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EFFECT OF SEVERAL POROUS CASING TREATMENTS ON STALL LIMIT AND ON 

OVERALL PERFORMANCE OF AN AXIAL-FLOW COMPRESSOR ROTOR 

by Walter M. Osborn, George W. Lewis, Jr., and Laurence J. Heidelberg 

Lewis Research Center 

SUMMARY 

A ser ies  of tests were made to  evaluate the effect of geometrically different porous 
casings on the performance of an axial-flow compressor rotor. The tes ts  were con
ducted using uniform, t ip  radially distorted, and circumferentially distorted inlet flow 
conditions. Thirteen porous casings were tested: two perforated casings, three varia
tions of honeycomb, a circumferentially grooved, an axially slotted, two variations of 
skewed slotted, and four variations of blade angle slotted. The effectiveness of the cas
ing treatments was judged primarily by their ability to maintain o r  increase the pres
s u r e  ratio while decreasing the weight flow at the stall-limit point below that obtained for 
a reference solid casing. 

The skewed slotted casing with the slots open to a chamber gave the greatest dis
placement of the stall-limit line for all speeds tested with both uniform and radially dis
torted inlet flow. The skewed slotted casing with closed slots also gave a good displace
ment of the stall-limit line, but the improvement w a s  not as large as it w a s  for the open 
slots. However, with both skewed slotted configurations the maximum efficiency was 
significantly lower than that obtained with the solid casing. 

Of the four blade angle slotted configurations tested, only the one with closed, shal
low, and short slots gave a good displacement of the stall-limit line with uniform inlet 
flow. This casing and the circumferentially grooved casing gave maximum efficiencies, 
as high o r  slightly higher than the reference solid casing, along with a good displacement 
of the stall-limit line. 

The honeycomb casings gave a good displacement of the stall-limit line with efficien
cies a little lower than those obtained with the solid casing. 

The performance results obtained with the axially slotted casing were inconclusive 
because of damage to the casing during the tests. However, a good displacement of the 
stall-limit line is indicated at speeds below 0.9 of design speed. 

A small  improvement in the location of the stall-limit line was obtained with the per 
forated casing with large holes but no improvement was obtained with the perforated cas
ing with small  holes. 

The limited data obtained with circumferentially distorted inlet flow indicated that 
substantial increases in stall margin might be  obtained with casing treatment. 



INTRODUCTlON 

Modern aircraft may be required to  operate over a wide range of flight speeds with 
conditions of varying inlet flow distortions and time-unsteady flow into the engine. Thus, 
the fan and compressor must be capable of stable operation with these adverse inlet 
conditions. 

In general, improving the flow margin between the fan-compressor operating point 
and the stall-limit point will also improve the useful operating range of the propulsion 
system. In the investigation of reference 1, an axial-flow rotor was tested with a porous 
casing and plenum chamber arrangement ahead of and over the rotor blades. This ar
rangement was used for  external bleed and blow. Increases in flow range and, therefore, 
stall margin were obtained with both bleeding and blowing. A substantial increase was 
also noted when no bleeding or blowing was used. In the investigation of reference 2, 
additional tests without bleeding or blowing were conducted with modifications to  the po
rous casing of reference 1 and various configurations of two more porous casings. In
creases in stall margin were obtained in about half of the configurations tested. In both 
investigations, the stall-margin improvement was greatest when an inlet flow distortion 
was present. This was attributed to  the fact that with distorted flow the blade tip was 
critical (i. e. , rotating stall was first evidenced in the tip region of the rotor). It was 
felt that the onset of rotating stall was delayed by the porous casing; however, the flow 
mechanisms associated with the performance improvement were not identifiable. 

To further study the effect,c Jf casing treatment on rotor performance, an investiga
tion has been made at the NASA Lewis Research Center to  evaluate different types of po
rous casing treatments. Three slotted, several honeycomb, two perforated, and a c i r 
cumferentially-grooved casing were tested. Based on the results of references 1and 2, 
a rotor that was t ip  critical was selected for testing with these casing treatments. This 
report presents the overall performance results for uniform inlet-flow conditions for the 
rotor with a solid casing and with the porous casing treatments. Also presented a r e  the 
performance results for the rotor with a solid casing and selected porous casing t reat
ments with screen-generated tip radial and circumferential inlet flow distortions. 

SYMBOLS 

N rotor speed at design condition, rpm 

ND equivalent design speed, N/*, 16 000 rpm 

W air weight flow, lbm/sec 
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6 ratio of inlet (plenum) total pressure to  NASA standard sea-level pressure of 
14.69 psia 

&?ad temperature-rise efficiency 

e ratio of inlet (plenum) total temperature to NASA standard sea-level temperature 
of 518.7' R 

APPARATUS AND PROCEDURE 

TEST FACILITY 

A schematic diagram of the test facility is shown in figure 1. With the exception 
Of a longer inlet line to accommodate a distortion screen, the facility is the same 
as that described in reference 3. The drive system consists of a 15 000-horsepower 
electric motor with a variable-frequency speed control. Motor speed may be  controlled 
from 360 to 3600 rpm. The motor was coupled to a 5.02 ratio speed-increaser gearbox 
that drove the test rotor.  The working fluid was atmospheric air .  The facility was sized 
for  a maximum flow rate of approximately 100 pounds per  second. The facility was oper
ated with an exhaust of 26 inches of mercury downstream of the throttle valves. Airflow 
was controlled by a butterfly valve in  the outlet line. A thin-plate orifice, located in the 
inlet line, was used to determine the airflow. A plenum tank 6 feet in diameter and ap
proximately 12 feet long was located upstream of the test rotor. A bellmouth nozzle was 
located between the plenum tank and the inlet of the test rotor. 

TEST ROTOR 

A photograph of the test  rotor is shown in  figure 2. The rotor had an inlet tip diam
eter of 19.77 inches and an  outlet t ip diameter of 19.54 inches. The inlet hub-tip radius 
ratio was 0. 51. The number of blades (47) was selected to  provide a solidity of 1.48 at 
the rotor tip. The rotor was designed for a t ip speed of 1380 feet per  second 
(16 000 rpm). Design weight flow was 65.3 pounds per  second which corresponds to a 
weight flow per unit annulus area at the rotor leading edge of 4 1.2 pounds per second per 
square foot. The rotor was equipped with blade vibration dampers located at 43 percent 
of span from the rotor tip. A more detailed description of the test rotor is presented in 
reference 3. 

The test data obtained in reference 3 showed that the rotor was highly loaded in the 
blade t ip region. Therefore, stall might be expected to initiate in the tip regions (tip 
critical). Thus, this rotor was selected for the casing treatment tests. 
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Figure 1. - Compressor test facility. 



Figure 2. - Test rotor. 

CASING TREATMENT CONFIGURATIONS 

The following considerations were used in determining the casing treatment designs : 
(1)porosity or percent open a rea ,  (2) acoustical tuning, and (3) recirculation. 

The percent open area  is the ratio of the total open area to the total treated area over 
the rotor blade tips. The nominal percent open area chosen was 67 percent, although 
other values were  also used. 

Tuning may be associated with the interchange of pressure and flows between the 
main stream and the p r o u s  casing as the outer-wall static pressure is pulsating with re
spect to time at blade passing frequency. Simple organ pipe theory was used for tuning 
the passages. A nominal value for tuning was selected to be at a blade passing frequency 
of 0.9 ND. Generally, the passage depths were selected for  that frequency. The static 
temperature in the passage was assumed to be equal to  the rotor outlet total temperature 
in order to determine the passage depth. Some of the configurations were tested with 
both open (to plenum) and closed passages. For the same passage depth, closing the 
passage lowered the tuning frequency to half the value with open passages. 
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Figure 3. -Meridional view of axial-flow rotor showing location of casing treatment insert. 


Type of inser t  

Perforated sheet 
(fig. 4 )  

I Honeycomb 

Cir cumfer ent ially 
grooved (fig. 6) 

(fig. 7) 

I Skewed slotted 

1 	 Blade angle 
slotted (fig. 9) 

TABLE I. - SUMMARY OF CASING TREATMENTS 

Description of casing t reatment  
(in order  of discussion) 

__-__ 

(a) 0.0625-in.-diam holes, 0. 109 in. between centers  

(b) 0. 125-in. diam holes, 0. 188 in. between centers  

(a) Deep (0.55 in. , av)a, smal l  cell (0. 19x0. 11 in. ) 
~ 

(b) Shallow (0.32 in. , av)a, smal l  cell (0. 19x0. 11in. ) 

(c) Deep (0.55 in. , av)a, l a rge  cell (0.33xO. 20 in. ) 

Seven grooves, 0. 125 in. wide by 0.375 in. deep, 
0.062 in. land width 

576 s lo ts ,  0.070 in. wide by 0.64 in. deep (av)a, 
0.035 in. land width 

(a) 288 s lots  at 60' angle to radial  plane, 0.070 in. 
wide by 0.64 in. deep (av)a, 0.035 in. land width 

(b) Same as (a) except for conditions at back of slot 

(a) 310 s lots  alined with average blade setting angle 
a t  blade tip; 0.070 in. wide by 0.64 in. (av)a deep, 
0.035 in. land width; long s lots  (1.25 in. axial length) 
extend beyond blade tip inlet and outlet (see fig. 9(a))  

- .-. _. 

(a) Same except for  conditions at  back of slot 

(b) Same as (a) except for shallow slot depth of 0. 32 
in. (av)a and conditions at back of slot (fig. 9@)) 

.. ~ __ -. 
(c) Same as (b) except s lots  were  short  (0.63 in. 

__ 
Nominal Conditions 

open area at  back of 
(percent) treatment 

~ 

30 Open 

40 Open 

99 Closed 

99 C10sedb 

99 Closed 

67 Closed 

67 Openb 

67 Openb 

67 Closed 

67 %enb 

67 Closed 

67 Closedb 

Closedb 
axially) ( see  fig. 9(c)) _ _ ~ ~ _ _ _ _.I- 

bTuned to approximately 90 percent of blade passing frequency. 

6 




Recirculation was considered in two respects : (1)circumferential recirculation be
tween the slot passages and (2) axial recirculation within the individual slots from the 
downstream high-pressure region to the inlet region. In some of the treatments, a rub
be r  seal  was used at the slot outlet to close the slot and eliminate slot to  slot 
recir culation. 

The casing treatment configurations were fabricated as inserts to fit in a casing 
groove over the rotor tip as shown in figure 3. There is a 4' taper on the inner diameter 
of the insert. The static clearance between the rotor t ip and the insert was nominally 
0.020 inch. 

The casing treatments are described in the following sections and a summary is pre
sented in table I. 

Perforated Casings 

Two different perforated casings were fabricated. One had 0.0625-inch-diameter 
holes, which accounted for approximately 30 percent of the surface area.  The other had 
0. 125-inch-diameter holes with approximately 40 percent open a rea  (fig. 4). The holes 
extended the full axial length of the insert and, thus, there was some open area both up
stream and downstream of the rotor blades. A plenum existed behind the holes, and a 
divider ring was located at midspan to  limit the recirculation of air from back to  front. 

Honeycomb Casings 

Three honeycomb casing inserts were fabricated. These inserts used two different 
sizes of cells. The small honeycomb had 0. 19- by 0. ll-inch cells, and the large honey
comb 0 . 3 3 - by 0.20-inch cells. A sketch and a photograph of the large cell honeycomb 
casing insert are shown in figure 5. The small  cell honeycomb was  tested with two 
radial depths (table I); only the deep large-cell honeycomb was  tested. The shallow 
small-cell honeycomb was selected for acoustical tuning of the cell to blade passing 
frequency at 0.9 ND. The aluminum honeycomb was  bonded to a steel support ring. 
Thus, the honeycomb cells were  closed, and cell to cell recirculation of the air was  
minimized. The honeycomb extended the full axial length of the insert  with honeycomb 
cells located upstream of, over, and downstream of the rotor blades (fig. 5). 
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i----2.25Y
.-Divider r i n g  

A i r f l ow  
I) 

Rotation ,-Divider r i n g  

CD-11G75-01 
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I-

hole ‘-0.125-in. -diam holes 
spacing 

C-69-3797 

Figure 4. - Perforated casing i n s e r t  w i th  0.125-inc:i-diameter holes. Hole spacing 
for perforated casing w i th  0.0625-inch-diameter holes = 0.109 inch .  
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Figure 5. - Honeycomb casing insert with large cells. 
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C i  rcumferent ia l l y  Grooved Casing 

A sketch and a photograph of the circumferentially grooved casing insert is shown in 
figure 6. There are seven grooves (each 0.375 in. deep). The first and seventh grooves 
extend beyond the blade leading edge and blade trailing edge, respectively (fig. 6). The 
groove (open) area is about two-thirds of the total area as the groove width is twice the 
land width. The circumferentially grooved casing should eliminate axial recirculation but 
circumferential recirculation from blade to blade along the grooves is possible. 

Axia l ly  Slotted Casing 

Figure 7 shows a sketch and a photograph of the axially slotted casing. The 576 slots 
a r e  alined in the axial and radial planes with the slot width twice the land width. Thus, 
the open a rea  is approximately two-thirds of the total area.  The slots extend beyond the 
leading and trailing edges of the rotor blades. The slot depth (average, 0.64 in. ) tuned 
the passage to blade passing frequency at 0.9 ND. The slot was open to a small plenum 
(0.030 in. deep). 

Skewed Slotted Casing 

A sketch and photograph of the skewed slotted casing are shown in figure 8. The 
slots are alined with the axial plane but a r e  skewed at a 60' angle to the radial plane. 
The slight angle of the slots to the axial plane shown in figure 8 results from the changing 
radius of the inner diameter of the insert (fig. 3). There are 288 slots with the slot width 
twice the land width. Thus, the open area is approximately two-thirds of the total area.  
The slots extend beyond the leading and trailing edges of the rotor blades. With a slot 
depth of 0.64 inch and a plenum behind the slots,  this configuration is tuned to the blade 
passing frequency at 0.9 ND. Although the skewed slot depth is the same as  the axial slot 
depth, a larger plenum (0.30 in. deep) is obtained for the skewed insert than for the axial 
insert because of the skew angle. This configuration was also tested with the slots closed 
(rubber seal at slot outlet), which lowers the tuning frequency by one-half. 

Blade Angle Slotted Casing 

The blade angle slotted casing was tested in four configurations. Only one insert was 
fabricated, but three modifications were made to  the insert. Sketches of the four config

10 




-2.25 in. 

I 1  

A i r f l w  
I) 

Rotation 

i 

--7

0.375 in. 
I --'I 

0.125 in. 
0.062 in. 

-BladeI
CD-11077-01 

C-70-356 

Figure 6. - C i rcumferent ia l l y  grooved casing inser t .  
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Rotation 
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Figure 7. - Axial ly slotted casing inset?. 
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Figure 8. - Skewed slotted casing inser t .  
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23 
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Rotation 
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(b) Closed, shallow, and  long slots. (c) Closed, shallow, and sho r t  slots. 

CD-11080-01 

kJin. 

C-70-647 

(d) Photograph of shallow, sho r t  slots. 

Figure 9. - Blade angle slottea casing inserts.  
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urations and a photograph of the final configuration are shown in figure 9. The slots a r e  
alined with the average blade setting angle (58' to axial plane) of the blade tip section. 
Thus, a slot is affected by only one blade at a time. In the other slotted casings, a slot 
may be feeling the effect of several blades at a time. The slot width is twice the land 
width, and the open area is approximately two-thirds of the total area. There are 310 
slots. Two radial depths were selected for testing, deep (average 0.64 in. ; fig. 9(a)) and 
shallow (average 0.32 in. ; figs. 9(b) and (c)). The deep slots were tested both with a 
rubber seal (closed'slots) and without the rubber seal  (open slots). Without the rubber 
seal, the deep slots are open to a small  plenum (0.030 in. deep) and a r e  tuned to blade 
passing frequency at 0.9 ND. With the rubber seal, the tuned frequency is reduced by 
one half. The shallow slots were tested only with a backing plate and rubber seal (closed 
slots), and the slots were tuned to  blade passing frequency at 0.9 ND. The configurations 
in which the slots extend beyond the leading and trailing edges of the rotor blades 
(fig. 9(a) and (b))are called "long" slots. A modific.&tionto  the shallow long slots con
sisted of cementing wood plugs in the slots at the upstream and downstream edges in 
order to shorten the slot length by 40 percent (in the axial plane). Thus, only the center 
section of the blade is subjected to casing treatment, and recirculation at the leading and 
trailing edges is minimized. This configuration is designated "shallow short," and a 
sketch is shown in figure 9(c) and a photograph in figure 9(d). 

D ISTORTlON S CREENS 

To generate both radial and circumferential inlet flow distortions, screens were 
mounted approximately 14 inches upstream of the rotor inlet (fig. 3). A schematic dia
gram of the two screens is presented in figure 10. 

The 360' tip radial distortion screen (fig. lO(a))was 20 mesh with 0.018-inch
diameter wire and extended into the flow stream a distance of 1. 625 inches from the outer 
wall. This radial screen depth produced a loss in total pressure at the rotor inlet over 
approximately 40 percent of the blade height measured from the tip. 

The circumferential screen (fig. lO(b)) was also 20 mesh with 0.018-inch-diameter 
wire.  This screen covered a 90' segment of the inlet opening. 

Both the radial and circumferential distortion screens were  supported by a coarse 
screen having a 0.091-inch-diameter wire with 0.5-inch spacing. 
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Fine mesh  (ZO), 90' 
1.625-in. f i n e  mesh (20) I segment screen 
radial screen-, 

\ 	 I 
I 
I 

support ing screen 

(a) Radial d istort ion screen. (b) C i r cumfe ren t ia l  d istort ion screen. 

CD-11081-01 
Figure 10. - In le t  flow distort ion screens. 

INSTRUMENTATION 

Two iron-constantan thermocouples were located in the plenum tank for sensing 
plenum total temperature. Plenum total pressure was assumed equal to plenum static 
pressure and was determined from four manifolded wall static taps located approximately 
90' apart on the plenum tank. The rotor outlet conditions were determined from meas
urements obtained from four rakes located approximately 90' apart and 11 inches down
stream of the blade trailing edge (fig. 3).  A photograph of one of the rakes is shown in 
figure 11. Each rake had five total-pressure elements located at 10, 30, 50, 70,  and 90 
percent of the passage height from the outer casing. Each rake also had five iron
constantan thermocouples located near the total-pressure elements. The rakes were 
positioned 45' from the axial direction. Outlet static pressure at the various rake psi
tions was determined by assuming a linear variation between measured inner- and outer-
wall static pressures.  A hot-film anemometer probe located approximately 1inch up
stream of the blade-tip leading edge (fig. 3) was used for detecting the presence of rota
ting stall. Rotor speed was determined by the use of a magnetic pickup in conjunction 
with a gear mounted on the drive motor shaft. A calibrated orifice plate in the inlet line 
was used to  determine the airflow rate. All data were measured by an automatic digital 
potentiometer and recorded on magnetic tape at a central recording area.  An x-y plotter , 
which recorded the rotor discharge pressure and orifice A P  (weight flow), was used for 
monitoring the tests. 
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Figure 11. - Total-pressure - totai-temperature rake. 

The estimated e r ro r s  of the data based on inherent accuracies of the instruments and 
recording systems a r e  as follows: 

Flow rate ,  lbm/sec . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  *O. 5 
Temperature, OR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  &l.0 
Inlet total pressure,  psi . . . . . . . . . . . . . . . . . . . . . . . . . . .  *O. 05 
Outlet wall static pressure,  psi . . . . . . . . . . . . . . . . . . . . . . .  -+O.15 
Outlet total pressure,  psi . . . . . . . . . . . . . . . . . . . . . . . . . .  +O. 15 
Rotor speed, r p m .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  &O 

TEST PROCEDURE 

Data were recorded at 0.6, 0. 7 ,  0.8, 0.9, and 1.0 of corrected design speed. The 
rotor data were taken over a range of weight flows from maximum flow to stall conditions 
at 0.7,  0 .9 ,  and 1.0 ND. In general, it was attempted to define the operating curve by 
three points (maximum flow, midflow, and stall-limit flow). At 0.6 and 0.8 ND, only the 
stall-limit points were taken in  order to define the stall-limit line from 0.6 to  1.0 ND. 
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The atmospheric air to the rotor inlet was not throttled (open inlet flow control valve) 
during this se r ies  of tests. An exhaust vacuum was used downstream of the outlet 
throttle valve to help overcome the losses in the discharge system. 

The stall points were established by increasing the back pressure on the rotor (clos
ing outlet flow control valve) until a rapid signal fluctuation was noted from the hot-wire 
anemometer probe. This was generally accompanied by a drop in outlet pressure and an 
increase in audible noise level. The data stall point was then set near the actual stall 
point recorded on the x-y plotter. 

PERFORMANCE CALCULATION PROCEDURE 

The overall rotor performance is based on average conditions in the plenum tank and 
arithmetically averaged values of temperature and pressure at the rotor outlet as deter
mined by the outlet rake instrumentation. Outlet temperature measurements were cor
rected for Mach number. All performance parameters were corrected to standard day 
conditions based on plenum measurements. 

The percent stall margin increase (at a given speed) that might be obtained with cas
ing treatment as compared with that with no casing treatment was  determined from the 
following formula: 

percent stall margin over solid-wall reference 

W c a s i n g  treatment stall point 1 
This is not the normal usage of the term stall  margin. It is usually based on the 
pressure-ratio and weight flow from a chosen operating point and the stall point on a 
constant -speed - performance curve (ref. 3) .  

The weight flows obtained with uniform inlet flow cannot be compared with those ob
tained with nonuniform inlet flow because the data were corrected to plenum conditions 
and thus do not include the losses due to the distortion screen. Also, the absolute rotor 
efficiencies obtained with nonuniform inlet flow are low as they include the total pressure 
loss across the screen. However, they may be  used for comparing the effectiveness of 
the casing treatments with similar inlet flow distortions. 
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RESULTS AND- DISCUSS ION 

Several geometrically different casing treatments were evaluated for their ability to 
improve the rotor performance. The effectiveness of the casing treatments investigated 
are judged primarily by their ability to move the rotor stall-limit line to  lower weight 
flows than the reference stall-limit line obtained with a solid casing. The overall rotor 
performances shown herein are based on data obtained from downstream rake instrumen
tation in which the individual parameters are arithmetically averaged. 

The results of this investigation are presented in three main sections: (1) rotor per
formance with reference solid casing (no treatment) (2) rotor performance with casing 
treatments, and (3) comparison of stall-limit lines. 

The rotor performance is presented for uniform inlet-flow conditions for the refer
ence casing and all the casing treatment configurations. The rotor performance is also 
presented for t ip radially distorted inlet flow for the reference casing and, in general, 
for  those casing treatments that showed a substantial improvement in performance with 
uniform inlet-flow conditions. Two of the casing treatment configurations were also 
tested with circumferentially distorted inlet flow. 

ROTOR PERFORMANCE WITH SOLID (REFERENCE) CASING 

The overall rotor performance for the reference solid casing is presented in fig
ure 12  for uniform inlet flow and for radially distorted inlet flow. Total pressure ratio, 
total temperature ratio, and temperature r i se  a r e  presented as functions of equivalent 
weight flow for speeds from 0 . 6  to 1 . 0  ND. 

Un i fo rm In le t  Flow 

At design speed, the stall-limit point occurred at a pressure ratio of 1.765 and a 
weight flow of 63.46 pounds per second (fig. 12(a)). This point will be used as the re fer  
ence stall-limit point in determining stall-margin increases with casing treatment at de
sign speed for uniform inlet flow. Maximum efficiency of 0.841 was obtained near the 
stall-limit point at a weight flow of 63. 80 pounds per second. Very little flow range is 
indicated (65.70 to 63.46  lbm/sec). The stall-limit line shown on the performance map 
from 0.6 to 1.0 ND will hereafter be referred to as the ?'reference stall-limit line" for  
uniform inlet flow conditions. 
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Figure 12. - Overall rotor performance w i th  solid casing i nse r t  (reference). 

Radially Distorted Inlet Flow 

At design speed, the stall-limit point occurred at a pressure ratio of 1.392 and a 
weight flow of 53.49 pounds per second (fig. 12(b)). A maximum efficiency of 0.512 was 
also obtained at the stall point. This point will be used as the reference stall-limit point 
in determining stall-margin increases with casing treatment at design speed for radially 
distorted inlet flow. Very little flow range is indicated at design speed (54.55 to  53.49 
lbm/sec). The stall-limit line shown on the performance map from 0.6 to 1.0 ND will 
hereinafter be referred to as the reference stall-limit line for  radially distorted inlet 
flow. 

As pointed out in the calculation procedure section, comparisons cannot be made 
for the same configuration with uniform inlet flow and radially distorted inlet flow. Also, 
the efficiencies for radially distorted inlet flow a r e  low, but they can be used for com
parison purposes. 
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ROTOR PERFORMANCE WITH CASING TREATMENT 

The overall rotor performances presented in this section will be shown in te rms  of 
total pressure ratio, total temperature ratio, and temperature-rise efficiency as a func
tion of equivalent weight flow. Where applicable, the stall-margin increase (see calcula
tion procedure) obtained with casing treatment will b e  given for 1.0 ND. The stall limit 
line from 0. 6 to 1.0 ND will be shown along with the reference stall-limit line. 

Perforated Casing w i t h  Small Holes 

The overall rotor performance for the perforated casing with small  holes (0.0625
in. diam) is presented in figure 13 for uniform inlet flow. At design speed, the stall-
limit point occurred at a pressure ratio of 1.754 and a weight flow of 62.96 pounds per 
second. A maximum efficiency of 0.839 was also obtained at the stall point. No stall 
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Im 

A' 

/ 
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1.0 1 
30 40 50 60 70 
Equivalent weight flow, W&6, lbmlsec 

F igure U. - Overal l  ro tor  performance for perforated casing 
wi th  0.0625-inch-diameter holes; u n i f o r m  in le t  flow. 
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margin increase over the reference casing was obtained. This casing treatment has es
sentially the same  stall-limit line as that of the reference solid casing. In general, the 
overall performance is nearly the same as for the solid casing. Thus, this casing treat 
ment was not tested with radially distorted inlet flow. 

Perforated Casing w i t h  Large Holes 

The overall rotor performance with a perforated casing with large holes (0. 125-in. 
diam) is presented in figure 14 for uniform inlet flow. At design speed, the stall-limit 
point occurred at a pressure ratio of 1.760 and a weight flow of 62.48 pounds per second. 
A maximum efficiency of 0.820 was also obtained at the stall point. The stall-margin in
crease over the reference casing was approximately 1 . 3  percent. A comparison of the 
stall-limit lines shows a small  displacement of the stall-limit line from the reference 
line to lower weight flows at low speeds but very little displacement at high speeds. It 
appears that the greater open area of the perforated casing with large holes is more ben
eficial than the one with small  holes. However, the performance improvement was not 
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Figure 14. - Overall rotor performance for perforated casing 
w i th  0.125-inch-diameter holes; u n i f o r m  in le t  flow. 
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considered large enough to justify testing this configuration with radially distorted inlet 
flow. 

Honeycomb Casing with Deep, Smal l  Cel ls 

The overall rotor performance with a honeycomb casing with deep (average, 0.55 in. ) 
and small  cells (0.1'9 by 0. 11in. ) is presented in figure 15(a) for uniform inlet flow and 
figure 15(b) for radially distorted inlet flow. 

Uniform inlet flow. - At design speed, the stall-limit point occurred at a pressure 
ratio of 1.792 and a weight flow of 57.49 pounds per  second (fig. 15(a)). The stall-
margin increase over the reference casing was approximately 12 percent. A maximum 
efficiency of 0. 817 was obtained at a weight flow of 63.71 pounds per second. This is ap
proximately 2.5 percentage points lower than the maximum efficiency for the reference 
casing. There is a good displacement of the stall-limit line from the reference line to 
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( a )  Un i fo rm in le t  flow. (b) Radially distorted i n le t  flow. 

Figure 15. - Overal l  rotor performance for honeycomb casing w i th  deep and small (0. 19 by 0.11 in.) 
cells. 
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lower weight flows, particularly at the higher speeds. Slight damage of the soft alumi
num honeycomb cells over the rotor t ip was observed after the tests. 

Radially distorted inlet flow. - At design speed, the stall-limit point occurred at a 
pressure ratio of 1.431 and a weight flow of 52.94 pounds per second (fig. 15(b)). A 
maximum efficiency of 0.528 was also obtained at the stall point. The stall margin in
crease over the reference casing was approximately 3 . 9  percent. It appears that the 
maximum efficiency at all speeds occurs at the stall point as it also did for the reference 
casing with radial distortion. The maximum efficiencies are low (0 .52 to 0.61)  and re
flect the losses due to the distortion screen but are a few percentage points higher than 
those obtained with the reference casing. There has been a displacement of the stall-
limit line from the reference line to lower weight flows, but the displacement is not large 
at 1 . 0  ND. Additional honeycomb deterioration was observed after the radial distortion 
tests.  

Honeycomb Casing w i t h  Shallow, Smal l  Cells 

The overall rotor performance with a honeycomb casing with shallow (average 0.32 
in. ) and small  cells (0. 19 by 0. 11 in. ) is presented in figure 16 for uniform inlet flow. 

0 Fraction of 
design speed, 

ND 
2 1.0 I 0 1.0 

1.0 
30 40 50 60 70 
Equivalent weight flow, W&/6, lbmlsec 

Figure 16. - Overall rotor performance for honeycomb casing 
with shallow and small (0. 19 by 0. 11in. 1 cells; un i form 
inlet flow. 
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At design speed, the stall-limit point occurred at a pressure ratio of 1.797 and a weight 
flow of 58.43 pounds per second. The efficiency was 0.767. The stall-margin increase 
over the reference casing was approximately 11percent. Except at 0.7 ND, only stall-
point data were taken in order to  limit the test  t ime and to  prevent deterioration of the 
soft aluminum cells. There has been a displacement of the stall-limit line from the ref
erence line to lower weight flows. However, the displacement is about the same as that 
obtained with the deep, small-cell honeycomb at speeds above 0.8 ND. Therefore, this 
configuration was n6t tested with inlet radial distortion. This configuration is one in 
which the cell depth was chosen for resonance with blade passing frequency at 0.9 ND. 
It appears that tuning neither benefits nor detracts f rom the rotor performance with the 
honeycomb casings. 

Honeycomb Casing w i t h  Deep, Large Cells 

The overall rotor performance with a honeycomb casing with deep (average 0.55 in. ) 
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Figure 17. - Overall rotor performance for honeycomb casing w i th  
deep and large (0.33 by 0.20 in.) cell; u n i f o r m  i n l e t  flow. 
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and large cells (0 .33  by 0.20 in.) is presented in  figure 17 for uniform inlet flow. Dur
ing the tests there  was a rapid deterioration of the large-cell structure above the rotor 
(fig. 18) and data are shown only to 0.9 ND. The stall-limit point at 0.9 ND could not be  
obtained. The performance curve at 0.7 ND was completed, and a maximum efficiency 
of 0.809 was obtained. This is approximately the same as that obtained with the other 
two honeycomb configurations at 0.7 ND. A section of the stall-limit line is shown be
tween 0.6 ND and 0 . 8  ND, and it appears that the displacement from the reference line 
to lower weight flows is about the same as the other honeycomb configurations. Because 
of the cell deterioration, the large-cell honeycomb was not tested with radial distortion 
at inlet. 

Figure 18. - Damaged honeycomb casing with deep and large cells. 

C i rcumf erentiall  y Grooved Casing 

The overall rotor performance with a circumferentially grooved casing is presented 
in figure 19(a) for uniform inlet flow and in figure 19(b) for radially distorted inlet flow. 

Uniform inlet flow. - At design speed, the stall-limit point occurred at a pressure 
ratio of 1.833 and a weight flow of 58.09 pounds per second. The stall-margin increase 
over the reference casing was approximately 13.5 percent. The maximum efficiency was 
0.858 at a weight flow of 61.58 pounds per second and was nearly constant to a weight 
flow of 64.75 pounds per second. The maximum efficiency was approximately 1.5 per 
centage points higher than that obtained with the reference solid casing. At the higher 
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Figure 19. - Overall rotor performance for c i r cumfe ren t ia l l y  grooved casing. 

speeds, the circumferentially grooved casing gives a good displacement of the stall-limit 
line from the reference line to lower weight flows. At speeds of 0.7 ND and lower there  
is only a small displacement of the stall-limit line. In general, this casing treatment 
gives improved high speed performance. It is easily fabricated, and might readily be in
corporated in a production type casing. 

.- distorted inlet flow. - At design speed, the stall-limit point occurred at aRadially .- -~ 

pressure ratio of 1.473 and a weight flow of 53.45 pounds per second (fig. 19(b)). A 
maximum efficiency of 0.583 was also obtained at the stall point. The stall-margin in
crease over the reference casing was approximately 5.9 percent. Maximum efficiencies 
at all speeds appear to be 5 to 8 percentage points higher than those obtained with the ref
erence casing. There is a good displacement of the stall-limit line from the reference 
line to lower weight flows at speeds above 0. 8 ND. 
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Axially Slotted Casing 

The overall rotor performance with an axially slotted casing is presented in figure 20 
for uniform inlet flow. For this configuration, recirculation of air is possible between 
slots and also from the slots into the main flow stream ahead of the blade-tip leading 
edge. The slots a r e  tuned to blade passing frequency at 0.9 N,,. Post-test examination 
of the casing insert revealed considerable damage to the slots (see fig. 21). The damage 
was probably due to thermal expansion of the aluminum insert against the steel casing, 
which caused the thin walls of the slots to collapse. At design speed, there was a loss in 
rotor performance with the stall-limit point falling on the reference stall-limit line but at 
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Figure 20. - Overall rotor performance fo r  axially slotted casing; u n i f o r m  
in le t  flow. 
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1 in. C-69-3796 

Figure 21. - Damaged axially slotted casing. 

a much lower pressure ratio than that for the reference solid casing. It is possible that 
the damage to the slots during the tests contributed to  the rotor's poor performance at de
sign speed. However, there is a good displacement of the stall-limit line from the re fer 
ence lines to lower weight flows at speeds below 0.95 ND. At 0 . 9  ND the stall-margin 
increase over the reference casing was approximately 15.8 percent. The maximum effi
ciencies were approximately 6 percentage points lower than those obtained for the refer
ence solid casing. 

Skewed Slotted Casing w i t h  Slots Open to  Chamber 

The overall rotor performance with a skewed slotted casing with open slots is pre
sented in figure 22(a) for uniform inlet flow and in figure 22@) for radially distorted inlet 
flow. For this configuration, recirculation of air is possible between slots and also from 
the slots into the main flow s t ream ahead of the blade tip leading edge. The slots a r e  
tuned to  blade passing frequency at 0.9 ND. 

Uniform inlet flow. - At design speed, the stall-limit point occurred at a pressure 
ratio of 1.824 and a weight flow of 54.35 pounds per  second (fig. 22(a)). The stall-
margin increase over the reference casing was approximately 20.7 percent. The max
imum efficiency was 0.771 at a weight flow of 62.58  puunds per second. This is approx
imately 7 percentage points lower than that obtained with the reference casing. However, 
at 0.7 and 0.9 ND, the maximum efficiencies were only 2 percentage points lower. 
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Figure 22. - Overall rotor performance for skewed slotted casing w i th  slots open to chamber. 

There has been a very good displacement of the stall-limit line from the reference line to 
lower weight flows at all speeds. 

Radially distorted inlet.- flow. - At design speed, the stall-limit point occurred at a 
pressure ratio of 1. 588 and a weight flow of 51. 24 pounds per second (fig. 22(b)). A 
maximum efficiency of 0.576 was also obtained at the stall point. The stall-margin in
crease over the reference casing was approximately 19.1 percent. Maximum efficiencies 
at all speeds are 4 to 8 percentage points higher than those obtained with the reference 
casing. There has been a very large displacement of the stall-limit line from the refer
ence line to lower weight flows and high pressure ratios at all speeds. 
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Skewed Slotted Casing w i t h  Closed Slots 

The overall rotor performance with a skewed slotted casing with closed slots is pre
sented in figure 23 for uniform flow and for radially distorted inlet flow. For this con
figuration, recirculation of air between slots is prevented by closing the slots,  but recir
culation of air is possible from the slot into the main flow stream ahead of the blade-tip 
leading edge. The slots are tuned to blade passing frequency at 0.45 ND (one-half that of 
the open slots). 

Uniform inlet flow. - At design speed, the stall-limit point occurred at a pressure 
ratio of 1.809 and a weight flow of 56.42 pounds per second (fig. 23(a)). The stall-
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Figure23. - Overall rotor performance for skewed slotted casing w i th  closed slots. 
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margin increase over the reference casing was approximately 15.3 percent. A maximum 
efficiency of 0.793 was obtained at a weight flow of 61.34 pounds per second. The max
imum efficiencies over the speed range a r e  about 5 percentage points lower than those ob
tained with the reference solid casing. There is a good displacement of the stall-limit 
line from the reference line to lower weight flows. The stall-margin increase was less 
(5 percent at 1.0 ND, than that obtained with the skewed open slots. 

Radially distorted inlet . . .. flow. - At design speed, the stall-limit point occurred at a 
pressure ratio of 1. 568 and a weight flow of 52.38 pounds per second. A maximum effi
ciency of 0.571 was also obtained at the stall point. The stall-margin increase over the 
reference casing was approximately 15 percent. This is approximately 4 percentage 
points lower than the stall-margin increase obtained with skewed open slots with radially 
distorted inlet flow. Only design speed performance was obtained for  this configuration. 
However, it appears that a good displacement of the stall-limit line from the reference 
line to lower flows and higher pressure ratios might be obtained with the skewed, closed 
slots. 

Blade Ang le  Slotted Casing w i t h  Deep, Long Slots Open to Chamber 

The overall rotor performance with a blade angle slotted casing with open, deep, and 
long slots is presented in figure 24 for uniform inlet flow and for radially distorted inlet 
flow. For this configuration, recirculation of air is possible between slots and, also, 
from the slots into the main flow stream ahead of the blade-tip leading edge. The slots 
a r e  tuned to blade passing frequency at 0 . 9  ND. 

Uniform inlet flow. - At design speed, the stall-limit point occurred at a pressure _ _ _  

ratio of 1.602 and a weight flow of 56.77 pounds per  second (fig. 24(a)). A maximum ef
ficiency of 0.759 was obtained at a weight flow of 60.46 pounds per  second. A stall-
margin increase of 1.5 percent over the reference casing was obtained. However, care  
must be taken in interpreting the increase in stall margin as it results only from a large 
decrease in the stall weight flow. The stall pressure ratio was considerably lower than 
that for  the reference casing, and approximately the same performance with a higher ef
ficiency could be obtained with the reference casing with the rotor operating at a lower 
speed. The stall-limit line moved to  the right of o r  to higher weight flows than the re fer  
ence stall-limit line. In general, the rotor performance deteriorated with this casing 
treatment . 

_ _ ~_ .inlet flow. - At design speed, a pressure ratio of approximatelyRadially distorted 
1.40 was obtained over a relatively large flow range (fig. 24(b)). No stall-limit point 
could be found. But the increase in stall margin over the reference casing for  the lowest 
weight -flow point shown was approximately 140 percent. The maximum efficiency was 
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Figure 24. - Overal l  rotor performance for blade angle slotted casing w i th  deep and long slots open to 
chamber. 

approximately 0.49, which is about 2 percentage points lower than that obtained for the 
reference solid casing. No stall-limit line is shown because stall points could not be 
determined at any speed. Although the rotor performance with this casing treatment was 
poor with uniform inlet flow, the treatment enabled the rotor to become extremely toler
ant of radially distorted inlet flow. 

Blade Angle Slotted Casing with Closed, Deep, and Long Slots 

The overall rotor performance with a blade angle slotted casing with closed, deep, 
and long slots is presented in figure 25 for uniform inlet flow and for radially distorted 
inlet flow. For this configuration, recirculation of air between slots is prevented by 
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Figure 25. - Overall rotor p?rformance for blade angle slotted casing w i th  closed, deep, and long slots. 

closing the slots. Recirculation of air is possible from the slot into the main flow stream 
ahead of the blade-tip leading edge as the slots extend beyond the blade-tip leading edge. 
The slots are tuned to blade passing frequency at 0.45 N,, (one-half that of the blade angle 
casing with open slots). 

Uniform inlet flow. - At design speed, the stall-limit point occurred at a pressure 
ratio of 1.598 and a weight flow of 56.20 pounds per  second (fig. 25(a)). Although the 
stall weight flow is lower than the reference stall weight flow, the increase in stall mar
gin over the reference casing was small (2 .2  percent) because of the much lower pres
s u r e  ratio. A maximum efficiency of 0.774 was obtained at a weight flow of 58.64 pounds 
per second. The stall-limit line shifted slightly to the right [to higher weight flows) of 
the reference stall-limit line. The performance is about the same as it was for the open-
slot configuration. Thus, preventing recirculation of air between slots and changing the 
tuning frequency by  one-half appears to have had little or no 2ffect on the rotor 
performance. 

Radially distorted inlet flow. - At design speed, the stall-limit point occurred at a 
pressure ratio of 1.382 and a weight flow of 34.77 pounds per second (fig. 25(b)). The 
stall-margin increase over the reference casing was approximately 52. 8 percent. A 
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maximum efficiency of 0.512 was obtained at a weight flow of 46.58 pounds per second. 
This efficiency is about the same  a s  that obtained for the reference solid casing. There 
is a large displacement of the stall-limit line from the reference line to lower weight 
flows. As in the case of the blade-angle-open slots, the closed slots enabled the rotor to 
be very tolerant of radially distorted inlet flow. However, a definite stall-limit point was 
obtained with the closed slots. 

Blade Angle Slotted Casing w i th  Closed, Shallow, and Long Slots 

The overall rotor performance with a blade angle slotted casing with closed, shallow, 
and long slots is presented in figure 26 for uniform inlet flow and for radially distorted 
inlet flow. For this configuration, recirculation of air between slots was prevented by 
closing the slots. Recirculation of air is possible from the slot into the main flow stream 
ahead of the blade-tip leading edge as the slots extend beyond the blade-tip leading edge. 
Although the slot depth has been changed by a factor of one-half from deep to shallow, 
closing the back of the slots keeps the slots tuned to blade passing frequency at 0.9 ND. 
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(a1 U n i f o r m  in le t  flow. (b) Radially distorted i n le t  flow. 

Figure 26. - Overall rotor performance for blade angle slotted casing w i th  closed, shallow, and long slots. 
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Uniform inlet flow. - At design speed, the stall-limit point occurred at a pressure 
ratio of 1.633 and a weight flow of 55. 18 pounds per  second (fig. 26(a)). The stall-
margin increase over the reference casing was approximately 6.5 percent. However, 
ca re  must be taken in interpreting this increase in  stall margin, as it has been obtained 
from a large reduction in  weight flow. The combination of lower weight flow and lower 
pressure ratio causes the stall-limit point to  fall close to the reference stall-limit line. 
Thus, nearly the same  performance with a higher efficiency could be obtained from the 
reference casing with the rotor operating at a lower speed. A maximum efficiency (at 
1.0 ND) of 0.769 was obtained at a weight flow of 61.96 pounds per second. This effi
ciency is approximately 7 percentage points lower than that obtained for the reference 
solid casing. The stall-limit line is in approximately the same location as the reference 
stall-limit line except that it does not extend to as high a pressure ratio. 

~- _ _  flow. - At design speed, the stall-limit point occurred at a~Radially distorted inlet ~ -

pressure ratio of 1.386 and a weight flow of 38. 15 pounds per second. The stall margin 
increase over the reference casing was approximately 39.7 percent. A maximum effi
ciency of 0.508 was obtained at a weight flow of 44.11pounds per second. This efficiency 
is about the same as that obtained for the reference casing. There is a good displace
ment of the stall-limit line from the reference line to  lower weight flows. However, the 
displacement was not as great as it was for either of the deep blade angle configurations. 

Blade Angle Slotted Casing with Closed, Shallow, and  Shor t  Slots 

The overall rotor performance with a blade angle slotted casing with closed, shallow, 
and short slots is presented in figure 27 for uniform inlet flow and for radially distorted 
inlet flow. For this configuration, recirculation of air between slots was prevented by 
closing the slots. Recirculation of air from the slot into the main flow stream ahead of 
the rotor was also prevented by shortening the slots so  that the casing treatment extended 
only over the center portion of the blade tip. The closed, shallow slots were tuned to  
blade passing frequency at 0.9 ND. 

Uniform inlet~- flow. - At design speed, the stall-limit point occurred at a pressure 
ratio of 1.827 and a weight flow of 55.89 pounds per  second (fig. 27(a)). The stall-
margin increase over the reference casing was approximately 17.5 percent. For this 
configuration, a reduction in weight flow and an increase in pressure-ratio was obtained 
at the stall-limit point as compared with the reference stall-limit point. A maximum ef
ficiency of 0.847 was obtained at a weight flow of 63.75 pounds per  second. This effi
ciency is as high as o r  slightly higher than that obtained with the reference casing. 
There is a marked displacement of the stall-limit line from the reference line to lower 
weight flows. 

36 




m 

a, 

W 

2 . 0 7  

1. 8

1. 6
0._ 
IL 


I 
7 1.4-
YI

YI

L 


a 

1. 2

1.0 

0 

Fraction of r Stal l - l imi t  l i n e  
design speed, I, 

N D  

A 1.05 
0 1.0 
0 .9 

. 8  
0 . 7  

Reference 
stal l - l imi t  l i n e  

I I I I 1 
30 40 50 60 70 

Equivalent weight flow, W & b .  

n o  

1 

Reference 
stal l - l imi t  l i n e  

30 40 50 60 
lbmlsec 

(a) Un i fo rm in le t  flow. (b) Radially distorted i n le t  flow. 

Figure 27. - Overall rotor performance for blade angle slotted casing w i th  
closed, shallow, and short  slots. 

This casing treatment was the only one tested at a speed higher than design. At 
1.05 ND, a pressure ratio of 1.926 and an efficiency of 0.810 were obtained at the stall-
limit point. Maximum efficiency was 0.834 at a weight flow of 64.81 pounds per second. 
The overall flow range was from 66.63 to  58.32 pounds per second. 

This configuration is the same as the previous configuration except for the shortening 
of the slot length, which was done by closing off a portion of a slot at the upstream and 
downstream edges. Thus, the casing treatment extended only over the center portion of 
the blade tip. The marked improvement in performance of the short slots over that of the 
long slots indicates that the blade angle casing benefits from minimizing axial recircula
tion of air upstream of the blade leading edge. It is possible that some of the other cas
ing treatment configurations might also benefit by limiting the treatment to  the casing 
over the center portion of the blade tip. 

Radially distorted inlet flow. - At design speed, the stall-limit point occurred at a 
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pressure ratio of 1. 534 and a weight flow of 52.05 pounds per second. A maximum effi
ciency of 0.587 was also obtained at the stall point. The stall-margin increase over the 
reference casing was approximately 13.3 percent. There is a marked displacement of 
the stall-limit line from the reference line to lower flows and higher pressure ratios. 
This displacement is not as great at that obtained for the blade angle casings with long 
slots,  but the pressure ratio and efficiency are higher. 

COMPARISON OF ROTOR STALL-LIMIT LINES 

In this section the stall-limit lines a r e  compared for the following casings: refer
ence solid, honeycomb, circumferentially grooved, skewed slotted (open and closed 
slots) and blade angle slotted (closed, shallow, and short slots). These casings were 
selected for comparisons because they gave the largest increases in stall margin at de
sign speed with uniform inlet flow conditions. They also gave good increases in stall 
margin with radially distorted inlet flow. Table 11summarizes the stall-margin in-

TABLE 11. - SUMMARY O F  SELECTED CASING-TREATMENT RESULTS 

Configuration 	 Fraction Uniform inlet flow Radially distorted 
of design inlet flow 

~speed 
Percent s ta l l  Rotor Percent stall Rotor 
margin over maximum margin over maximum 

solid wall efficiency solid wall efficiency 

solid casing 

Skewed slotted 
casing with slots 
open to chamber 

Skewed slotted 
casing with 
closed s lots  

Blade angle slotted 
casing with closed, 
shallow, and short 
slots 

C ircumferentially 
grooved casing 

1.0 

.9 

.I 


1.0 

.9 

.I 


1.0 
.9 
. I  

1.0 

.9 

.I 


1.0 
.9 
. I  
I 

Honeycomb casing 1.0 
with deep, Small .9 
cells .I 

aNot available. 

0 0.841 0 0.512 
0 .829 0 .530 
0 .823 0 .565 

20.I 0.771 19.1 0.576 
18.0 .807 21.5 ,599 
20. 6 .806 22.5 ,605 

15.3 0.193 15.0 0.571 
23.1 .I81 (a) (a) 
15.9 .I87 (a) (a) 

17.5 0.841 13.3 0.587 

13.4 .849 16.2 .611 

10.6 .848 15.4 (a) 

13.5 0.849 5.9 0.583 

9.3 ,869 8.8 ,622 

1. 1 .849 2.9 ,626 


12.1 0.811 3.9 0.528 

11.9 	 .835 8.0 .550 
4.9 .824 12.9 589 
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creases and maximum efficiencies obtained with these casings for both uniform and radi
ally distorted inlet flow. Also presented in this section is the rotor performance at de
sign speed with circumferentially distorted inlet flow for the reference solid casing, the 
skewed slotted casing (closed), and the circumferentially grooved casing. An estimate of 
the stall-limit line displacement at design speed may be made by comparing the stall-
limit points for the three casings. 

Uniform Inlet Flow 

The rotor stall-limit lines obtained with uniform inlet flow are shown in figure 28(a) 
for the selected casing treatments. For all of the selected casing treatments, the weight 
flow was lower and the pressure ratio was higher at the design speed stall-limit point 
than they were for the reference casing. The following casing treatments are listed in 
order of their ability to  increase the stall margin over the reference casing at design 
speed: skewed slotted with open slots (20.7 percent), blade angle slotted with closed, 
shallow, and short slots (17.5 percent) , skewed slotted with closed slots (15.3 percent) 
circumferentially grooved (13.5 percent), and honeycomb (12. 1percent). At 0 .7  ND, 
there is a rearrangement to the following order: skewed slotted with open slots (20.6 
percent), skewed slotted with closed slots (15,9 percent), blade angle slotted (10.6 per-

U Reference solid casing 
- - Skewed slotted casing w i th  slots open to chamber 
-*-Blade angle slotted casing w i th  closed, shallow, 

and sho r t  slots 
-U - Circumferent ia l ly  grooved casing 
-U- Honeycomb casing w i th  deep, small cel ls 
- - Skewed slotted casing w i th  closed slots 

Fraction of 
design speed, r 
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cent), honeycomb (4. 9 percent), and circumferentially grooved (1. 1percent). 
The skewed slotted casing with open slots gave the largest displacement of the stall-

limit line from the reference line at all speeds. However, its efficiency was lower than 
for the reference casing, particularly at design speed. The skewed slotted casing with 
closed slots also gave a good displacement of the stall-limit line at all speeds. It too was 
low in efficiency. The blade angle slo�ted configuration with closed, shallow, and short 
slots gave a good displacement of the stall-limit line at all speeds along with efficiency as 
high as that obtained with the reference casing. As pointed out in a previous section, its 
good performance extends to higher than design speed. The circumferentially grooved 
casing gave a good displacement of the stall-limit line at high speeds along with efficien
cies that were slightly higher than those obtained with the reference casing. At low 
speeds, it displaced the stall-limit line very little. However, its simplicity and high ef
ficiency makes it a desirable casing treatment for use at high speeds. The honeycomb 
casing treatment gave a good displacement of the stall-limit line at high speeds but gave 
only a fair displacement .at low speeds. Its efficiency was slightly lower than that ob
tained with the reference casing. 

Radial ly Distorted In le t  Flow 

The rotor stall-limit lines obtained with the selected casing treatments and radially 
distorted inlet flow a r e  shown in figure 28(b). At design speed, the weight flow at the 
stall-limit point for all the selected casing treatments a r e  slightly less than that obtained 
for the reference casing. The stall-margin increases over the reference casing, how
ever,  result primarily from the higher pressure ratio obtained with the casing treat
ments. The following casing treatments a r e  listed in order of their ability to increase 
the stall margin over the reference casing at design speed: skewed slotted with open 
slots (19. 1 percent) , skewed slotted with closed slots (15.0 percent), blade angle slotted 
with closed, shallow, and short slots (13.3 percent), circumferentially grooved (5.9 per
cent), and honeycomb (3.9 percent). For displacing the stall-limit line at 0 .6  N,,, the 
order would be the same except that the honeycomb would come before the circumferen
tially grooved. The maximum efficiencies obtained for all the casing treatments were 
higher than that obtained for the reference casing. 

C ircu mferent ia l l  y Distorted In1et Flow 

Only the circumferentially grooved casing, the skewed slotted casing with closed 
slots, and the reference casing were tested with circumferentially distorted inlet flow. 
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Figure 29. - Comparison of stal l - l imi t  points for  se
lected casing treatments and reference casing w i th  
c i r cumfe ren t ia l l y  distorted in let  flow. 

Data were taken only at design speed. The performance curves for the reference casing 
and the two casing treatments a r e  presented in figure 29. An estimate of the stall-limit 
line displacement from the reference lines may be made by comparing the stall-limit 
points for the three casings. The skewed slotted casing gave a stall-margin increase 
over the reference casing of 19.7 percent. The maximum efficiency was 0.622 as com
pared with 0.595 for the reference casing. The circumferentially grooved casing gave a 
stall-margin increase over the reference casing of 10.7 percent. The maximum effi
ciency was 0.671 as compared with 0.595 for the reference casing. For both casing 
treatments, the performance improvement at design speed was greater than that obtained 
for the same casing treatments with radially distorted inlet flow. 

CONCLUDING REMARKS 

Although the casing treatment evaluation tes ts  presented herein were limited to one 
test  rotor,  a number of general obc,ervations may be made. 

The test rotor selected for this investigation was more highly loaded in the t ip region 
than at other portions of the blade span (ref. 3). Thus for this rotor rotating stall prob
ably initiates in the blade t ip region. Tip casing treatment might be expected to  work 
best  with this type of rotor by delaying the onset of rotating stall in the blade-tip regions. 

For some of the casing treatments, stall-margin increases were obtained with effi
ciencies as high o r  slightly higher than those obtained with the solid reference casing. 
Thus, it may be desirable to consider casing treatment in the original rotor design con
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cept. A combination of a rotor designed to  b e  tip critical (highly loaded in t ip regions) 
and casing treatment over the rotor might give better overall performance than a conven
tionally designed rotor without casing treatment. 

The casing treatment evaluation tests showed that several  geometrically different 
casing treatments gave stall-margin increases over a reference solid casing. However, 
the characteristics of each treatment were different. The skewed slotted casing gave 
excellent increases in stall margin at all speeds, but was low in maximum efficiency, 
particularly at design speed. The blade angle slotted casing with closed, shallow, and 
short slots gave good increases in stall margin at all speeds with maximum efficiencies 
as high as those obtained with the reference solid casing. The circumferentially grooved 
casing gave a good increase in stall margin at design speed but very little increase at low 
speeds. However, its simplicity along with its maximum efficiencies, as high as o r  
slightly higher than those obtained with the reference solid casing, make it a good casing 
treatment at high speeds. Thus, it may be desirable to choose a casing treatment to best 
f i t  the requirements of c" given compressor application. 

The modifications made to shorten the slots in the blade angle slotted configuration 
indicate that the casing treatment need extend only over a portion of the blade tip section. 
Thus, it would be of interest to evaluate the performance of the test rotor with shortened 
skewed slots as the casing treatment. Also, removing some of the grooves near the lead
ing and/or trailing edges in the circumferentially grooved casing might improve still 
further the performance of the rotor with this casing treatment. 

The slotted casings and the circumferentially grooved casing were fabricated with 
approximately two-thirds of the treated area as open area. Good increases in stall mar
gin were obtained with these casing treatments. The two perforated casings with 30 and 
40 percent open area gave little or no increase in stall margin. There may be an opti
mum value of open area  to obtain the best performance, but a more detailed investigation 
would be required to establish such a value. 

Good stall-margin improvement was obtained with both the skewed and blade angle 
slotted configurations in which the slot was closed. The honeycomb casings were also 
closed and gave a good stall-margin increase. Thus, it appears that a plenum chamber 
behind the slots is not necessary. 

The tests were inconclusive as to the effect of tuning the casing treatment. Tuning 
seemed to have had no effect on the honeycomb casings. However, the tuned configura
tion of the skewed slotted casing (open slots) was slightly better than the untuned config
uration (closed slots). The blade angle slotted casing with shallow and long slots per
formed very poorly (with uniform inlet flow); with shallow and short slots it performs 
very well. Both configurations were tuned to blade passing frequency at 0.9 ND. At 
least it appears that tuning has no detrimental effects; for the present it seems to be a 
reasonable method for selecting the passage depth. 
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SUMMARY OF RESULTS 

A series of evaluation tests were made to  determine the effects of a number of po
rous casing on the performance of an axial flow compressor rotor. The effectiveness of 
the casing treatments was judged primarily by their ability to increase the rotor stall 
margin by displacing the rotor stall-limit point to lower flow rates while maintaining o r  
increasing the pressure ratio at any particular speed. The tests were conducted with 
uniform, radially distorted, and circumferentially distorted inlet flow. The following 
results were obtained from the tests. 

1. The skewed slotted casing with open slots gave the greatest displacement of the 
stall-limit line of any of the casing treatments tested. With uniform inlet flow, stall 
margin increases of 20.7, 18.0, and 20.6 percent were realized at 1.0, 0.9, and 0.7 of 
design speed, respectively. Corresponding maximum efficiencies were 7.0,  2.2, and 
1.7 percentage points lower than those obtained with the reference solid casing. With 
radially distorted inlet flow stall-margin increases of 19. 1, 27.5, and 22.5 percent were 
obtained for these speeds. 

2. The skewed slotted casing witl, closed slots also gave a good displacement of the 
stall-limit line. With uniform inlet flow, stall-margin increases of 15.3, 13. 1, and 15.9 
percent were obtained at 1.0, 0.9, and 0.7 of design speed, respectively. Maximum ef
ficiencies were 4. 8, 4.2, and 3 .6  percentage points lower than those obtained with a solid 
casing. With radially distorted inlet flow, a stall-margin increases of 15.0 percent was 
obtained at design speed. 

3. The blade angle slotted casing with closed, shallow, and short slots gave a good 
displacement of the stall-limit line, whereas this casing with deeper and longer slots 
gave no improvement. Stall-margin increases of 17.5, 13.4, and 10.6 percent were ob
tained with uniform inlet flow at 1.0,  0.9,  and 0.7  of design speed, respectively. Max
imum efficiencies were as high as o r  slightly higher than those obtained with a solid 
casing. With radially distorted inlet flow, stall-margin increases of 13.3, 16.2, and 
15.4 percent were obtained. 

4. The circumferentially grooved casing treatment with uniform inlet flow gave a 
good displacement of the stall-limit line to lower flow rates at high speeds but very little 
displacement at low speeds. Maximum efficiencies were slightly higher than those ob
tained with a solid casing. Stall-margin increases of 13.5, 9.3, and 1. 1percent were 
obtained at 1.0, 0.9,  and 0.7 of design speed, respectively. Corresponding stall-margin 
increases of 5.9, 8.8, and 2.9 percent were obtained for radially distorted inlet flow. 

5. The honeycomb configurations (deep, shallow, and large o r  small cell) all gave 
approximately the same rotor performance with uniform inlet flow. There was a good 
displacement of the stall-limit line to lower flow rates and stall-margin increases of 
12. 1, 11.9, and 4 .5  percent were obtained at 1.0, 0.9, and 0 .7  of design speed, respec
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tively. Maximum efficiencies were slightly lower than for the solid casing. Correspond
ing stall margin increases with radially distorted inlet flow were 3.9, 8.0, and 12.9 
per cent. 

6. The axially slotted casing treatment gave a good displacement of the stall-limit 
line at speeds as high as 0.9 of design speed but no displacement at design speed. The 
results of the tests are inconclusive as the slots were damaged during the tests; it is 
possible that the damaged slots may have had decreased effectiveness when the design-
speed test was run: 

7. The perforated casings with either 0.0625- or 0.125-inch-diameter holes gave es
sentially the same performance as the reference solid casing with little or  no displace
ment of the stall-limit line. 

8. For circumferentially distorted inlet flow, the limited data obtained indicate that 
substantial increases in stall margin may be obtained by the use of casing treatment. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, July 15, 1971, 
720-03. 
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