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ABSTRACT 
An experimental investigation was carried out to examine the 
influence of the axial spacing between rotor and stator. The 
test facility of the Swiss Federal Institute of Technology is 
made up of an inlet guide vane (IGV), a rotor and a stator. 
Temperature and aerodynamic measurements determined the 
characteristics of the compressor stage. Data were acquired 
over a range of flow coefficients for four different axial 
spacings. A refined measurement mesh was used for Pitot 
probe measurements in different sections of the compressor. 
As the compressor has a rather low aspect ratio of 1.21, the 
flow was governed by strong secondary flows. The 
interaction between the different secondary flows, especially 
the Influence of the IGV wake on the secondary flows in the 
stator, were detected by the detailed Pitot probe 
measurements. Shifting the stator axially changes the 
circumferential position of the IGV wake entering the stator. 
From this statement, the link between an axial variation of 
the distance between rotor and stator and the clocking 
between IGV and stator will be shown. Further Pitot 
measurement with different indexings between IGV and 
stator were performed. The Pitot measurements for the 
different axial spacings as for the different indexings brought 
to light strong interactions in the wall regions especially 
between the IGV wake and the clearances at the rotor tip and 
at the stator hub. The structure of the flow thus changes with 
the indexing and with the axial spacing. 

1. INTRODUCTION 
In 1969 Leroy H. Smith investigated the casing boundary layer 
effects in a four-stage axial compressor [ref. 1]. He noticed a 
slight improvement in the efficiency and static pressure rise 
coefficient, over the whole range of studied flow coefficient, 
when the axial spacing was decreased from ~Jh--O.174 to 
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~Jh=0.033. In 1975 Hetherington and Moritz [ref. 3] found the 
opposite trend. They noticed an improvement of the 
characteristics for a four-stage axial compressor when 
increasing the gap by a factor 4. They also showed the effect 
of the inlet guide vane on the compressor characteristics. 
Below a certain Mach number, the efficiency is increased by 
the removal of the inlet guide vane. Above, the efficiency 
deteriorates compared to the case with inlet guide vane. 
However, these studies do not take into account the effect of 
the circumferential positions of the IGV relative to the stator 
(i.e. the indexing). Only in the last decade, experimenters have 
investigated this parameter. Barankiewicz and Hathaway 
investigated the overall performances on the NASA Lewis test 
facility for a four-stage low speed axial compressor when 
varying the indexation between the stator rows. For both peak 
efficiency and peak pressure rise operating conditions, the 
indexing was performed by measuring the wake position of 
the upstream stator at the inlet of the following stator row. 
Hence, a flow dependent indexing was performed for the two 
flow conditions. The impact of stator indexing on compressor 
performance was found to be small. However the low velocity 
used in their test (Cx=24.4 m/s) does not favor the action of the 
secondary flows involved when varying the indexing. Using 
an unsteady, quasi-three-dimensional Navier-Stokes analysis, 
applied to a high-speed axial compressor, Dorney et al. [ref. 6] 
showed that stator clocking can result in efficiency gain of 0.6- 
0.7%. The highest efficiency is observed when the wake of the 
first stage stator flows onto the pressure surface of the second 
stage stator. The momentum thickness and skin friction were 
found to be greater on the second stage at the highest 
efficiency conditions. Hubert and all. [ref. 8, ref. 9] showed 
that 0.8 percent point improvement was possible when varying 
the indexing between turbine airfoils. 
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In the above indexing investigations, the effects of the 
secondary flows near the walls were not mentioned. 
This paper addresses the influence of the axial variation of the 
spacing between the rotor and the stator on the characteristics 
of the compressor stage and on the flow structure. It will show 
the link between the axial spacing between airfoil rows and 
indexings. It will also show the influence of the axial distance 
between the rotor and the stator, and of the indexing between 
the IGV and the stator on the flow structure in the endwall 
regions. 

2. TEST FACILITY AND MEASUREMENT EQUIPMENT 
2.1 The test Facility 
The compressor test facility of the LT1 ~ (Laboratoire de 
Thermique appliqu6e et de Turbomachines) is made up of an 
inlet guide vane (IGV), a rotor, and a stator. An electric motor 
drives the rotor to a tip velocity up to 226 m/s. The test facility 
is a closed loop, which enables the use of gases other than air. 
The temperature is held constant with the aid of heat 
exchangers (Fig. 1). The hub diameter is 160 mm and the 
channel height is 40 mm. 

Pwln I G V + R o t o r + S t a t o r  

~ t v°lute 

'~P' 6~Electrlc P _ _  rn ore  r 

H.texchangers ~ ) 

Fig. 1 Closed loop axial compressor test facility 

For this study the test facility was set up in order to vary the 
axial spacing between the rotor and the stator, by means of 
distance rings on the casing. These tings of different 
thicknesses mounted upwind or downwind the stator, enable 
the following axial spacings: ~.Jh= 6.25 %, 9.5 %, 12.5% and 
18.75 %. The rotor tip clearance and the trailing stator hub 
clearance were held constant for this study to a value of 
t/h=1.25%. The IGV is sealed at hub and tip. 
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Traverses are accomplished by moving the IGV and the stator 
in unison past stationary probes mounted on radial actuators 
attached to the fixed tight chamber around the casing. The 
rotation is performed with the aid of a hydraulic cylinder. The 
indexing between the IGV and the stator is performed with a 
second hydraulic cylinder mounted between the IGV and the 
stator. The activation of this second cylinder will rotate the 
stator alone as the IGV will remain "frozen". 
The test facility allows measurements with the aid of 
temperature and aerodynamic probes in the four following 
axial locations (Fig. 2): 

• At the I.G.V. inlet, 
• between the IGV and the rotor, 
• between the rotor and the stator, 
• 84% of axial chord downstream of the stator trailing 
edge. 

F l o w  d i rec t ion  i ¸] 

inlet I~i.i~!l - -  :i:i:i:i:i:i++ +.:i:i:+:i:+: + + _ i:i:i:i:] i i: 
outlet 

Fig. 2 Scheme of the test facility with the measurement 
sections. 

2.2 Probes traverse measurements 
Fig. 3 shows the measurement locations for the determination 
of the Characteristics of the compressor stage. Traverse 
measurements were performed in sections 1, 2 and 4. The flow 
being homogeneous in the pitchwise direction in section 1, a 
single radial traverse was performed at this location. In 
sections 2 and 4, the included measurement surface in each 
section goes from 10% to 90% of the span and the radial step 
was 4 mm (10% of channel height). In the pitchwise direction, 
the measurement surface covers 18 degrees, corresponding to 
the stator pitch. The resolution of the mesh for the first four 
degrees of the surface is of 0.5 degree, because of the presence 
of the IGV wake in section 2. The rest of the surface was 
measured every degree. The inlet stagnation temperature was 
kept constant to a value of To  293°K-+0.2°K. 
Nomenclature  
Cx Axial velocity 
Lxs~ Axial stator chord [mm] 
Tc Stagnation temperature [K] 
h Channel height [ram] 
t tip clearance [mm] 
u tangential velocity of the rotor at midspan 
z Radial coordinate [mm] 

~s Isentropic efficiency 
Axial spacing between rotor and stator [mm] 

0 pitchwise position / pitchwise step [degree] 
0smt Stator pitch [degree] 
--t  

Pitchwise averaging 
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Fig. 3 Full traverse measurements 

2.3 The Pilot Probes measurements 
In order to have a detailed description of the loss zones for the 
different configurations of the compressor, measurements of 
the flow field were performed with cobra type Pitot probes on 
a refined mesh. These measurements were performed to 
identify the secondary flows and to determine their extent. The 
flow field is measured in sections 2 and 4, from 1% to 99% 
span and over a stator pitch (18 degrees). The measurement 
mesh has 79 points in the radial direction and 37 point in the 
pitchwise direction. The step in the pitchwise direction is 0.5 
degrees. In the radial direction the step for the measurements 
is 1% of the channel height from z/h=l% to 30% and from 
z/h=70% to 99% of the channel height. The radial step in the 
other locations is 2% of the channel height. Fig. 4 shows this 
mesh having 2923 measurement points per section. The 
advantage of using a Pitot tube with a diameter of 0.95 mm is 
that it reduces the wall effects due to the presence of the probe. 

i ~  ~---I~ 2.9 r ,~  

. . . . . .  ,,.'-'~ l . gma  

6.-m~-I- z :~  t t ,mmut10.95~a 
At ~ ~ n m l  0 . 5 5 m  

Fig. 4 Detailed measurement mesh made of 2923 nodes and 
the Pilot probe. 
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3. THE AXIAL SPACING 
3.1 Probe traverse measurements 
Four axial distances between rotor and stator were 
investigated. As the rotor blades are twisted, the position of 
the trailing edge varies with the radius. The axial spacing is 
defined at the hub and the investigated distances are listed in 
Table 1. 

[mm] 2.5 3.8 5.0 7.5 
6.25 % 9.5 % 12.5% 18.75 % 

~/Lxst~ 9.2 % 14 % 18.4 % 27.6 % 

Table 1 Values of the studied axial spacings 

The isentropic efficiency calculated with the stagnation 
pressures and temperatures issued from the probe 
measurements in section 2 and 4 is plotted in Fig. 5 for the 
investigated axial spacings. There is no trend with the axial 
spacing, concerning the efficiency. 

94% 

92% 

90% 

qs 88% 

86% 

84% 

82% 

8O% 
0.40 

Isentroplc efficlency 

i 1 

.............. i ............... i ................ i ................ i :  i 
. . . . . . . . . . . .  i j j i I , , , , , , 

0.42 0.44 0.46 0.48 0.50 0.52 0.54 

Cx/U 

Fig. 5 Isentropic efficiency of the compressor stage for the 
four axial spacings. 

Comparisons of pitchwise distribution of the stagnation 
pressure between the four axial spacings were done for "near 
design" and "high-loaded" flow conditions. The comparisons 
were done at hub, midspan and casing. In order to compare the 
radial distribution of the flow pattern, the stagnation pressure 
ratio was mass averaged in the pitchwise direction. All these 
results were issued from the measurements performed with the 
aerodynamic and temperature probes. The test cases used are 
listed in Table 2. A slight correction was done on some of the 
measurement in order to adjust the levels to the desired flow 
coefficient. Care was taken to choose cases that had flow 
coefficients close to each other. 
For the large flow coefficient of about Cx/U=0.53, the 
distributions of the Mach number (Fig. 6) and of the 
stagnation pressure distribution in the section downstream of 
the stator do not seem to vary with the axial spacing. 
However, when the loading is increased, a thicker wake is 
observed for ~/h=6.25%. When increasing the spacing to 
~Jh=9.5%, the wake position moves in the suction side 
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direction. From hub to midspan, this displacement corresponds 
to about 28% pitch. 

P.Jh=6.25% 
~/h=9.5% 
P.Jh=12.5% 
~/h=18.75% 

P-Jh=6.25% 
V./h=9.5% 
P.,/h=12.5% 
~.,/h=18.75% 

P../h=6.25% 

~./h=12.5% 
V.Jh=18.75% 

Low loading conditions 
Test No p~dpc2 

073 1.049 
Cx/U 

0.527 
191 1.050 0.541 
002 1.049 
163 1.050 

Neardesign conditions 
072 1.067 
171 1.060 
022 1.064 
165 1.065 

High-loaded conditions 
081 1.092 
176 1.093 
004 1.096 
162 1.095 

Table 2 Test cases used for the comparisons 

0.526 
0.528 

0.493 
0.516 

0.507 
0.507 

0.432 
0.433 
0.423 
0.424 

F.Jh=6.25% F.Jh=9.5% 

F.Jh=12.5% 

0.3 
0.28 
027 
025 
0.24 
022 
021 
0.19 
0.18 
0.17 

Fig. 6 Mach distribution downstream of the stator for the four 
axial spacings and for Cx/U~0.53 (low loading) 

At high loaded conditions (Cx/U--0.423), the displacement of 
the wake can be seen in Fig. 7 at 20% channel height (near the 
hub). For ~-.Jh=6.25%, the wake center lies in the pitchwise 
measurement position of 0/0s~-0.36. When increasing the 
4

axial spacing to P.Jh=9.5%, the lowest stagnation location 
becomes 0/0s~t~0.55-0.6. the wake position will then stabilizes 
for P.Jh=12.5% and P-Jh=18.75% at 0/0s=t~0.45. 

1 . 1 1  2 0 %  c h a n n e l  h e i g h t ,  c x / u = 0 , 4 2 3  
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1.09 ~ 
1.08 

p c 4 1 . 0 7  ................................................................................................................ 

P c 2 1.06 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 . 0 5  . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . .  -f . . . . . . . . . . . . . . . . . . . . . .  r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

o P.,JI-1=6.2 5% 
1 . 0 4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  = - -  ~ ' - 1 = 9 . 5 %  

- -  v - .  ,1~-,1= 12.5% 
1 . 0 3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ P.~'I= 1 8 . 7 5 %  

1 . 0 2  , , , i , , , i , , , I , , , J , , , 
0 . 0  0 . 2  0 . 4  0 . 6  0 . 8  1 . 0  

0 / 0  =,. 

Fig. 7 Pitchwise distribution of the non-dimensional 
stagnation pressure at 20% channel height for the 
four axial spacing, at Cx/U--0.423 

The displacement of the wake position between the cases of 
P.Jh=12.5% and ~h--9.5% is 0/0stat~0.15. A simple calculation 
shows that the corresponding flow angle for ~h=9.5% should 
be 39 degrees (Fig. 8). This is confirmed by the pitchwise 
distribution of the flow angle for the four axial spacings for 
high loaded conditions in Fig. 9. 

23 mm 

Fig. 8 Angle variation in the stator. 

For flow conditions close to "design condition", the 
displacements of the wake with the axial spacing are less 
important but have the same tendency. Apart from the axial 
spacing of ~.Jh--9.5%, the stagnation pressure distribution 
shows that the size of the wake is rather thin for high flow 
coefficients and becomes larger over the whole span as the 
loading increases. For the axial spacing of P.Jh=9.5% the wake 
is large at the tip for large flow coefficients. When the loading 
is increased, stagnation pressure profile shows that the wake 
widens at the huh and tightens at the tip to become of similar 
shape as the other cases (Fig. 11). 
A # " q ^ ~ . . . . ~ l . . ~ -  ~ ! ! ! ! ? ! ! !  k . ,  A ~ ' k ,  Al'~" 
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Fig. 10 Pitchwise distribution of the stagnation pressure at 
z/h=20% for the four axial spacing, at Cx/U=0.506 
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Fig. 11 Pitchwise distribution of the stagnation pressure at 
z/h=80% for the four axial spacing, at Cx/U=0.423 

B l o c k a g e  coe f f i c ien t  
The general form for the calculation of the blockage is the 
ration between the effective mass flow and the mass flow for 
free stream flow conditions. 
5

p c d A  p c d A  B = I - ( . [  )act~=/( . [  ) inv i sc id  

Some arbitrariness exists concerning the definition of the free 
stream location, especially for tri-dimensional flows as in the 
compressor studied. This location was chosen at midspan, 
away from the stator wake. 
The axial spacing plays a major role in the radial distribution 
of blockage coefficient and on the secondary flows (Fig. 12). 
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- 0 .05  0 0 . 0 5  0.1 0 . 1 5  0 .2  

B l o c k a g e  F a c t o r  

F i g .  12  R a d i a l  d i s t r i b u t i o n  o f  the  b l o c k a g e  f ac to r  f o r  l o w  
l o a d e d  c o n d i t i o n s  and  f o r  the f o u r  a x i a l  spac ings 

The sensitivity of the blockage factor is especially high 
between ~.Jh--6.25% and ~.Jh=9.5%. The similarity of the 
blockage factor between ~h=12.5% and 18.75% indicates that 
these axial spacings may have similar flows as can be seen in 
Fig. 13 which is the isenlropic work reduced from the effective 
work. 

~h=6 .25%;  ~h=9.50/0; 
cx/u=0.422 cx/u=433 

E J h = 1 2 . 5 % ;  

E-ES 
~25597 
~08509 
91422 
74334 
57246 
40159 
23071 
05983 
~8895.8 
't808.2 
i4720.5 
17632.8 
~0545.2 
~457.52 
3630.1 

Fig. 13 Work lost per unit area for the four axial spacings and 
for high loaded conditions. [W/m 2] 
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It corresponds to the additional work due to the losses. This
additional work is higher in the wake region for the two
smallest axial spacings. The two other axial spacings show an
increased additional work in the suction part side of the wake,
near the casing. Even for a slightly higher flow coefficient,
~/h=9.5% indicates higher losses in the wake regions. The
displacement of the wake region towards the location where
the free stream is defined explains the low and the negative
values of the blockage factor for this axial spacing (Fig. 12). 
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Fig. 14 Radial distribution of pitchwise averaged stagnation 
pressure for the 4 axial spacings; Cx/U=0.423 

For flow coefficients superior to Cx/U--0.44, there are no
significant differences in the radial distribution of the blockage
factor. The radial distribution of the stagnation pressure seems
also independent of the axial spacings for flow coefficients of
Cx/U--0.532 and Cx/U=0.507 as can be seen in Fig. 15 and Fig. 
16 
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Fig. 15 Radial distribution of pitchwise averaged stagnation 
pressure for the 4 axial spacings; Cx/U--0.532 
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Fig. 16 Radial distribution of pitchwise averaged stagnation 
pressure for the 4 axial spacings; Cx/U--0.506 

For high loaded conditions (Cx/U--0.423), particularly high 
values of the flow angle were measured for an axial spacing of 
~Jh=9.5%. However, from hub up to the midspan region the 
radial distribution of the stagnation pressure ratio is rather 
similar to the other cases (Fig. 14), even though the two largest 
axial spacing seems to have lower values in the hub to 30% 
channel height. 

A b s o l u t e  F l o w  a n g l e  

From the flow angle taken from the measurements, ~.Jh---9.5% 
shows a reduction of the surge limit and a deterioration of the 
flow for almost all the flow conditions. 

E } h = O . 0 6 2 5  ; c x / u = 0 . 4 3 2  F.Jh=O.095 ; c x / u = 0 . 4 3 3  

F - = / h = 0 . 1 2 5  ; C x / U = 0 . 4 2 7  
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40.0 
3 8 2  
36.4 
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25.8 
24.0 
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measurements were done over a stator pitch 0 every one 
Fig. 17 Distribution of the flow angle in the measurement 
section 23 mm downstream of stator at Cx/U~0.43, and 
for the four axial spacings 

Fig. 17 shows the distribution of the flow angles at the 
measurement location 84% axial chord downstream of the 
stator trailing edge, for c~/u~0.43. These graphs clearly 
indicate an evolution of the flow with the axial spacing. For 
~Jh=9.5%, the flow angle at this location is relatively high, 
typical of a blade boundary layer separation. For 
approximately the same flow coefficient, axial distances of 
~Jh=12.5% and ~Jh=18.75% also show an increase of the flow 
angle, but only among a tight part of the wake (Fig. 17). 
Furthermore, the ~.Jh=6.25% axial spacing case do not strongly 
separate for even higher loading at Cx/U=0.407. 
From these measurements, it appears that the flow behavior 
can change with the axial spacing and with the loading. For 
the different axial spacings, the relative pitchwise position 
between the IGV and the stator were kept fixed. The stator 
was simply shifted upstream or downstream to obtain the 
desired axial distance. Fig. 18 indicates the positions of the 
stator and IGV blades upstream of the measurement locations 
in section 4. The IGV wakes are sketched in order to see their 
evolution through the rotor row. Positions of the Stator row are 
drawn for axial spacings of  ~.Jh=6.25%, ~,/h=12.5% and 
~.Jh=18.75%. The position of the IGV wake at the stator inlet 
varies with the axial spacing. The circumferential position of 
IGV wake at stator inlet has an influence on the characteristics 
of the compressor stage and on the flow itself. Furthermore for 
a given axial spacing the variation of the flow coefficient will 
have an impact on the velocity triangles, thus on the position 
of the IGV wake at stator inlet. The most detrimental 
conditions can be obtained if the IGV wake arrives on the 
suction side of the stator for high loaded conditions. One can 
imagine that ~.Jh--9.5% axial spacing could fit these conditions. 
Thus the relative position between IGV and stator blades play 
a major role in the study of axial spacing between the blades. 
Measurement Area 

Fig. 18 Impact of IGV on the stator row 
3.2 Detailed Pitot measurements 
Pitot measurements downstream of the rotor 
Fig. 19 shows the distribution of the stagnation pressure in 
section 3 (between rotor and stator) issued from the detailed 
Pitot probes measurements at design conditions (Cx/U=0.48). 
The presence of the IGV wake is still visible after having past 
the rotor row. In addition to the IGV wake, a second zone of 
high loss is visible close to the casing. 

Zone of IGV-Wake/Rotor-Tip-Clearance interaction 

. . . .  -Wake 

Pc4 
1085.0 
1082.9 
1080.7 
1078.6 
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1074.3 
1072.1 
1070.0 
1067,9 
1065,7 
1063.6 
1061.4 
1059.3 
1057,1 
1055.0 

Fig. 19 Reduced stagnation pressure distribution in section 3; 
t/h=l.25%, ~Jh=l 2.5% 

Hoynacki [ref. 7] made measurements downstream of a rotor, 
with presence of an upstream-IGV. The author indicates also 
that when the IGV wake arrives on the rotor tip vortex, this tip 
vortex will be split. The vortex turning in counter clockwise 
will be weakened. Hence in the absolute frame of reference, 
the flow field behind a rotor is not only non-axisymmetric 
because of the IGV wake, but also because of the rotor tip 
clearance. Indeed the second zone of loss corresponds to the 
described IGV wake/rotor-tip-clearance interaction. Hence, 
the flow arriving on the stator leading edge will depend of the 
upstream IGV pitchwise position. 
Fig. 20 shows the pitchwise distribution of the static pressure 
downstream of the rotor at hub and casing. These 
degree. These variations are induced by the potential flow due 
to the presence of the stator but also to the presence of the 
upstream IGV. Experimenters often use the wall pressure at a 
certain pitchwise location to determine the overall 
characteristics in multistage compressors. The obtained result Copyright © 2001 by ASME 7



will depend of the relative pitchwise locations between the 
pressure tapping and the upstream stator blades. 
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Fig. 20 Pitchwise distribution of the wall static pressures at 
hub and casing downstream of the rotor for two mass 
flows. 

However this parameter has to be taken in account in the study 
of the axial spacing and of the indexing, especially when the 
wall pressure taps are used for determining the characteristics 
of a compressor. In fact, the upstream stator/IGV wake 
position will vary at trailing stator inlet, as seen in Fig. 25. 
Hence the wall static pressure will depend upon the flow 
phenomenon captured at the position where it is measured. 

Deta i l ed  P i to t  m e a s u r e m e n t s  d o w n s t r e a m  o f  t h e  
s ta to r  
Detailed Pitot measurements were performed 23 mm 
downstream of the stator trailing edge for the four investigated 
axial spacings. The flow coefficient was set to Cx/U--0.48. As 
mentioned before, the axial spacing between the rotor and the 
stator was varied by shifting the stator upstream or 
downstream. This means that the clocking between the stator 
and the IGV was not changed, for any axial spacing. The 
diameter of the cobra-Pitot- probe was 1 mm, thus the wall 
effects on the probe was reduced and the measured gradients 
could be caught. Fig. 24 shows the reduced stagnation 
pressure at the axial position of 84% axial chord downstream 
of the stator, for the studied axial spacings. 
Due to the flow angle at rotor outlet, the IGV wake position 
and the zone of loss due to the rotor tip clearance moves in the 
clockwise when the axial spacing is varied, as can be seen in 
these graphical representations. The IGV wake regions that are 
associated with lower stagnation pressure are materialized by 
the dotted lines. The tip region is characterized by losses in 
stagnation pressure due to the second zone of losses seen in 
Fig. 19. This zone also moves in the clockwise direction. For 
an axial spacing of ~.Jh=6.25%, this zone lies in the suction 
side of the wake. For the axial spacings of ~Jh=9.5% this zone 
is aligned with the wake, but the IGV wake is less visible. 
However there is a large bubble of loss centered at 76% 
channel height. Near the hub, the IGV wake lies on the stator 
8

suction side. This creates a thickening of the stator wake. For 
the axial spacing of ~.fla=12.5% this low stagnation pressure 
zone at tip has increased in extend and in depth, and has 
moved to the pressure side of the wake. The bubble of loss 
decreased and below this zone, the wake has become thinner. 
When increasing the axial spacing to ~.Jh=18.75%, the tip loss 
zone entirely on the right side of the wake. 
Copyright © 2001 by ASME 



"1=1.25% 
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Fig. 21 Detailed pitot measurements of P~4~; t/h=l,25%, 
~Jh=6.25 %; cx/u=0.48; 

4=1.25% 
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Fig. 22 Detailed pitot measurements of P~4r~; t/h=l,25 %, 
~Jh=12.5%; Cx/U--0.48; 

~=1.25% 
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Fig. 23 Detailed pitot measurements of Pcgr~; t/h=1,25%, 
~/h=9.5%; Cx/U=0.48; 

t=1.25% 

Pc4red 
1091 
1089 
1087 
1085 
1082 
1080 
1078 
1076 
1073 
1071 
1069 
1067 
1064 
1062 
1060 
1058 
1055 
1053 
1051 
1049 

Fig. 24 Detailed pitot measurements of Pc4red; t/h=l,25%, 
~fla=18.75%; Cx/U--0.48; 
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4. THE CLOCKING (OR INDEXING) 
The investigation of the effect of  the clocking was performed 
for an axial spacing of  ~.fla=12.5% and for a tip clearance of 
t/h=1.25, in order to increase the effects of  the secondary 
flows, the mass flow was set to 2.00 kg/s, which corresponds 
to a flow coefficient of  0,43. The clocking positions and the 
area averaged reduced stagnation pressure for each case are 
listed in Table 3. The position of  the blades for the different 
clocking and the measurement location is drawn in Fig. 25. 

Clocking -0.45 ° 5.45 ° 7.45 ° 9.45 ° 11.45 ° 
Test No 903 901 905 906 902 
Pc4r~ 1104.8 1104.8 1102.8 1103.4 1103.2 

9 9 1 8 8 

Table 3 Test cases for the measurements 

III1.  
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~ 5.45 ° 
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9.45 Q 

'~.11.45~ 
v O -0.45 ° 

~,.9 L .I 
I'Measurement At'earl 

Fig. 25 Blade positions for the different clocking cases 

The 0 degree clocking position corresponds to the relative 
pitchwise position between IGV and stator, used for the 
previous test cases (i.e. to the zero extension of the second 
hydraulic cylinder). 
Fig. 26 represents the pitchwise distribution of the reduced 
stagnation pressures at respectively 20%, 50% and 80% 
channel height plotted over two pitches. The plots were 
adjusted in order to have the stator position fixed at a certain 
position and hence the stator wakes superposed on the plots. In 
the hub region (z/h=20%) and for an indexing o f -0 .45  degree, 
losses in stagnation pressure are noticed at the pressure side of  
the wake. This is caused by the presence of  the IGV wake 
close to the stator wake, or by the fact that the IGV wake 
crosses the stator leading edge. For an indexing of 5.45 
degree, the IGV wake has moved and is present on the suction 
side of the stator wake. Then the position of the IGV wake 
moves to the right (on the graph) with the clocking. In the 
midspan region, the circumferential motion of the IGV wake is 
characterized by a loss in stagnation pressure that moves to the 
left on the graph as the indexing is increased. 

1115.0 20% channel h .~,el~ht, . 

1110.0 ..A~ / . ~  . . ~ t ~  ._ A,~ / t ~  . . , p ~ . . .  
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Fig. 26 Pitchwise distribution of  the reduced stagnation 
pressure at z/h=20%, 50% and 80%, at 84% axial 
chord downstream of  the stator, for the different 
indexings and for Cx/U--0.43 (~h=12.5% and 
t/h=l.25%) 

100.0% . . . .  , . . . .  , . . . 
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80.0% @ 7.45 degree docking 

& 9.45 degree clocking : r 
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1075.0 1080.0 10~ .0  1 ~ 0 . 0  1 ~ 5 . 0  11 ~ . 0  1105.0 1110.0 

Pc4~ 
Fig. 27 Spanwise distribution of  the pitchwise averaged 
reduced stagnation pressure (23 mm downstream of the stator 
trailing edge) for the different indexings (~.Jh=12.5% and 
t/h=l.25%) 
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For the indexing of-0.45 degree, the stator wake appears to be 
less deep and outside of the wake the stagnation pressure 
remains low, at the pressure side. For this case, the IGV wake 
impacts the pressure side of the stator in the midspan region 
and the overall stagnation pressure level is slightly higher than 
the other indexings as can be seen in Fig. 27. 
In the tip region (z/h=80%), the stator wake does not seem to 
be strongly affected by the indexing. At design conditions it 
was seen in the measurements with the different axial spacings 
that a zone of loss issued from the interaction between the 
IGV wake and the rotor tip clearance vortex had an influence 
on the flow structure in the stator. For higher loaded 
conditions the flow downstream of the stator is not much 
affected by the circumferential variation of the low energy 
zones downstream of the rotor. One reason could be the higher 
velocities through the tip clearance due to stronger pressure 
gradients between suction side and pressure side of the rotor 
blade. These large velocities can be responsible of the wipe 
out of the regions of low energy. 
Fig. 27 shows the radial distribution of the pitchwise area- 
averaged stagnation pressure issued from the detailed Pitot 
measurements for the five indexings. For the indexing o f -  
0.45 degree, the reduced stagnation pressure is rather high up 
to 50% channel height. As seen before, this is due to the fact 
that the IGV wake flows onto the pressure side of the stator in 
this spanwise location. This improves the performances of the 
compressor. This behavior was also observed by Dorney et al. 
[ref. 6] on a low speed axial and by Barankiewicz et al. on a 
high speed axial compressor. For the indexing of 5.45 degrees, 
the IGV wake flows onto the leading edge of the stator and 
crosses the blade at about z/h=30%. This creates losses in 
stagnation pressure compared to the clocking of -0.45. For the 
indexings of 7.45 and 9.45 degrees, Fig. 26 showed the 
interaction between the IGV wake and the stator hub 
clearance. This effect leads to a lower stagnation pressure 
profile in the hub region. 11.45 degree clocking was the worst 
configuration because the IGV wake is present in the suction 
side at the tip of the stator and also in the stator hub corner 
vortex region. The stagnation pressure is the lowest in almost 
all the channel height. 

5. CONCLUSIONS 
The variation of the axial spacing between rotor and stator 
implies a variation of the position of the IGV wake at stator 
inlet. This is equivalent to vary the indexing between the IGV 
and the stator. 
• The measurements for the different indexing positions show 

that at the location where the IGV crosses the stator blade is 
characterized by a thickening of the wake. 

• The interaction between the IGV wake and the rotor tip 
clearance will create a zone of loss close to the casing at a 
certain location in the absolute frame of reference (Fig. 19). 
The position of this zone at stator inlet depends of the 
relative pitchwise position of the upstream IGV, and hence 
of the indexing between IGV and stator or as shown in this 
paper of the axial spacing between the blade rows. This 

zone will interact with the stator blade boundary layer. The 
worst deterioration of the flow in the tip region of the stator 
occurred when this low energy fluid arrives on the stator 
suction side. 

• The loss in stagnation pressure in the stator hub clearance 
vortex is strongly influenced by the presence of the IGV 
wake. The Pitot measurements, downstream of the stator 
show that the hub clearance vortex losses increase in extent 
and in magnitude in presence of the IGV wake. Hence the 
losses in the hub region are dependent on the indexing and 
on the axial distance between the blade rows. 

The most important contribution to the variation of 
performances with indexing or with the axial spacing are due 
to the secondary flows near the endwalls and especially to the 
rotor tip and stator hub clearances. In this study, the flow at 
stator inlet is characterized by the presence of the IGV wake, 
and by a zone of loss coming from the interaction between the 
IGV wake and the rotor tip clearance. The circumferential 
position of these low energy zones will determine the structure 
of the flow in the stator passage and hence the performance of 
the compressor stage. A variation of more than 3 percent- 
points in efficiency was measured when varying the axial 
distance between rotor and stator. In a multistage axial 
compressor, the variation of the axial spacing does not only 
implies the variation of the indexing between the stator, but 
also between the rotors. 
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