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is71 ABSTRACT 
Rotating stall in an axial-flow compressor is suppressed 
by the positioning of a fixed inlet flow divider in the 
annular inlet flow passage upstream of the compressor. 
The inlet flow divider is aligned with the flow of fluid 
through the duct and acts to block or interfere with any 
rotating wave in the inlet and thereby suppresses rotat- 
ing stall in the compressor. 

12 Clnims, 4 Drawing Sheets 
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FIG. 1 
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FIG. 4 
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continued 
U.S. Pat. No. Patentee 

ROTATING STALL SUPPRESSION 

This invention was made with Government support 5,005,353 Acton et al 

under Grant No. NAG-3-949, awarded by NASA. The 5 
Government has certain rights in the invention. 

FIELD OF THE INVENTION 
These various prior art patents either utilize rela- 

tively complex active structural assemblies or sophisti- 
cated stall control systems that provide a warning of the 

The present invention is directed generally to rotat- advent of rotating in an axial machine such an 
ing Stall Suppression in axial ~ ~ ~ C h i n e s -  More PartiCU- lo axial compressor so that the operating parameters of the 
k l y ,  the present invention is directed to the suppres- compressor can changed to avoid the rotating stall. 
sion of axial Stall in an axial-flow comPr-r. Most It will bt apparent that a need exists for an apparatus 
specifically, the present invention is directed to the which will suppress rotating stall in axial machinery and 
suppression of r0-Y Stall in an axial-flow compressor which is structurally uncomplicated and does not rely 
by usc of an inlet divider. The inlet divider is positioned on expensive, sophisticated sensing and measuring cir- 
in the a ~ ~ ~ u l a r  inlet duct of the axial-flow compressor. cuitry. The rotating stall suppression apparatus in ac- 
This divider is aligned with the nominal through flow of cordance with the present invention Overcomes the 
fluid in the annular inlet duct and d l  suppress rotating limitations of the prior devices and is a significant 
Stall in Circumstances where it would otherwise occur. 2o improvement Over these prior art devices. 
The essential action of the divider is to block the forma- 
tion or interfere with any rotating wave in the inlet to 
the axial-flow compressor. 

SUMMARY OF THE INVENTION 
It is an object of the present invention to provide for 

the suppression of rotating stall. 
Another object of the present invention is to suppress 

A further object of the present invention is to provide 

DESCRIPTION OF THE PRIOR ART 

lead to compressor damage in an axial-flow machine 
such as an axial flow compressor. One discussion of 

Rotating stall is an important phenomenon that can 25 rotating stall in an axial machine. 
_ _  . .  . _  

rotating stall in axial compressors is presented in the text 
“Mechanics and Thermodynamics of Propulsion” by 
Hill and Peterson and published by Addison-Wesley 
Publishing Co. in 1965. As discussed at pages 214 and 
275, “ . . . if a blade row is on the verge of stalling, it is 
likely that one particular blade will stall before its 
neighbors do.”. Once a single blade has stalled, there is 
created a flow diversion away from the stalled blade. 
This flow diversion will tend to overload one blade 
adjacent the stalled blade while unloading the other 
blade that is adjacent the stalled blade. The overloaded 
blade will now stall and will thus create a flow diver- 
sion which will unload and thus unstall the originally 
stalled blade. The shifting or rotating of the stall cell 
from blade to blade continues and creates the condition 
of rotating stall. 

As the stall cell rotates or propagates around the 
blades in an array of, for example inlet guide vanes in an 
axial-flow compressor, it creates alternating loading and 
unloading of the blades and thus gives rise to alternating 
stresses on the blades. If the forcing frequency of the 
stress happens to match a blade vibrational frequency, 
large stresses will become present and can create fatigue 
failure that will result in complete destruction of an 
entire blade row. This text’s discussion of rotating stall 
concludes the “Little can be done to prevent this fail- 
ure, other than avoiding operation at speeds corre- 
sponding to resonance.”. 

The phenomenon of rotating stall in axial machines, 
such as axial-flow compressors is also discussed in vari- 
ous prior U.S. patents. The following are patents in 
which rotating stall is either discussed or dealt with: 

U.S. Pat. No. Patentee 

4,116,584 Bammen et a1 
4,196,472 Luawig et a1 
4,265.593 Hatton et al 
4,622,808 Kenison et a1 
4,938,661 Kobayashi et a1 
4,967,550 Acton et a1 

rotatmg stall suppression in an axial-flow compressor. 
Yet another object of the present invention is to pro- 

3o vide an inlet flow divider in the inlet of an axial-flow 
compressor. 

Still a further object of the present invention is to 
provide an inlet flow divider that will block or interfere 
with any rotating wave in the inlet of an axial-flow 

Even yet another object of the present invention is to 
provide an inlet flow divider which is aligned with the 
through flow in the inlet duct of an axial-flow compres- 
sor. 

As will be discussed in detail in the description of the 
preferred embodiment which is set forth subsequently, 
rotating stall in an axial machine, such as an axial-flow 
compressor is suppressed in accordance with the pres- 
ent invention by placement of an inlet divider in the 

45 annular inlet flow passage that directs fluid flow to the 
inlet guide vanes of the compressor. The inlet divider is 
aligned with the normal through flow of fluid in the 
inlet duct. Its leading edge is preferably located several 
radii upstream of the compressor while its trailing edge 

50 should be a fraction of a radius upstream. The divider 
will prevent the formation of a rotating wave in the 
inlet duct or will interfere with its propagation. This 
prevents the appearance of such a wave in the compres- 
sor itself. By preventing such a rotating wave from 

55 appearing in the compressor, the suppression of rotating 
stall in the inlet guide vanes of the compressor will be 
effected. The divider, since it is aligned with the nomi- 
nal flow of fluid through the inlet duct, will not substan- 
tially disturb the flow. Thus the divider plate does not 

60 interfere with the normal operation of the axial-flow 
compressor. 

The inlet divider to suppress rotating stall of axial 
compressors in accordance with the present invention 
overcomes many of the limitations of the prior art de- 

65 vices. It utilizes a single, passive, fmed divider in the 
inlet duct to block or interfere with any rotating waves 
in the duct which may give rise to rotating stall in the 
inlet guide vanes. While more than one such divider 

35 compressor. 

4o 
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could be used, if desired, for reasons of balance or sym- 
metry, the subject invention operates very well using 
only one flow divider. Thus it is quite structurally un- 
complicated and is readily adoptable to both existing 
products as well as axial machinery under development. 

In contrast with various prior devices which utilize 
complex electronic sensing arrangements and the like to 
sense the onset of rotating stall and then change the 
mass flow of the axial compressor to avoid operation in 
a range where rotating stall might take place, the rotat- 
ing stall suppression assembly of the present invention 
acts to prevent the onset of rotating stall instead of 
avoiding operation in a range where it may occur. It 
thus does not rely on sophisticated sensor arrays, moni- 
toring circuits and the l i e  to suppress rotating stall. 
Rather, the present invention utilizes the placement of a 
passive, stationary flow divider in the inlet duct to sup- 
press rotating stall. 

The suppression of rotating stall in an axial machine 
by use of an inlet flow divider in accordance with the 
present invention overcomes the limitations of the prior 
art and provides a substantial advance in the art. 

BRIEF DESCRIPTION OF THE DRAWINGS 
While the novel features of the assembly for the sup- 

pression of rotating stall in an axial machine in accor- 
dance with the present invention are set forth with 
particularity in the appended claims, a full and complete 
understanding of the invention may be had by referring 
to the detailed description of the preferred embodiment, 
as is presented subsequently, and as illustrated in the 
accompanying drawings in which; 

FIG. 1 is a perspective view, partly in cross-section of 
a straight annular duct with a single flow divider in 
accordance with the present invention; 

FIG. 2 is a perspective view, partly in section of a 
straight annular duct with a shortened flow divider in 
accordance with the present invention; 

FIG. 3 is perspective view, partly in section and 
showing a straight annular duct with inlet distortion; 

FIG. 4 is a perspective view, partly in section of a 
first preferred embodiment of an inlet divider to sup- 
press rotating stall of axial compressors in accordance 
with the present invention. 

FIGS. SA and SB are a depiction of the performance 
of an axial flow compressor without rotating stall sup- 
pressions; and 

FIGS. 6A and 6B are a depiction of the performance 
of an axial flow compressor utilizing rotating stall sup- 
pression in accordance with the present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Discussion or analysis of rotating stall in axial ma- 
chines typically assume a geometrically ideal inlet 

4 
1. Moore, F. K. “A Theory of Rotating Stall of Mul- 

tistage Compressors: Part I-Small Disturbances,” 
ASME J. Eng. for Power, 106, April 1984, pp. 313-321. 
2. Moore, F. K., “A Theory of Rotating Stall of 

5 Multistage Chmpressors: Part 11-Finite Disturb- 
ances,” ASME J. Eng. for Power, 106, April 1984, pp. 

3. Moore, F. K., and Greiuer, E. M., “A theory of 
Post-Stall Transients on Axial Compression Systems: 

10 Part I-Development of Equations,” ASME J.  Eng. for 
Gas Turb, and Power, 108, January 1986, pp 68-76. 
4. Moore, F. K., “Stall Transients of Axial Compres- 

sion Systems with Inlet Distortion,” AIAA J.  of Propul- 
sion of Power, 2, 6, November-December 1986, pp 

These materials are incorporated herein by reference. 
For purposes of analyses, one may consider an infi- 

nite, straight annular duct generally at 10 [14] with a 
single flow divider 12, as depicted in FIG. 1. The di- 

20 vider 12 might extend all the way from the inlet en- 
trance 14 to the compressor face, 16 as though one inlet 
guide vane were extended upstream with no incidence. 
Leaving skin friction out of account, such a divider 
would not disturb the design inlet flow which is purely 

25 axial, nor would it disturb the inlet flow if there were 
inlet distortion of simple shear type. 

The following two analysis are set forth, one based on 
[3] assuming a small disturbance when the characteristic 
slope is positive, but no inlet distortion, and the other 

30 based on [4], assuming a fmite, single harmonic distur- 
bance, in the presence of inlet distortion. 

Assume the axisymmetric characteristic is locally 
defined to have a positive slope u, so that 

321-326. 

15 552-561. 

35 q,r”v+Q(872 188 (1) 

Assuming no surge, Eq. (26) of [3] becomes 

This equation gives the boundary condition at the com- 
pressor face for the djsturbance velocity potential $; in 
the inlet flow field, Cp’ satisfies Laplace’s equation 

45 
i’W+ $’lm=O (3) 

and it must vanish at upstream infinity (q= - OD): 
50 $(t,e,-,)=o (4) 

The general solution of Eqs (3,4) can be written 

which is axially symmetric and allows free passage of 
rotating waves of flow disturbance. However, it is 
chiefly the inlet configuration which defines the “spring 
constant” of the rotating-stall oscillator. Therefore it 
could be postulated that there are inlet configurations 60 
which would be inconsistent with appearance or ampli- 

distortion. If such configurations exist, then the task of 

require active suppression. In the discussion which fol- 65 
lows, reference will be made, by number, to the follow- 
ing articles and papers prepared by the inventor of the 
subject invention: 

where the cmscients a’? and b‘? are functions of time, f .  
Substituting ~ q .  ( 5 )  into (2) dves 

(6) 

fication of rotating stall, even in the presence of inlet (1 + +)+ - (00)  a,, = ( + ) b , ,  

active control would be simplified; only surge would (7) 

(a).. 



C 
aJ 

These equations can be combined to yield an equation 
for a’? alone (and satisfies the same equation): 

5,297,930 

Eq. (8) describes an harmonic oscillator with amplifica- 
tion; when the solution for a’? and b’? are put back into 
Eq. (5 )  they provide rotating-stall waves, growing in 
amplitude if the characteristic slope u is positive. 

Now, one adds the new features of a divider 12 at, for 
example e,=O, by imposing the boundary condition 

+’e=O at e=e,=O (9) 

applicable to Eq. (9, for all r) and 4. Thus, the require- 
ment that the disturbance of circumferential velocity 
vanishes at the divider implies that 

- 

m z m o&) = 0 
n= 1 

This equation must apply for all q, and therefore each 
individual a7 must vanish. But if that is so, then Eq. (6) 
provides that each b7 must vanish as well. One then will 
conclude that the postulated rotating wave cannot exist, 
regardless of whether a is positive, negative, or zero. 

The same conclusion emerges if the divider condition 
is applied only over some restricted range of 71, or even 
at one particular location, such as at the compressor 
face. In such a case, the exponential factor in Eq. (9) is 
a constant and may be omitted. But if the a7 sum to zero 
for all 4, all the a7 must satisfy the same differential 
equation. In that case, the ratios of coefficients in the 
wave equation (8) must be independent of n, and one 
may show that this is impossible, even for just a pair of 
a’?. The implication of this result is that a divider 12 
extending the whole length of the inlet may not be 
needed to forbid rotating stall. It may be necessary only 
to insure that circumferential velocity permanently 
stagnates somewhere in the inlet, perhaps, but not nec- 
essarily, at the compressor face. 

It may be desirable to avoid the placement of a di- 
vider at the compressor face because of the impulsive 
loading of the first rotor which would result from the 
divider wake. A configuration such as the one shown 
generally at 20 with a shortened divider 22 in FIG. 2 
would have sufficient “divider effect”. If there is inlet 
distortion, then there is already asymmetry in the prob- 
lem, and the divider should be located relative to the 
orientation of the distortion. Ref. [4] provides a point of 
departure. a single harmonic form is assumed for flow 
coefficient far upstream (Eq. (1) of [4]): 

6 
together with an irrotational disturbance having a po- 
tential of the form 

&wA*sh(e--r*) (13) 
5 

where agreement with Eq. (12) is assured by making 
these definitions: 

Now, if a divider 30 is located at 0=eS as shown in 
FIG. 3, we must require circumferential velocity to 
vanish there: 

(&‘&e= WA*cos(BS-r*)=O (16) 

which implies that eS-r*=?r/2, and, in turn, that r*, r, 
and A are all constants, independent of time. Eq. (14) 

15 

20 therefore yields 

25 and the “Steady Results for Stall Margin” of [4], Eqs 
(10)-(12) apply; in particular, 

cot r = -3u(H/WXI - @) (19) 

and combining Eqs  (17)-(19) yields the divider location 
which will produce the steady “stall margin” solution 

35 for all flow coefficients: 

40 
The implication of the foregoing result is that the steady 
effect of distortion (loss of performance) normally 
found only on the stable side of the characteristic 
(Q> 1) could also be found on the unstable side if a 

45 divider is located at the correct eS, as indicated for one 
case on FIG. 3. The orientation of the entering distor- 
tion pattern is indicated by the arrows marked “Max.” 
and “Min.”. At the compressor face, the flow coeffici- 
ent is found to have maximum and minimum values at 

Referring now to FIG. 4, there may be seen, gener- 
ally at 40, an axial-flow compressor adapted for the 
suppression of rotating stall in accordance with the 
present invention. Compressor 40 has an elongated, 

55 generally annular inlet duct 42 which extends from an 
annular duct inlet opening or mouth 44 to a compressor 
section, generally at 46. The annular inlet duct 42 pro- 
vides a generally annular flow passage 48 through 
which a fluid, such as air flows from the duct inlet 

50 different locations (“depending on r from Eq. (19)). 

60 opening 44 to the compressor section 46. It will be 
understood that the ComPrmor section 46 is generally 
conventional and may be provided with several Stages 
of fmed and/or rotating blades. A first stage or set of 
blades 50 which is located at the interface of the inlet 

(12) 65 duct 42 and the Compressor section 46 may be a fixed set 
of inlet guide vanes, as were depicted somewhat sche- 
matically in FIGS. 1 and 2. It is these compressor stages 
and particularly the inlet guide vanes in the first stage 50 

while at the compressor face (Es. (4) of [4]), a similar 
expression, with unknown amplitude (A) and phase 
angle (r) was assumed: 

+o=Q+WA(E)sii(O-r(c)) 

Between entrance and compressor face, the flow pre- 
sumably consists of a uniform shear flow (Eq. (1 1)) 
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8 
which are subjected to rotating stall and to which the 
suppression of rotating stall in accordance with the 
present invention is directed. 

Referring again to FIG. 4, the annular flow passage 
48 of the inlet duct has a mean radius 52 which can be 5 
expressed as 2R. An inlet flow divider 54 is positioned 
in the inlet annular flow passage 48. As seen in FIG. 4, 
the inlet flow divider 54 is a generally planar plate and 
has an upstream leading edge 56 and a downstream 
Wailing edge 58. The inlet flow divider 54 is oriented 10 
generally parallel to the direction Of flow through the 
annular flow passage 48 and on a plane which would 
pass through, and extend along the central axis of the 
inlet duct 42. 

flow divider 54 from the first compressor stage 50 is 
generally four times the mean radial size of the inlet 
duct or 4R. The overall length 62 of the inlet duct 42 is 
selected to be generally 6.28 times the mean radius of 

SS of the inlet flow divider 54 is positioned at a spacing 
64 from the upstream face of the first compressor stage 
of generally 0.48 times the mean radius of the annular 

tions and dimensions provide an operative device, they 25 and further wherein said lading edge of said inlet flow 
are not critical limitations. The flow divider 54 should divider is located at least two radii upstream of said be aligned with the normal through flow through the 
annular flow passage 48 of the inlet duct 42. Its leading 

stream of the 46 while its trailing edge 58 3o wherein said trailing edge of said inlet flow divider is 
should be a fraction of a radius upstream of the located less than one radius upstream of said axial-flow 
pressor 46. Additionally, while only one inlet flow di- compressor. 

flow be understood that several wherein said inlet duct has a length of at least six radii 

balance or symmetry. divider is located generally four radii upstream of said 
Inlet flow divider 54, when positioned in the inlet 

duct 42 of an axial-flow compressor, generally at 40 in 6. The rotating stall suppression assembly of claim 5 
FIG. 4, will suppress rotating in circumstances wherein said trailing edge of said inlet flow divider is 
where it would otherwise be expected. n i S  has been 40 located generally one-half radius upstream of said axial 
established utilizing suitable parameters and computer flow compressor. 
modeling. On FIGS. SA and SB there is shown, on the 7- An assembly for suppression of rotating stall in an 
left, a conventional pressure-mass flow map, with a axial-flow compressor comprising: 
typical computed drop into rotating stall when the 
Greitzer B-parameter is very small (0.10) and other 45 flow compressor; 
parameter “H/W” and “a” have typical values. On the 
right is the corresponding computed rotating-stall lar flow passage having a mean radius and having 
wave, of large amplitude which shows fully-developed * an inlet opening located upstream of said axial-flow 
rotating stall. In FIG. 6A and 6B there is shown a depic- compressor; and 
tion of a corresponding event with the inlet flow divider 50 an inlet flow divider positioned in said annular flow 
in accordance with the present invention in place. As passage, said inlet flow divider having a leading 
may clearly be seen in FIG. 6B no rotating stall wave edge and a trailing edge and being aligned with the 
appears. This clearly demonstrates the effectiveness of flow of fluid through said inlet duct, said leading 
the rotating stall suppression that is accomplished utiliz- edge of said inlet flow divider being located gener- 
ing the inlet flow divider in accordance with the present 55 ally four radii upstream of said axial-flow compres- 
invention. sor and said inlet duct having a length of at least six 

While a preferred embodiment of an assembly for the radii. 
suppression of rotating stall in an axial-flow compressor 8. The rotating stall suppression assembly of claim 7 
in accordance with the present invention has been set wherein said trailing edge of said inlet flow divider is 
forth fully and completely hereinabove, it will be appar- 60 located generally one-half radius upstream of said axial- 
ent to one of skill in the art that a number of changes in, flow compressor. 
for example, the overall size of the inlet flow duct, the 9. An apparatus for suppression of rotating stall com- 
type of axial-flow compressor, the material used to prising: 
fabricate the inlet flow divider and the like can be made an axial-flow compressor having a central axis and 
without departing from the true spirit and scope of the 65 having at least a first set of inlet guide vanes subject 
present invention which is accordingly to be limited to rotating stall; 
only by the following claims. an inlet duct for directed flow of fluid to said first set 

of inlet guide vanes, said inlet duct having an axis 

1. An assembly for suppression of rotating stall in an 

an inlet duct for directing flow of fluid to an axial 
flow compressor, said inlet duct having a central 
axis; 

an annular flow passage in said inlet duct, said annu- 
lar flow passage having an inlet opening located 
upstream of said axial-flow compressor and extend- 
ing from said inlet opening to a first stage of said 
a flow compressor; and 

said annular flow passage, said inlet flow divider 
being generally planar and being on a plane which 
passes through and extends along said central axis 

being aligned with the flow of fluid through said 
inlet duct to interfere with the formation of any 
rotating wave in said flow of fluid in said flow 
passage. 

wherein said inlet flow divider has a leading edge and a 
trailing edge. 

axial-flow compressor comprising: 

an inlet flow divider positioned completely 

The distance 60 Of the lading edge 56 Of the inlet 1s of said inlet duct, said inlet flow divider further 

the flow passage Or 6*28R. The edge 2’ 2. The rotating stall suppression assembly of claim 1 

The rotary stall suppression assembly of claim flow passage Or 0*48R* While these various propor- wherein said annular flow passage has a mean radius 

compressor’ 
edge 56 should be positioned at least several radii up- 4* The rotating suppression Of 

vider 54 is shown in FIG. 4 positioned in the annular 5. The rotating stall suppression assembly of claim 3 
48, it 

spaced flow dividers 54 could be used for r-ons of 35 and said leading edge of said inlet flow 

inlet duct for directing flow Of fluid to an axial 

an annular flow passage in said inlet duct, said annu- 

What is claimed is: 
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which is coaxial with said central axis of said axial- 
flow compressor; 

an annular fluid flow passage within and coaxial with 
said inlet duct, said annular fluid flow passage hav- 
ing an annular mouth remote from said inlet guide 5 
vanes and extending to said first set of inlet guide 
vanes; and trailing edge. 

an inlet flow divider positioned completely within 
said annular flow passage, said inlet flow divider 
being generally planar and being on a plane which 10 vanes. 
passes through, and extends along said axis of said 
inlet duct, said inlet flow divider further being 

duct and interfering with the formation of any 
rotating wave in said flow of fluid in said flow 
passage caused by rotating stall in said axial-flow 
compressor to thereby suppress said rotating stall. 

10. The apparatus of claim 9 wherein said inlet flow 
divider has an upstream leading edge and a downstream 

11. The apparatus of claim 10 wherein said trailing 
edge is located adjacent said first set of inlet guide 

12. The apparatus of claim 11 wherein said leading 
edge is located adjacent said annular mouth. 

aligned with the flow of fluid through said inlet * * * * *  

15 
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