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Abstract: A novel v ortex ident ification method fo r the visualizat ion o f the f low f ield is used fo r the study of the

sta ll pr ocess o f a transonic compressor . T he par ameter �4 , which is one o f the five invariants formed by the

sta in rate and vo rticit y tensor s fr om the theory o f modern rational mechanics, is found to have good ability to i�

dent ify v or tex str et ching and vort ex r elax ation/ br eakdow n processes, is int roduced here to ident ify the tip

leakage vort ices. Compare wit h former generally used DPH ( dynamic pressur e head) contour , the new method

reveals much mo re flow det ails w hich may advance our understanding of the com presso r behaviors. T he Vor ti�

ces details are r evealed in both peak efficiency and near st all condition. A possible stall process is a lso sugges�

ted based on the vor tices analysis. The t ip leakage flow fr om mid�cho rd, besides leading edge leakage flow, is

also considered to play an impo rtant ro le in the stall process.
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Introduction

Vortex is o ften the essent ial element re�
sponsible fo r t rig gering stall and surge in com�
pressors. So the ident ificat ion and the analysis

of the vort ices in compresso r are usually quite

helpful for the under standing of the compresso r

behav ior. How ever, the generally used dynamic

pressure head ( DPH ) contours and the st ream�
l ines are no t enough for the ident ificat ion of the

blade tip leakage vort ices ( BT LV) . It is of ten

dif ficult to reveal the details of the BTLV only

by the DPH contours and st reamlines. Some�
t imes they may even lead to confusion and mis�
understanding o f the f low .

An early study show ed that the parameter

�4 , w hich is one of the five invariants formed by

the stain rate and vort icity tensors f rom the the�
o ry o f modern rat ional mechanics, is found to

have good ability to ident ify v ortex st retching

and vortex relaxat ion/ breakdown processes[ 1] .

The def init ion o f this par ameter is �4 = S ij W
2
ij ,

w ith the st rain rate tensor S ij = 0� 5( u i, j + uj , i )

and vort icity tensor W ij = 0� 5( u i, j- uj , i ) . On the

principal axes of the st rain rate tensor , it can be

shown that �4 = S11W
2
23+ S 22W

2
31 + S33W

2
12 . Fur�

thermor e, if the vortex is dominated by W 23 with

its ax is along S 11 , as o ften to be the case, �4 �

S11W
2
23 . T hus, the vortex st retching mechanism

is associated w ith �4 > 0 since a posit iv e S11 re�
presents the f low accelerat ion. When S 11 is nega�

tive, i. e. , �4< 0 the vortex breakdown or r elax�
at ion occurs. How ever, the determ inat ion of the

principal ax es o f the st rain r ates in a complex

flow is tedious, �4 is therefo re a good cho ice be�
cause of it s invariant character.

The authors'previous paper [ 2] has compared

the �4 method and the DPH method in detail,
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which proves that the �4 method is not only v alid

but also resultful on the revealing of the vo rtex

details . Based on those r esults, the autho rs w ill

tr y to open out the stall pr ocess o f the t ransonic

compressor in a certain conf igurat ion in this pa�
per.

Nomenclature

CGCT circumferent ial g roo ves casing t reat�
ment

BT LV blade t ip leakage vortex

DPH dynamic pressure head

1 � Configuration of current study

The NASA Rotor 37
[ 3]

is a high pressure

ratio tr ansonic compr essor rotor. With compre�
hensive measured data and f low images, it w as

used as a blind test case for CFD codes in the

 IGT I Gas Turbine Conference! in 1994.

The parameter s fo r this ro tor are listed in

Table 1. The detailed numerical methods fo r

this study and the code validation can be found in

References [ 4] and [ 5] .

Table1� Parameters of NASA Rotor 37

Parameter Value

Number o f blades 36

Rotat ion speed/ ( r/ m in) 17 188. 7

T ip/ hub diameter/ m 0. 507 4/ 0. 357 6

Designed pressure r atio 2. 106

Designed mass flow rate/ ( kg/ s) 20. 19

Tested choking mass flow rate/ ( kg/ s) 20. 93

2 � Results and discussion

The dif ferent vort ices topo logy at max imum

ef f iciency condit ion and near stall condit ion w ill

be show ed in the fo llow ing subsect ions. T he dis�
cussion of the stall pr ocess w ill be given on the

basis o f the comparison.

2. 1 � Vortices at maximum efficiency condition

Fig. 1 show s the flow image o f NASA Ro�
to r37 at max imum ef f iciency condit ion. In each

picture, the upper passage show s the DPH con�
to ur and velo city vector, while the low er passage

show s the �4 contour. Comparing the DPH con�

to ur and the �4 contour, and w ith the help of ve�
locity vector w e can find the basic features of the

vort ices at max imum ef ficiency condition:

F ig . 1 � Vortices at max imum efficiency

condition ( T op view )

1456



� 第 9 期 HUANG Xu�dong , et a l. : Identification of Vo rtices in a T ransonic Com presso r∀

First, on the converging line o f the blade tip

leakage f low and the main f low ther e is a slender

vortex ( designated as  Vortex I! hereafter ) ,

w hich w ill relax a litt le w hen it interact w ith the

passage shock and then reach the pressure side

of the adjacent blade.

Second, the leading edge BT LV ( V ortex II)

can only influence the region above 99% span,

and it underg oes an obvious breakdown at the

passage shock ( F ig . 1 ( c) ) . A fter shock it

fo rms the large low DPH region to gether w ith

Vortex I. F ig. 2 illust rates it s inter sect ion w ith

the shock and the shape change af ter the shock

by the iso�surface of �4 .

F ig . 2 � Iso�sur face of �4 show ing BT LV ( Vort ex II)

Third, besides Vo rtex I and II, ther e is a

large f low st ructur e ( designated as Vo rtex III)

locates in the central of the passage above 99%

span. Although from top v iew there is no abnor�
mity in velocity v ectors, the side view in Fig. 3

show s a sharp shear betw een the t ip leakage

flow fr om m id - chord and the passage main

flow. T his shearing str ucture interacts w ith the

shock and extends to the hub direct ion.

Fig. 3 � Vor tex II I at maximum efficiency

condit ion ( Side view)

Fourth, at the blade t ip, near the t railing

edge of the suct ion side, there is a vortex formed

from the interact ion of the t railing edge t ip leak�
age f low and the main f low , w hich is designated

as Vor tex IV. Betw een Vo rtex IV and Vo rtex

III there is a small v ortex relaxing region desig�
nated as Vortex V, w hich may come fr om the in�
duced local separat ion.

Final ly, w e can draw a glancing conclusion

of those vo rt ices ' inf luence r eg ion, show ing in

Fig. 4.

F ig . 4� Relative lo cat ion in spanw ise of vo rtices

at max imum efficient condition

2. 2 � Vortices at near stall condition

At near stall condit ion, the topolog y of vo r�
tices change a lot . F ig. 5 show s some cr oss sec�
tions near the t ip r eg ion. T he vort ices features

can be concluded as below:

First, dif ferent f rom the maximum ef ficien�
cy condition, the influence region of V ortex III

is quite remarkable. It can af fect a region deep to

85% span ( F ig. 5 ( a) ) and w ide to nearly half

the passage at the near t ip reg ion ( Fig. 5 ( c) ,

( d) ) . It locates nearer to the blade suct ion side

and is the key reason for the larg e low DPH re�
g ion at the blade t railing edge.

Second, the leading edge vortex, i. e. Vo r�
tex II can af fect a region upon 98% span, w hich

is a litt le larger than the max imum ef f iciency

condit ion. It becomes much looser and breaks

down at the intersection w ith passage shock

( Fig . 5 ( c) , Fig . 6) . Gr eat at tent ion should be

paid that af ter the breakdowned Vortex II there

is a new st ructur e forms and designated as Vo r�
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tex VI in this paper. Fr om the velocity vectors

in Fig. 7 w e can see that Vortex VI comes f rom

the interact ion o f the f ragment o f Vor tex II and

the main f low , w hich jo st les forw ard betw een

Vortex II and III. Vortex V I is the actually di�
r ect reason for the low D PH region in the center

of the blade passage.

Third, Vor tex I at near stall condit ion

doesn't change much. Only it s inf luence region

becomes a lit tle larg er to about 96% span. It al�
so contributes part o f the passage low D PH re�
g ion like at the max imum ef ficiency condit ion.

Vortex IV and V are almost the same as the

maximum ef ficiency condit ion, and they bring on

the low DPH reg ion near the blade t railing edge

to gether w ith Vor tex III. From Fig. 8 w e can

see clear ly about the f low separat ion at Vo rtex

V.

Fourth, in fr ont o f the blade leading edge,

at the t ip region there is an obvious  spill fo r�
ward region! designated as Vortex V II in this

paper ( Fig. 5 ( d) , Fig. 9) . This phenomenon

has been consider ed as the t rigg ering of com�
pressor stall by Hah etc. [ 6] in their study on Ro�
to r 8. How ever in this study w e f ind that the

spill forw ard region is only limited at the t ip re�
g ion, i. e. upon 99% span, so although the ex�
ist ing of this r eg ion can g reat ly enlarg e the local

relat ive instance ang le, it doesn't make too much

change to the ent ire f low field.

Final ly, we can give the g lobal view of the

Vort ices at near stall condit ion in Fig . 10, f rom

which the w ho le topolo gy of Vortex I, II, III

and VI can be dist inguished, w hile Vor tex IV

and V are not very clear as they immerged in

Vortex III, and Vor tex VII is too far aw ay to be

seen in this picture. Fig . 11 show s the relat ive

locat ion in spanw ise o f those vo rt ices at near

stall condit ion.

2. 3 � Stall process

From the comparison o f the dif ferent v ort i�
ces topolo gy betw een max imum ef ficiency condi�
t ion and near stall condit ion, w e can imagine the

pro cess of stal l at this conf igurat ion. With the

increase of the back pressure, the passage shock

F ig . 5 � Vort ices at near stall condition ( Top v iew)
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Fig . 6 � Breakdow n of the leading edge BTLV

Fig. 7 � Velocity v ecto r at 98. 7% span

F ig . 8 � Vort ices at the tr ailing edge of the blade

F ig . 9 � Spill forward r egion at the leading

edge at near stall condit ion ( T op view )

Fig. 10� Vortices at near stall condition( iso�surface of �4 )

Fig . 11� Relativ e location in spanwise o f

vor tices at near stall condit ion

moves upst ream and becomes st ronger; mean�
while the mass f low rate decr eases. T ho se chan�
ges make the leading edge BTLV ( Vo rtex II)

become loo ser and w eaker , and underg o a break�
down when it interacts w ith the shock. The ex�
pand of the Vo rtex II jost les Vo rtex III to the

blade suct ion side, w hich makes the lat ter in�
duce the large separation ( Vortex V ) at the

blade tr ailing edge. T he spill forw ard region

( Vo rtex VII) , as explained befor e, is considered

to be only a f low phenomenon at the near stall

condit ion but no t the reason for the stall. So the

tw o larg e low DPH regions ( F ig. 5 ( c) , ( d) )

seem to be responsible fo r the t rig gering o f the

stall. It is dif f icult to say w hich one is more fatal

now . But as Vo rtex III af fects much larger re�
g ion, it is more probable to be the key factor.

When the back pr essure increases further, tho se
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tw o low DPH regions w ill block the f low pas�
sage and trig ger the compresso r stal l.

3 � Conclusions

With the help of a novel v ortex ident if ica�
t ion method, the detailed vort ices st ructur es and

topo logy in a tr ansonic compr essor have been re�
vealed. T he study dist inguishes different v ort i�
ces st ructur es in the compressor, as w ell as their

development at different operating condit ion.

From comparison o f the vort ices in max imum ef�
f iciency condit ion and near stal l condit ion, a pos�
sible stall process has been r evealed and the vo r�
tex, w hich comes from the inter act ion betw een

the tip leakage f low from m id�chord and the pas�
sage main f low , is considered to be the most

probable direct reason for the happening of stal l.
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