) 

RESULTS AND DISCUSSION 

Examination of the limited amount of data presented in reference 4 
and some preliminar y data indicates that good stage performance might be 
obtained by operating this impulse- type rotor at a reduced flow point. 
At t h is point, the rotor absolute discharge Mach number decreased con
siderably with respect to the design value, with only a small reduction 
in rotor efficiency and total-pressure ratio. Before the best rotor and 
stator matching point could be determined, however, it was necessary to 
analyze the rotor component performance over the entire weight-flow 
range . 

Rotor Component Performance 

Rotor over -all performance . - The data of reference 4 were obtained 
with an expanding annulus behind the rotor, with which operation near 
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design impulse was possible. With this expanding annulus , there were 
only small reductions in total-pressure ratio and equivalent weight flow 
between the open- throttle point and audible surge . The data of reference 
4 and those obtained with the straight - discharge ann'ulus are both shown 
in figures 4 to 7 ( the solid symbols represent data obtained for the 
constant - area annulus). A much wi der range of equivalent weight flow 
was obtained when the straight - discharge annulus was used; however, this 
increased range was at the low-weight - flow end of the performance c'urve, 
and impulse operation could not be obtained (fig . 4(a)) . The fac t that 
impulse operation is not possible must be due to choked flow resulting 
from losses in the discharge annulus . At 97 . 5- percent design speed, a 
peak total-pressure ratio of 5 . 7 is obtained at an equivalent weight flow 
of 48 .55 pounds per second of Freon-12; a minimum pressure ratio is ob
tained at an equivalent weight flow of 41 . 5 pounds per second. Closing 
the discharge throttle farther results in decreasing weight flow and in
creasing total-pressure ratio. The curve obtained at 87.6- percent design 
speed shows a similar trend. Continuously decreasing performance values 
are obtained at the lower rotational speeds . 

The variation of adiabatic efficiency for this rotor is shown in 
figure 4 (b) . At 97 . 5-percent design speed, a peak adiabatic efficien cy 
of 0 . 89 i s obtained. As the discharge throttle is closed, the adia
batic efficiency is reduced a few percentage points at constant weight 
flow . As the weight flow is decreased, the efficiency falls off rapidly . 
A minimum efficiency of about 0 . 71 is obtained at 40 .0 pounds per second 
equivalent weight flow. Clos ing the discharge throttle to the point of 
audible stall results in a reduction in weight flow to about 34 . 2 pounds 
per second and an increase in adiabatic efficiency to about 0.745 . Thus, 
the variation of adiabatic efficiency is very similar to the variation 
of total-pressure ratio . At lower rotational speeds, the peak adiabatic 
efficiency remains high at or near the open-throttle condition. However, 
closing the discharge throttle to the point of audible stall results in a 
large drop in adiabatic efficiency. Some scatter in the data occurs at 
the lower-weight - flow end of the curves at the lower rotational speeds. 

The variation of mass - averaged absolute discharge Mach number at each 
of the six r otational speeds used in this investigation is shown in fig
ur~ 4 ( c). The data at 97.5 -percent design speed indicate a rapid drop in 
Mach number from 1.93 to about 1 . 63 with a change in total-pressure ratio 
of only 5.7 to 5 .5 . However, as the Mach number is decreased from 1.63 
to about 1 . 40, the total-pressure rat io decreases much more rapidly to a 
value of 4.60, the minimum total -pressure ratio and Mach number occurring 
at the same point. As the throttle is closed farther, the Mach number and 
total-pressure ratio both increase. The fact that these data double back 
along the same curve is a result of the use of mass-averaged values of 
total-pressure ratio and absolute discharge Mach number. The data at 
other rotational speeds indicate similar curves of absolute discharge 
Mach number . 
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The adiabatic effic i ency i s plotted against the mass - averaged abso
lute dischar ge Mach number in f i gure 4 ( d). The variation in efficiency 
at design speed is similar to the var i ation in total-pressure ratio, 
decreasing gradually fr om about 0 .89 at an absolute discharge Mach number 
of 1 .93 to 0 .85 at an absolute discharge Mach number of 1 . 65. As the 
absolute d i scharge Mach number i s decreased further, the decrease in 
adiabatic eff i ciency is much more rapid to a value of about 0 . 71 at an 
absolute discharge Mach number of about 1 . 40. Similar curves are obtained 
at each speed, with a sl i ght variation in the value of peak efficiency, 
and the lower speeds moving progressively to lower Mach numbers. A 
doubling back of data points simi lar to that noted in figure 4 ( c) occurs 
in figure 4 ( d) . 

Static - pr ess·ure pr of iles over rotor . <f"" The static -pressure profiles 
over the compressor rotor for several of the data points at 97 .5-percent 
design speed are shown in figure 5 . The equivalent weight flow and mass 
averaged absolute dischar ge Mach number are given for each data point . 
For the impulse condition (Me = 1 . 93 ) , the static pressure rises over 

about the first 20 percent of the rotor and remains constant over the 
rest of the rotor . As the back pressure is increased (Mach number de 
creased) the stat i c -pr essure r i se over the rotor increases appreciably, 
occurring f r om the leadi ng edge back over most of the rotor . At the min
imum Mach number (Me = 1.40, Wye/5 = 42 .5 lb/sec), the static press·ure 

ahead of the rotor i s not affected; however, the maximum static -pressure 
rise is obtained at this point . Closing the throttle farther causes a 
considerable reduct i on in weight flow but an increase in discharge Mach 
number, with a resulting substantial static- pressure rise ahead of the 
rotor and a lower static -pressure rise over the rotor. 

Perfor mance measurements along rotor - discharge radius . - The radial 
variation of performance par ameters at the rotor discharge at 97 . S-percent 
design speed is shown in figure 6 . At the impulse condition, the total
pressure rat i o peaks near the hub port i on of the rotor passage and de 
creases toward the tip . As the throttle is closed, the total-pressure 
ratio peaks (at a lower value) near the tip section and decreases toward 
the hub . The data point at the lowest weight flow indicates that the in
crease in pressure ratio over the previous point is obtained largely over 
the midpassage and tip regions . 

For the impulse or open- throttle condition, the adiabatic efficiency 
(fig . 6 ) is very high (0 . 98) near the hub but decreases rapidly toward the 
tip ( to about 0 . 80) . The main effect as the discharge throttle is closed 
is a large decrease i n adiabatic efficiency near the hub; whereas, the 
variation in efficiency at the tip section is appreciably less. At the 
lowest weight - flow point shown in figure 6, the adiabatic efficiency in
creases as i ndicated i n f i gure 4 (b) . 
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The distribution of absolute discharge Mach number for these data 
points at 97 . 5 -percent design speed varies in a manner similar to the 
total-pressure - ratio and adiabatic -efficiency distributions, the largest 
change in absolute discharge Mach number occurring at the rotor hub (fig . 
6) . The unit weight flow, however, has a somewhat different trend, in 
that it continues to decrease as the discharge throttle is closed. The 
largest unit we i ght flow is obtained near the tip section, with the slope 
of the unit mass - flow curve increasing as the discharge throttle is closed . 
The enthalpy rise over the rotor is larger at the tip than at the rotor 
hub section for the impulse condition, as indicated in figure 6. As the 
discharge throttle is closed, the work input at the tip section increases; 
whereas, the work input at the hub section remains nearly constan-t. 

Discussion of Rotor Performance 

If an impUlse - type supersonic - compressor rotor is to perform at the 
design condition, the discharge annulus must not limit the weight flow . 
In reference 4 , it was necessary to use an expanding- discharge annulus to 
obtain the design condition . (This was not necessary in the case of sim
ilar rotors reported in the references of this report.) Since these com
pressor rotors operate with supersonic relative velocities, a change in 
static- pressure rise over the rotor does not result in a change in weight 
flow until the static-pressure rise has propagated upstream to affect the 
subsonic axial upstream flow . Audible stall may occur before propagation 
of this static - pressure rise can be felt upstream and thus prevent the 
rotor from operating at reduced weight flows . Some of the rotors of this 
type reported in the references have operated with reduced weight flows ; 
whereas, others have indicated audible stall before any noticeable re 
duction of weight flow was obtained. It was noted that changing the dis
charge annulus had a considerable effect on the point of audible stall of 
this compressor rotor . 

With the previously mentioned considerations, the measured per
formance characteristics of this compressor rotor can be examined . As 
diffusion is first obtained in the compressor rotor , there is a small de 
crease in adiabatic efficiency and total-pressure ratio with no measurable 
change in equivalent weight flow . With the first measurable change in 
e~uivalent wei ght flow , a slight static -pressure rise is noted at the 
leading edge of the rotor. As additional diffusion (static -pressure rise) 
is obtained on the rotor, the total -pressure ratio, adiabatic efficiency, 
and equivalent weight flow all decrease rapidly. These changes in per
formance are obtained with an increasing static -pressure rise at the 
leading edge of the rotor; however, this static -pressure rise does not 
propagate very far upstream of the rotor (fig . 5 ). Near the point of 
audible stall, however, the static-pressure rise is apparently felt some 
distance upstream of the rotor and results in an increase in total
pressure ratio and adiabatic efficiency and a considerable reduction in 
equivalent weight flow . 
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These decreases in compressor performance appear to result mainly 
from deterior ation of the flow near the compressor hub section . In
creasing the diffusion over the rotor resulted in a definite decrease in 
total - pressure ratio and adiabatic efficiency at the rotor hub section 
from their values measured at the open- throttle condition, whereas the 
change in performance at the tip section is compar at ively small . The 
mass - flow distribution at the compressor r otor discharge at the points of 
high diffus i on on the rotor (near audible stall) indicates that a larger 
percentage of the mass flow is present at the rotor tip section . While 
this redistribution of the flow toward the tip section at low weight 
flows may have been caused by flow separation along the rotor hub, the 
mass distribution at the discharge could not be measured close enough to 
the hub section to determine whether the flow separation existed at the 
rotor discharge . 

The supersonic - compressor rotor of this investigation was designed 
with turning to the axial direction . Thus, for ideal flow, operation with 
diffus ion on the rotor would not change the work i nput to the fluid, since 
the absolute discharge whirl wi ll be very nearly equal to the wheel speed 
at all times . For this reason, the total-pressure ratio and the adiabatic 
efficiency of the compressor rotor at a fixed wheel speed and radius would 
vary only as the losses on the rotor. In this case, however, (with no 
inlet whirl component) there is some variation in work input along the 
rotor- discharge radius. Therefore, a redistribution of the mass flow at 
the rotor discharge may result in some change in the mass - averaged 
performance . 

Thus, a part of the performance characteristics ( that is, the in
creasing total -pressure ratio and adiabatic efficiency at reduced weight 
flows) can be explained by the increased mass - averaged performance avail 
able as a larger percentage of the mass is distributed toward the com
pressor rotor tip . Besides this effect, however, as the diffusion over 
the rotor was increased, the work input ( enthalpy rise) was increased at 
the compressor rotor tip secti on . As pointed out with turning near the 
axial direction, this could have been obtained only by increased turning 
in the rotor passage . As reported in reference 4, the tip section ob 
tained a turning of about 70 less than the axial direction at the open
throttle point . Thus, increasing the diffusion over the rotor appears 
to cause a deterioration of the flow along the rotor hub section and re 
sults in improved flow over the rotor t i p section, so that some increase 
in effective turning is obtai ned . The data indicate an increase in en
thalpy rise of about 14 percent as the rotor is throttled from impulse to 
audible stall . Increasing the turning by these 70 would account for 8 to 
10 percentage points of this increase . 

Stage Considerations for Rotor Performance 

The performance characteristics of this compressor rotor component in
dicate that, as some diffusion is obtai ned on the rotor, the absolute dis 
charge Mach number can be reduced to about 1.63 (from 1.93 near the impulse 
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conditi on ) with only a small loss i n total-pressure ratio and adiabatic 
effi ciency . This characteri stic was not exhibited by the rotors of 
references 1 to 3 . As previously noted, for this rotor the work input 
would be expected to, and does , remain essent i ally constant, since the 
rotor turns to the axial di re ct i on; and thus the total-pressure r atio 
would not vary appreciably wi th di ffusion on the rotor. The efficiency 
trend, however, must result f r om the relatively good flow condition 
over the compressor rotor even when some diffusion is obta ined a cross 
the rotor. 

Previous investigations i ndicate that stator losses are largely a 
function of the stator - entrance Mach number . The fact that the best 
stage -performance point may occur for thi s rotor at some other than the 
best rotor -performance po i nt i s shown in figure 7 . The rotor component 
total- pressure r atio and adiabatic effi ciency are plotted aga inst the 
absolute discharge Mach number for a rotationa l speed of 97 . 5 percent 
(reproduced from fig . 4(c )). The two performance curves were computed 
for the stage by applying normal shock recoveries and previously mea s
ured stator recoveries (ref . 3 ). Computed sta ge -performance va lues 
(fig . 7 ) peak at an intermediate Ma ch number . A peak efficiency of 
about 0 . 75 is obta ined a t a discharge Ma ch number of about 1 . 6 when 
normal - shock recoveries for the measured inlet Ma ch number are con
sidered. For the measured losses of a previous investigation, the stage 
curves peak at an efficiency of 0 . 64 for a Ma ch number of about 1 . 5 . 
Computed tota l -pressure r atios for these two performance points would 
be about 4 . 84 and 4 . 0, respectively . Peak tota l - pressure r atios occur 
at sli ghtly lower Ma ch numbers than the computed peak a diab atic effi 
ciencies. These curves indicate the ga in in performance that may be 
obtained by i ncreasing the recoveries in the diffusing stators a s well 
as the necess i ty of matching the rotor and stators at their best opera 
tional point . It should be pointed out that these stage curve s do not 
represent operationa l curves but r ather the peak va lue s that may b e ob 
t a ined by mat ching at the a ssumed conditions. The dat a points pre vious ly 
described at very low weight flows (below minimum tota l-pressure r atio) 
will not be considered, because they must ha ve been obta ined with some 
flow separ a t i on and unstea dy flow, and for this rea son the flow out of 
the rotor may not be suitable for efficient diffusion in stators . . 

Sta ge Performance 

Performance with stators at design setting angle . - The diffusing 
stators described were designed to operate approximat e ly at the b e st 
computed stage-performance point (M2 = 1 . 55) . The stage tota l -pr essure 
r atio and a diabatic efficiency for these stators a nd rotor are shown in 
figure 8 at 77 .9, 87 . 6, 92 . 5, and 97 . 5 percent of design speed . A sta ge 
total-pressure r atio of about 4.0 is obta ined at an adiab atic effici ency 
of about 0·.66. The weight - flow range for 97 . 5 -percent design speed is 
between 42 and 44 pounds per second . As the rotationa l speed is reduced, 
the range of weight flow i s increased, the stage tota l -pressure r atio is 
decrea sed, .and the peak stage adiab atic effi ciency increa ses slightly to 
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a value of about 0 . 69 at 77 .9 -percent design speed . The measured weight 
flows indicate that the rotor i s being operated near the point of minimum 
total- pressure ratio and adiabatic efficiency ( see figs. 4(a) and (b) ). 
Computations of stage efficiency (fig . 7 ) indicate that the rotor is 
operating at a Mach number lower than desirable for best stage perform
ance . In this stator design, the flow area through the stators seemed 
to be large enough, even in the presence of considerable losses. Since 
the axial - flow component is subsonic, the flow angle approaching the 
stator blade row would be controlled by the slope of the suction surface 
of the stator blade along the entrance section (as described in ref . 6). 
Thus, if this portion of the blade is not parallel to the discharge flow 
direction from the rotor, an adjustment in the flow will be necessary be
tween the rotor and stators similar to that described in the reference. 
This adjustment must reach some stable co~dition where the flow angle out 
of the rotor, the flow angle set by the stator blades, and the losses and 
adjustment in the space between the rotor and stators are compatible. 
This adjustment of the flow probably accounts f or some of the difficulty 
of making meas·urements in this region and the sometimes apparent change 
between rotor performance as measured in component and stage investiga
t ions even though the same instrumentation is used . 

The suction surface of these stators was at an angle greater than 
the desirable flow from the rotor at the stage design point. Thus, the 
adjustment would result in a reduction in the axial component ahead of 
the stators . This, in turn, would cause the rotor to operate with a 
lower discharge Mach number than that desired for the design point. 

Stage performance with stators set at reduced angles. - Previous 
consider at ions indicate that improved stage performance might be obtained 
(improved rotor performance in the stage) if the rotor could be operated 
at a somewhat higher discharge Mach number. This was attempted in two 
steps by decreasing the stator blade angles 30 and 60 below the design 
angle and measuring the change in stage performance. As the stator 
angles are decreased, the flow area in the stators increases and probably 
becomes excessive. The length and shape of the entrance section of the 
stator blades vary as the blades are set to lower angles . Since both 
the area effect and blade slope tend to match the rotor and stator at a 
lower rotational speed than design when the stator angles are decreased, 
only the intermediate - speed data were taken. 

The over- all stage data for the reduced stator angles are shown in 
figure 8 along with the design angle setting. Whereas the stage adia
batic efficiency seems to be somewhat higher for the 30 -reduced stator 
angle, the range of total- pressure ratio and weight flow seem to be little 
affected at 77 .9 and 87 . 6 percent of design speed. However, for the 60 _ 

decreased stator angle at 77 .9 - percent design speed, the equivalent 
weight flow increased from about 30 . 5 to about 33.5 pounds per second. 
At 87.6-percent design speed, the equivalent weight flow increased from 
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about 39 . 5 t o about 43 .1 pounds per second. The stage tot al -pressure 
ratios i ncrease only s light l y; however) t he stage adi abat i c efficiency 
i ncreases f r om about 0 . 70 t o about 0 .77 and from about 0 .7 0 to 0 . 74 for 
77. 9 and 87 . 6 per cent of des i gn speed) respectively . Thus ) the two best 
stage - performance poi nt s measured for 87. 6 and 77. 9 percent of design 
speed woul d be at a t otal -pr essure rat i o of 3 . 4 and an adi abat i c effi 
c i ency of 0 . 74 ) and at 2 . 7 and 0 . 77 ) respecti vely . Part of the increase 
i n per formance was obtained by movi ng the rotor to a more favorable 
operating point . Some i mpr ovement i n stage performance also may have 
resulted from a reduct i on of losses i n the stators . Flow condi tions 
o v er the stators wi ll be cons i dered in the following sect i on . 

Stator Performance 

The per formance of the stators at the three settings i s compared in 
figure 9 ) i n which stage absolute discharge Mach number is used as the 
absc i ssa . The data of f i gure 9 are for 77. 9 -percent design speed) where 
complete data were obtai ned for each of the three stator angles . The 
mi n i mum absolute di scharge Mach number from the design and the 30

_ 

decreased setting of the stators is about 0 . 62 . When the stator angles 
were decreased by 60

) however) the discharge Mach number could be re 
duced only to 0 . 75 without stage stalling . The reason for this small 
change i n mini mum permissible stator - discharge Mach number is not ob 
vi ous; however, the changes in entrance conditions and area variation 
through the stators in resetting the blade angles apparently affect the 
stalling characteri st i cs of the stage . 

For the design setting angle of the stators, the equivalent weight 
flow vari ed from about 22 . 5 to about 30 . 5 pounds per second . In this 
case) the static -pressure rise could apparently be felt through the 
stators and thus affected the performance of the rotor . For the 30 _ 

reduced stator blade angle , the equivalent weight flow varied only be 
t ween 28 . 05 and 29 . 95 pounds per second over the entire range of back 
pressure ; for the 60 - reduced setting, the weight flow was almost con
stant at 33 . 8 pounds per second . No obvious reason for this effect of 
stator blade - angle setting on stage wei ght - flow range can be given . 

Reduci ng stator- di scharge angles by 30 results in a peak adiabatic 
eff iciency (0 . 71) at about the same discharge Mach number as the design 
setting, and the decrease from this peak value is very gradual . For the 
sett i ng of the stators 60 below the design angle , the adiabatic effi 
c i ency i s increased to a value of about 0 . 78 and remains essentially 
constant over the range of discharge Mach numbers . 
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The stage total -pres sur e - r atio curves for each of the three config 
urat i ons are also shown i n figure 9 . The total -pressure ratio at the 
30 sett i ng angle i s very close to that at the design setting except near 
the low di scharge Mach numbers ) when the design setti ng seems to decrease 
from the near - constant value of 2 . 4 . However ) for the data obtained with 
the stator angles r educed 60 ) the stage t otal -pressure rat i o is increased 
to about 2 . 7 . 

With the measurements taken at i nstrument stat i ons ahead of and be 
hind the stator s ) t otal -pres sure r ecover i es over the stators were com
puted (f i g . 9 ). For the des i gn and 30 - reduced settings of the s t ators ) 
the total-pressure recovery i s about the same and peaks at a recovery of 
about 0 . 87 . As the stator angles are decreased by 60 from the des i gn 
angle ) the total- pressure r ecoveries ar e i ncreased to about 0 . 93 . De 
creasi ng the stator angles results in i mproved operation of the stators 
as well as the r otor . The i ncreased recovery in the stator may be due 
to the i mproved flow condi tions enter i ng the stators ) s i nce the rotor 
operati onal poi nt is changed to a mor e favorable condition . 

The stator - entrance Mach number was obtained from the pressure meas 
urements between the rotor and stators (fig . 9 ). The variation i n meas 
ured Mach number seems to be about the same for each of the confi gurat i ons 
described . The equi valent weight flow varied from about 30 to 34 pounds 
per second as the stator angles were var i ed from des i gn setting to 60 less 
than des i gn . The r otor component data i ndicate that the absolute rotor
discharge (stator- entrance ) Mach number should increase from about 1 . 23 
to about 1 . 33 over thi s r ange of wei ght flow; the measured values fall 
withi n this range (f i g . 9 ) . The measurements are probably subject to 
some error because of the flow adjustment necessary in this region . 

The stage performance values for the three stator blade- angle settings 
were compared at 77 . 9 -percent des i gn speed . The computed best performance 
point with the assumpt i on of normal - shock recoveries for this speed is 
shown in f igure 10 . (This curve is comparable to that for 97 . 5 -percent 
design speed shown i n f i g . 7 . ) The previ ous sect i on i ndicates that the 
discharge Mach number could not be i ncreased above 1 . 28 . Thus ) figure 10 
indicates that the rotor and stator could not be operated at their best 
match points ) which would be at a Mach number of about 1 . 4 . Several per 
centage points i n stage effi ci ency and some i ncrease i n total-pressure 
ratio may be obtainable by moving the rotor and stators to this operational 
point . It can be noted that the computed stage - performance curves at this 
speed (Mach number range ) are relatively flat compared with those at 
97 . 5 -percent design speed . Thus ) i t might be expected that matching the 
rotor and stators at thi s i nter mediate speed would not be as critical as 
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at the higher rotational speeds . A comparison of the total -pressure re
covery obtained with these stators and that obtained with the stators of 
the investigation of reference 3 is shown in figure 11 . The peak total
pressure recovery for the available speeds is plotted against the stator
inlet Mach number along with the curves obtained in the reference and 
normal - shock recoveries for the given Mach number . Indications are that 
the total-pressure recovery is improved somewhat over that previously 
obtained. Also, while reducing the stator angle improved the recoveries 
somewhat at Mach numbers up to 1 . 25, at the higher Mach numbers the 
stators seem to operate equally as well at the design setting. It must 
be remembered, however, that the design setting points are obtained at 
a somewhat higher rotational speed . The range of stator -entrance Mach 
number is rather small, but it does seem to indicate that the total 
pressure recovery in these stators may not decrease at the same rate with 
increasing Mach number ·as was indicated in the previous investigation. 

Concluding Remarks 

Analysis of the complete performance range of this 16-inch impulse
type supersonic-compressor rotor and the probable stator performance as 
indicated by previous investigations shows that the best stage perform
ance would be obtained with the rotor operated at some intermediate dis 
charge Mach number rather than the rotor design condition. This best 
stage performance would probably be obtained at an absolute discharge Mach 
number of about 1.55 for the design rotor speed . Because of the rapid 
decrease in rotor performance below this absolute discharge Mach number 
and because of the rapid increase in stator losses above this Mach number, 
the matching of the stators and rotor is rather critical . The analysis 
further indicates that considerable gain in stage performance can be ob 
tained if the total-pressure recovery in the stators can be improved in 
the range of stator-entrance Mach numbers of 1.4 to about 1 . 65, since 
matching the rotor and stators in this range would then allow some improve
ment in rotor as well as stator performance . 

SUMMARY OF RESULTS 

The 16 -inch impulse-type supersonic - compressor rotor with turning 
to the axial direction was investigated as a single component and as a 
stage. The rotor des ign and design performance were reported in part I. 
In this r eport, a more complete analysis was made of the rotor component 
off -design performance, which was necessary to determine how this rotor 
might be used to best advantage in a compressor stage . A set of diffusing 
stators was then used with this rotor to investigate the stage performance . 
The following results were obtained : 

J 
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1 . Cons i dering the range obtained with both di scharge annuli, this 
rotor as a separate component had a very wide range of equivalent weight 
flow (48.5 to 34 . 1 lb/sec at 97.5 -per cent design speed) . At 97 . 5 - percent 
design speed, the adiabatic effici ency was 0 . 89 at a total -pressure rati o 
5 .7 and an absolute discharge Mach number of 1 . 93. Thi s rotor allowed a 
reduction i n Mach number to about 1 . 65 with a relatively small reduction 
in adiabat i c efficiency and total -pressure ratio . Beyond this point , 
however , both the adi abatic effi c i ency and the total -pressure ratio de 
crease very rapidly. 

2 . By using the curve of peak total-pressure recovery against stator 
inlet Mach number of reference 3 and the rotor component data of this re
port , a best stage-performance point would be obtained at some inter
medi ate stator -entrance Mach number (1 . 55 for 97 . 5-percent design speed). 
Since there is a rapid decrease in rotor performance at lower discharge 
Mach numbers and a rapid increase in stator losses at higher Mach numbers, 
a rather narrow range of computed good stage- performance values resulted. 

3 . With the stators set at the design angle, the stage total-pressure 
rat i o is about 4 . 0 and the stage adiabatic efficiency is about 0 . 66 at 
97 . 5 -percent des i gn speed . The range of equivalent weight flow is about 
42 to 44 pounds per second, whi ch indicates that the rotor is operating 
at the poi nt of minimum effi ciency and pressure ratio rather than near 
the point of best stage performance . 

4 . By adjusti ng the stators to 60 less than the design setting angle, 
the stage performance was improved at 77.9-percent design speed from a 
stage total-pressure r atio of 2.5 to 2 . 7 and a stage adiabatic efficiency 
of 0 .7 0 to 0 . 77. A 30 reduction i n stator angle seemed to have a rela
tively small effect . This gain in stage performance resulted because of 
improved rotor performance as well as improved stator performance . At 
77.9 -percent design speed, the total-pressure recovery in the stators 
increased from about 0 . 87 to 0 . 93 as the stator angle was reduced from 
design angle by 60 • 

5 . The total-pressure recoveri es through these stators are somewhat 
improved over those of the previous investigation at corresponding Mach 
numbers . Reducing the stator angle improved the recoveries somewhat up 
to a Mach number of 1 . 25 ; at the higher Mach numbers obtained, however, 
the stators seem to operate equally well at the design setting. 

Lewi s Flight Propulsion Laboratory 
National Advisory Committee for Aeronautics 

Cleveland, Ohi o , December 10, 1953 
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(a) Rotor installation. 

Figure 1. - 16- Inch impul se- type supersonic- compressor rotor installed in variable
component test rig . 
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C-29877 

Figure 2. - Stators used in stage investigation of supersonic-compressor rotor with 
turning to aXial direction . 
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Figure 3. - Instruments used in stage investigation of supersonic-compressor rotor with 
turning to axial direction. 
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Figure 4 . - Performance characteristics of l6-inch impulse-type supersonic-compressor 
rotor with turning to axial direction . 
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r otor with diffus i ng stators . 
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