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By means of ink trace visualization and topological analysis, this paper investigates the topological 
structure of the flow pattern surrounding both endwalls and blade surfaces for a low aspect ratio linear 
rotor cascade with tip clearance. The structure of the flow pattern shows that most of the singular 
points and separation lines are located in the upper half span region of the tested cascade where the 
aerodynamic behaviors are deteriorated. 

Keywords: turbine rotor cascade, tip c l e a r a n c e ,  f l o w  visualization, topological analysis. 

I N T R O D U C T I O N  

Recently significant at tention has been given to the 
fine structure within the flow field of turbomachinery.  
In general, the study of this problem contains two as- 
pects. The first is to visualize the solid surface flow 
and topologically analyze the singular points to inves- 
tigate their numbers,  types and locations and the skin 
friction line pat terns  in the flow field nearest to the 
wall. This aspect aims at obtaining a certain amount  
of wall flow information. The second aspect, on the 
other hand, carries out detailed flow field measure- 
ments and visualizations to acquire centralized vor- 
tex structures, and their interactions with the main- 
stream. However, only if the two aspects should be 
employed simultaneously, all the features of the flow 
field would be outlined. Just  as Dallmann [1] pointed 
out that  surface flow pat tern  alone cannot provide a 
unique interpretat ion of the flow field and studying the 
three-dimensional structure of the flow field requires 
the examination of the surface skin-friction lines and 
the internal flow field itself. 

Sears [2] firstly applied the topological analysis to 
the fluid mechanics by studying the features of limit- 
ing streamlines. Legendre et al [3] went further into the 
continuous postulate  of the vector fields constructed 
by the limiting streamlines, and studied the natures 
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of singular points of finite number  in the vector fields. 
Lighthill [41 considered that  studying the surface flows 
is more suitable with the skin-friction lines than  the 
limiting streamlines. He integrated the topological in- 
variant of a curved surface (Euler characteristic) with 
the total  number  of nodes and saddles in a shear 
stress vector field on the closed surface. According 
to his viewpoints, for an isolated three-dimensional 
body immersed in non-boundary flow field, the topo- 
logical rule is supported by the well-known Poincare- 
Bendixon (PB) theorem that  the sum of nodes minus 
the sum of the saddles is two. Hunt et al [5] extended 
the PB theorem to analyze the pat terns  of section ve- 
locity vector fields. Kang Shun [6'7] firstly applied the 
topology to study the flow fields in turbomachinery,  
and developed topological rules for analyzing the flow 
pat terns  on endwalls and sections of the cascades with- 
out tip clearance. However, up to now the topological 
structures on the surface and section in turbine ro- 
tor cascades with tip clearance have seldom appeared 
as yet. This paper  concentrates on the research of 
this problem. The measurement  results and secondary 
flow structure will be described in other paper.  

T E S T  F A C I L I T Y  

The test  facility is shown in Fig.l .  This  pa- 
per adopts  the same tested blade profile as tha t  
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of Y a m a m o t o  [s], b u t  en la rged  by  1.7287. Table  1 

presen ts  the  en la rged  profi le  coord ina tes .  The  o the r  
p r inc ipa l  geomet r i ca l  a n d  a e r o d y n a m i c  p a r a m e t e r s  of  
the  cascade  are: 

Blade  chord  c --- 121.49 m m  

Axia l  chord  B --  120 m m  

P i t c h  s --  90 m m  

A s p e c t  r a t io  h/c = 0.905 

P i t ch -cho rd  ra t io  sic -- 0.74 

M a x i m a l  th ickness  of profile -chord r a t i o  
M a x t h i c k / c  --  0.257 

Rad ius  of  b lade  l ead ing  edge R1 --  6.75 m m  

Rad ius  of b lade  t r a i l i ng  edge R2 = 3.37 m m  

N u m b e r  of b lades  Nb = 6 

Cascade  inlet  angle  (measu red  from axia l  d i rec t ion)  
oq = 50 ° 

Cascade  exi t  angle  

Cascade  t u rn ing  angle  

Re la t ive  c learance  

In le t  t o t a l  p ressure  

a2 = 57 ° 

A #  = i07  ° 

T/h = 0.023 

p~ = 10730.4 P a  

Mach  n u m b e r  at  the  m i d s p a n  of exi t  p l ane  

M = 0 . 3  

Reyno lds  n u m b e r  a t  the  m i d s p a n  of ex i t  p l ane  

(on the  basis  of  b l ade  chord)  Re = 8.3 × 105 

Th ickness  of inlet  endwal l  b o u n d a r y  layer  

6 = 24 m m  

Ink t race  v i sua l i za t ions  were pe r fo rmed  on b o t h  
endwal ls  and  b lade  surfaces.  

T a b l e  1 Blade profile coordinates 

No 

1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

x Yv Ys 

0.00000 0.000000 -10.94124 

7.05885 0.54743 -21.17658 

14.11772 -3.45883 -30.00015 

21.17658 -7.97652 -37.05901 

28.23543 -11.29417 -42.35315 

35.29430 -13.76477 -45.52964 

42.35315 -14.96479 -47.64730 

49.41200 -14.96479 -48.00024 

56.47087 -13.97654 -47.29435 

63.52973 -11.85888 -45.17671 

70.58860 -8.47063 -41.85904 

77.64745 -4.58826 -36.70606 

84.70630 0.91765 -31.41191 

91.76517 7.41180 -22.58835 

98.82402 15.03537 -12.70595 

105.88288 22.94128 -0.70588 

112.94174 31.41191 12.35230 

26.11777 120.00060 
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Fig.1 Experimental  equipment 

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S -  
S I O N  

T h e  T o p o l o g i c a l  R u l e s  
The  Po inca re  t heo rem,  su i t ab le  to  ana lyze  the  pa t -  

t e rn  on a curved surface,  can be desc r ibed  as follows: 
if a t angen t i a l  vec tor  field is shown on the  curved sur-  

face Q and  con t inuous  except  a t  l imi ted  n u m b e r  of 
s ingular  po in ts ,  the  sum of  nodes  minus  the  sum of  
saddles  ( ~  N - ~ S)  on the  curved  surface  is equal  
to the  Euler  cha rac t e r i s t i c  X(Q)  of the  surface:  

N - Z S = X(Q)  (1) 

T h e  surface of a l inear  cascade  wi th  t ip  c lea rance  
can  be d iv ided  into two d i sconnec ted  surfaces as the  

u p p e r  endwal l  surface on the  t ip  c learance  side ( f rom 
here on we define it as endwal l  wi th  c learance)  and  
the  union of the  low endwal l  w i th  b l ade  surfaces,  each 
surface having  a n u m b e r  of s ingu la r  points .  

We now examine  the  topo log ica l  rule for the  union  
of the  lower endwal l  wi th  b lade  surfaces.  S t r e t ch  the  
endwal l  u p s t r e a m  and  d o w n s t r e a m  far enough so t h a t  

the  flow is uni form,  and  bend  the  endwal l  to  connec t  
i ts  front  and  back  edges,  fo rming  a cyl inder .  Then  ex- 

t end  b o t h  ends  of  the  cy l inder  to  an infini te d i s tance ,  
and  bend  it and  connect  i ts ends  to form a torus .  As 
a resul t ,  the  lower endwal l  a n d  b l ade  surface  are  topo-  

logical  equiva len t  to  the  torus .  T h e  Eule r  cha rac t e r -  
is t ic  of the  to rus  is zero. Acco rd ing  to  fo rmula  (1), 
the  number  of  the  s ingular  po in t s  in the  sk in- f r ic t ion  
field on the  lower endwal l  and  b lade  surface in a p i t ch  

should  obey  the  following formula:  

E - -- 0 (2) 

where  ~ Nbh and  ~ Sba deno te  the  number s  of to-  
t a l  node  po in t s  and  sadd le  po in t s  on these  surfaces 
respect ively .  



166 Journal of Thermal Science, Vol. 6, No.3, 1997 

Similarly, the endwall with clearance is also topo- 
logically equivalent to a torus. Let ~ Arc and ~ S~ 
represent the total  numbers of nodes and saddles on 
the endwall surface, respectively, we get: 

( s )  

Then the topological rule for the cascade with tip 
clearance can be obtained by adding Eq.(2)and (3), as 
follows: 

o r  

E N - E S = 0 (5) 

where E N  = E Nbh + E N d ,  E S : E St, h + E S~, 
that  is to say, the total  numbers of the nodes and sad- 
dles in the flow pat tern  surrounding the solid surface 
of a cascade with tip clearance would be equal to each 
other in a whole cascade or in a pitch. 

The transverse section (the section whose normal 
is the cascade axis) of the cascade with tip clearance 
can be topologically transformed into an annular plane 
(Fig.2). This annular plane can then be topologi- 
cally deformed into a half torus, i.e., the surface A 
in Fig.2(c). In the domain of the half torus, corre- 
sponding to the transverse section of cascade passage, 
there exist nodes and saddles, and on the boundary of 
the domain there exist half nodes and half saddles. 

~ / / / / [ / / / / / / / / / / / / / / / / /  
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Suppose there exists a mapping of half torus A' 
(Fig.2(c)) which corresponds to the half torus A in 
the meaning that  the position, number and nature of 
the singular points on the half torus A' correspond 
to those on A, respectively. Connecting the two half 
torus, outer circular to outer circular and inner cir- 
cular to inner circular, a complete torus is formed. 
Skin-friction lines surround the torus with a number 
of complete singular points, some of which being made 
up by pairs of the half points. So the topological rule 
can be obtained to analyze the flow pattern on the 
torus surface: 

(EN +ENA,+EN') 
+ Z SA + F_,S')=O 

where the subscripts A and A' denote the singular 
points on the half torus A and A', and N' and S' the 
numbers of the nodes and saddles comprising of pairs 
of the half singular points on the boundary respec- 
tively. 

In summary, the topological rule controlling the 
number of singular points in cascade cross flow (or 
secondary flow) field with the existence of tip leakage 
flow is: 

( E N  + s + o . , E  o (6) 

E n d w a l l  F l o w  P a t t e r n  w i t h  T i p  C l e a r a n c e  
Fig.3 shows the ink trace visualization of the flow 

on the endwall with tip clearance of a linear turbine 
cascade. The lower energy fluids on this wall move in 
different directions under their moment of inertia and 
the different pitchwise pressure gradients in different 
regions. On the region of the endwall directly over the 
blade tip, the boundary layer flows from the pressure 
side to the suction side of the same blade, resulting 

Fig.2 Topological equivalent graphs of the traverse 
section of an rectangular cascade 

Fig.3  Ink trace visualization on endwall 
with a tip clearance 
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in non-orthogonal intersection of limiting streamline 
with the pressure side and near orthogonal intersec- 
tion with the suction side. For the region of the end- 
wall directly over the flow passage, the low energy fluid 
crosses over the passage from the adjacent blade pres- 
sure side to the blade suction side. As a result, a sep- 
aration line (L~) of the leakage vortex and a reattach- 
ment line (L~) are generated. The limiting stream- 
lines around the former converge to it, which implies 
the flow goes into flow field; the limiting streamlines 
around the latter diverge from the latter showing the 
flow goes towards the endwall. 

Fig.4 presents a topological flow pat tern on the end- 
wall with tip clearance. Clearly a skin-friction line 
near the blade leading edge is split into two legs at the 
point denoted as saddle point Sh, which is the point 
where the inlet endwall boundary layer separates, gen- 
erating a leading edge horseshoe vortex. Its suction 
side leg turns around the leading edge and joins with 
the tip leakage vortex separation line at about 25% 
axial chord downstream. The pressure side leg first 
extends a short distance downstream, then changes 
its direction at approximately 5% axial chord towards 
the suction side of the same blade, finally cross over 
the tip clearance and usually joins with the suction 
side leg. Sjolander et al [9] showed whether the in- 
let edge horseshoe vortex will be generated depends 
on the relative clearance (r/h). When r/h <_ 0.01, 
the pressure side leg of the horseshoe vortex always 
stretches downstream, similar to the case of zero clear- 
ance. When r/h increases to 0.033, the saddle point 
Sh disappeared and the leading edge horseshoe vertex 
is not visible. In addition, Fig.4 shows in the region 
enclosed by the separation lines of the saddle point 
Sh, the limiting streamlines are bound to converge 
towards the separation lines, forming the at tachment  
node Nh very near downstream of the saddle point. 

I 
7j& //,,.. . \ f  /. 

;3. ," ," . . 

c 

\ 

Fig.4 Topological analysis of flow pattern 
on endwall with tip clearance 

The reat tachment  line (L~) is comprised of the 
pitchwise highest pressure points. On the left side 
of L~ (in Fig.4) the limiting streamlines from Lr pass 
over the tip clearance to converge towards t h e  leak- 
age vortex separation line L8 near the suction side of 
the same blade. On the right side of L~, the limit- 
ing streamlines cross over the passage to merge with 
the leakage vortex separation line L, near the adja- 
cent blade suction side. This phenomenon results from 
the reat tachment line (L~) stretching downstream in a 
way of keeping itself close to the blade pressure side. 
In addition, as shown in Fig.4, an at tachment node 
NL and a saddle point SL are topologically formed 
near the upstream region (blade leading edge) of the 
reat tachment line. Even though it is hard to iden- 
tify the origin of the leakage vortex separation from 
Fig.3, the origin is likely to be the saddle point SL. 
The rolling-up of the tip leakage vortex seems to start  
just downstream the leading edge near the suction side 
corner. 

When the separation line (L~) and reat tachment  
line (L~) extend downstream, these two lines will in- 
teract at approximate 1/3 axial chord downstream of 
the cascade, creating the saddle point Sw there. One 
branch of the separation line starting from the saddle 
point Sw further extends downstream, and the other 
branch stretches upstream and enters into the separa- 
tion spiral node N~,~. 

Apparently there are 3 saddle points, 2 at tachment 
nodes and 1 spiral node in the endwall flow field with 
tip clearance. Moreover, the total number of saddle 
points and nodes satisfies Eq.(3), the topological rule. 

L o w e r  E n d w a l [  a n d  B l a d e  S u r f a c e  F l o w  P a t -  
t e r n  

Fig.5 and Fig.6 are flow pat tern visualization on 
the lower endwall and blade surfaces. Fig.7 and Fig.8 
are the topological analysis of the flow pat tern corre- 
sponding to Fig.5 and Fig.6, respectively. The most 
complicated flow pat tern is formed in the blade suc- 
tion corner of the upper half span. Also, a reattach- 
meat line due to the half a t tachment  node N '  m at the 
midspan of the leading edge is visible by comparing 
Fig.5,6 and Fig.7,8. It stretches spanwisely, crosses 
over the blade tip due to the leakage flow, reaches the 
suction edge at approximate 25% axial chord and ex- 
tends downstream along the edge. Consequently, a 
saddle point S~ is created at  about 60% axial chord. 
The separation line starting from the saddle point Sc 
is of two branches. One branch remains downstream 
till entering into the half separation node N~ at the 
exit edge. The other extends downwards and down- 
stream till ending at the half separation node N" lo- 
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cated at 60% blade span of the exit edge. The reat- 
tachment line downstream of S~., slightly lower than 
the tip, goes upstream towards S~ on the suction sur- 
face. Because there is still a favorite profile pressure 
gradient, the length of the Upstream going reattach- 
ment line is short and another at tachment node Nc is 
topologically generated near the saddle point So. The 
reattachment line starting from the node N~ extends 
downwards and downstream along the suction surface 
until it reaches the half saddle point S~ at 85% blade 
span of exit edge. The separation line on the blade 
tip suction edge starting from S~ is considered to be a 
convergent line between the blade tip limiting stream- 
lines and upper suction surface limiting streamlines. 
It is associated with the secondary vortex, which ro- 
tates opposite to the tip leakage vortex. The presence 
and rotation of the vortex can be evidenced from the 
secondary ftow vectors in the suction side upper cor- 
ner (this will be described in another paper). Clearly, 
the convergent line of the limiting streamlines, which 
starts from S~ and is located below the reattachment 
line on upper half span suction surface, is the separa- 
tion line of the upper passage vortex. 

Fig.5 Ink trace visualization on blade tip, blade 
suction surface and lower endwall 

Fig.6 Ink trace visualization on blade tip, blade 
pressure surface and lower endwall 

Fig.7 Topological analysis of flow on blade tip, blade 
suction surface and lower endwall 

,7I/ . . . . .  " - - . . .  

Fig.8 Topological analysis of flow on blade tip, blade 
pressure surface and lower endwall 

The flow on the lower endwall and the suction sur- 
face of lower half span are analogous to these of a 
linear cascade without tip clearance. The inlet end- 
wall boundary layer is separated at the saddle point 
in front of the leading edge of the cascade, generat- 
ing the pressure and suction side legs of the horseshoe 
vortex. The separation line of the pressure side leg 
crosses over the passage, and is merged with one of 
the suction side leg of the adjacent blade at 45% axial 
chord where the separation line of the passage vortex 
is formed. The separation line of the passage vortex 
on the suction surface stretches upwards up to 34% 
blade span at the exit edge, finally ends at the half 

node N I S L  . 

A reattachment line formed at midspan of pressure 
surface starts from the half attachment node N~m at 
the leading edge, then stretches downstream and even- 
tually ends at the half saddle point S~,p tied on the exit 
edge. This is due to the face that the limiting stream- 
lines on both blade tip and lower endwall converges 
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from the pressure side to the suction side, resulting 
in the streamlines on the pressure surface departing 
from midspan and converging towards both endwalls. 
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Fig.9 Topological analysis of flow pattern on the 
wall surfaces of whole cascade 

saddle point Stop near the pressure surface at the mid 
span. Meanwhile one branch of the half saddle point 
Stop enters into the half saddle point Sip on the upper 
endwall, the other branch surrounds around the lower 
passage vortex. The surface flows in the lower half 
span region in this section usually rotates clockwise 
due to the lower passage vortex. 
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There are 2 saddle points, 2 half saddle points, 1 
attachment node and 4 half separation nodes, which 
satisfies Eq.(2) of the topological rule for the pattern 
of skin-friction lines on the lower endwall and blade 
surface. 

Fig.9 is the topological analysis of the flow pattern 
on the wall surfaces of the whole turbine rotor cas- 
cade with a tip clearance. From this figure it can 
be seen that there are 5 saddle points, 3 at tachment 
nodes, 1 spiral separation node, 2 half saddle points 
and 4 half nodes, which satisfies Eq.(4) or Eq.(5) of 
the topological rule for the turbine rotor cascade with 
tip clearances. 

T o p o l o g i c a l  A n a l y s i s  o f  t h e  S e c t i o n  S t r e a m -  

l i n e  P a t t e r n  

Fig.10 and Fig . l l  show the topological analyses of 
the section flow located at the mid axial chord and 
the near exit, respectively. The topological structures 
in both positions agree with the velocity vectors. The 
difference between the two sections depends on the 
development of the tip leakage vortex, passage vortex 
and secondary vortex. The centralized vortices in the 
position of the mid chord section are characterized by 
the two clockwise rotation nodes near both endwalls. 
The node NL near the lower endwall suggests the ex- 
istence of the lower passage vortex. The reattachment 
line issued from NL enters into the saddle point Sm~ 
near the suction surface at the mid span. One branch 
of the separation line originating from Sm~ goes into 
the half separation node N~m on the suction surface at 
the midspan, and the other branch goes into another 

Fig.lO Topological analysis of section flow 
pattern located at mid axial chord 
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F i g . l l  Topological analysis of section flow 
pattern located at axial chord 

The separation lines issued from the saddle points 
Sh and SL all converge to separation line L8 near the 
suction surface on the upper endwall, thus forming 
merely the leakage vortex NuL in the first half pas- 
sage of the upper half span. The reattachment line 
issued from the N~,L also enters into the saddle point 
Sins. Evidently, on the upper endwall, there is the 
half saddle point Si~ near the suction side, and the 
half saddle point Sip near the pressure side. 

In the mid axial chord section there are 2 saddle 
points, 2 half saddle points, 2 nodes and 2 half nodes. 
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In this section, the total  number  of these singular 
points satisfies the topological rule Eq.(6). 

In the transverse section close to the exit, the upper  
passage vortex and the tip leakage vortex further in- 
crease in intensity and scale and depart  from the upper  
endwall and the blade surfaces. Besides, the flow in 
the upper  half span experiences significant changes. 
Since the section is located behind the saddle point 
S¢., the upper  passage vortex and the secondary vor- 
tex rotat ing counterclockwise are generated. There 
exist a small scale vortex near the blade tip suction 
edge, which may be a secondary vortex. A saddle 
point St., is formed between the secondary vortex and 
the tip leakage vortex. These vortices contribute to 
the creation of the upper  passage vortex. Once the 
upper  passage vortex is created, it rapidly develops 
towards the middle of the passage, but with less in- 
tensity and lower scale than those of the lower passage 
vor tex .  The vorticity of the three centralized vortices 
are originated from the upper  endwall, blade surface 
and the tip clearance, therefore creating six different 
types of half singular points on these surfaces. 

In the section close to the exit, there are 3 saddle 
points, 5 half saddle points, 4 nodes and 3 half nodes. 
The total  number  of the singular points satisfies the 
topological rule Eq.(6). 

C O N C L U S I O N S  

1. Due to the interaction between the leakage flow 
and the upper  endwall crosswise flow of the rotor cas- 
cade with tip clearance, three among the four separa- 
tion lines and most of the singular points on the wall 
surfaces (include the upper  and lower endwalls and 
blade surfaces) in a cascade are located in its upper  
half span, which leads to worse aerodynamic charac- 
teristics there. 

2. The key to reduce the energy losses in turbine ro- 
tor cascade with tip clearance is to weaken the leakage 
flow and to reasonably distribute the two separation 
lines on the blade suction surface. The leakage loss, 

dissipation loss of the vortex energy and mixing loss 
can be decreased notably in these two ways. 

3. The  flow visualizations and the topological anal- 
yses are useful tools to get full insight into the detailed 
vortex s tructure in the cascade flow field. 
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