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Abstract 

Phenomena such as hard landings or geometric flaws can cause non-axisymmetric tip clearance in turbines. Such 
geometric imperfections induce flow distortions which can, in turn, cause self-excited vibration of the rotor, or rotordy-
namic instability. Flow field perturbations in a single-stage, unshrouded impulse turbine caused by non-axisymmetric 
tip clearance have been investigated experimentally. Steady velocity and pressure data have been acquired at the design 
point with and without static turbine casing offset. Perturbations in tangential velocity and casing wall pressure have 
been obtained, and rotordynamic forces along and perpendicular to the axis of offset have been inferred. Compared to 
an unshrouded 20% reaction turbine, the forces due to tangential force asymmetry are much smaller, but the forces due 
to pressure asymmetry are comparable. 
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1. Introduction 

Turbomachinery vibration can be distinguished by 
the type of forcing as either forced or self-excited. A 
self-excited vibration occurs when the rotor’s vibra-
tory motion extracts energy from an external source 
such as the working fluid. This energy then adds to 
the vibratory motion, and this unstable phenomenon 
is called rotordynamic instability. Structural sources 
and fluid-structure interactions can cause rotordy-
namic instability. Many turbopump and gas turbine 
engine development programs were plagued by rotor-
dynamic instability problems [1]. 

One major cause of rotordynamic instability has 
been attributed to the fluid excitation forces due to a 
non-uniform tip clearance gap. These forces arise 
when the whirling motion displaces the rotor center 
from the casing center position. Thomas first identi-
fied the problem in steam turbines [2], and Alford 

independently identified the same problem in jet en-
gines [3]. 

According to Alford, in a turbine with an offset 
shaft, the local efficiency and the local tangential 
force (i.e. torque) is assumed to be higher in the 
smaller tip gap region. When the torque distribution is 
integrated around the circumference, the net result is a 
force acting orthogonal to the displacement, which 
adds energy to the forward whirling motion (Fig. 1). 

Most previous investigations have focused on the 
excitation forces due to static offsets [4-6]. Martinez-
Sanchez et al. [7] obtained lateral excitation force and 
aerodynamic data in an unshrouded 20% reaction 
turbine with a statically offset rotor. Subsequently, 
Song acquired force data for the 20% reaction turbine 
and developed a theoretical model [8, 9].  

However, most liquid rocket fuel turbo pumps use 
impulse (0% reaction) turbines to save weight. Since 
these impulse turbines have not yet been investigated, 
this study focuses on flow field redistribution due to 
non-axisymmetric tip clearance in an unshrouded 
axial flow impulse turbine.  
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Fig. 1. Geometry of Alford's model. 

1

2

345

6

7

89

8

1. Turbine  test section
2. Air supply system
3. 3-way control valve
4. Flow straightener
5. Orifice flow meter 

  6. Screen
  7. 2-way butterfly valve
  8. Silencer
  9. Dynamometer

Flow

Fig. 2. Top view of experimental facility. 

Fig. 3. Turbine test section. 

2. Experimental facility  

The experimental facility, which is located at the 
Korea Aerospace Research Institute (KARI) in Dae-
jon, Korea, consists of the main flow loop and auxil-
iary systems. A detailed description is given in Oh et 
al. [10]. Fig. 2 shows the overall schematic of the 
experimental facility, and Fig. 3 shows a photograph  

Fig. 4. Schematic of the turbine test section. 

Table 1. Design parameters for the test turbine. 

Parameters Test Turbine 
Reaction 0.0 

Flow Coefficient 0.58 
Work Coefficient 2.6 

Stator Blade Exit Angle (deg) 73.0 
Rotor Blade Inlet Angle (deg) 58.0 
Rotor Blade Exit Angle (deg) -58.0 

Rotor Mean Radius (mm) 120.0 
Rotor Blade Span (mm) 24.0 
Rotor Blade Chord (mm) 12.5 
Number of Blades (ea) 50 

Mass Flow Rate (Kg/sec) 0.76 
Inlet Axial Flow Velocity (m/sec) 30

Rotational Speed (rpm) 4001 
Inlet Temperature ( K) 298 

of the test section. The air supply system is composed 
of a 2-stage, centrifugal compressor powered by a 
500-hp electric motor. The flow rate is controlled by a 
three-way control valve and a two-way butterfly 
valve. The rotational turbine speed is controlled by a 
dynamometer.  

The turbine test section is designed to facilitate test-
ing with both uniform (0.5 mm) and non-uniform tip 
clearances. The main components of rotating machin-
ery are the turbine rotor, bush ring, and the upper 
drive shaft (Fig. 4). Static offset is obtained by 
mounting the test section casing eccentrically relative 
to the concentric rotating parts. 

The test turbine is a 1:1 replica of an unshrouded 
impulse turbine stage used in an actual turbopump. 
The design flow and work coefficients are 0.58 and 
2.6, respectively (Table 1). 

Flow instrumentation is detailed in Fig. 5. The 3-
hole probes at Stations 1 and 5 are traversed radially.  
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Fig. 5. Axial locations for aerodynamic instrumentation and 
types of instruments used at each section. 

Fig. 6. Flow chart of the data acquisition scheme. 

They sense axial and tangential velocity components, 
total & static pressures, and total temperature. Static 
pressure taps are located at all axial stations. All of 
the directional probe pressures, static wall tap pres- 
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Fig. 7. Peturbation in tangential velocity vs. azimuthal angle 
at x/c=2.5 ( =0.58, e/Hb=0.01 – e/Hb=0.00). 

sures, and the inlet probe pressures are routed through 
a Scanivalve multiplexer, and are measured with 1.25 
and 12.5 psid pressure transducers. The transducers 
have an uncertainty of ±0.25% of the full scale value.  

The pressure and temperature data are transferred 
to a PC via HP E1413A automatic data acquisi-
tion/control system and HP 3456A digital voltmeter 
system. Fig. 6 shows the data acquisition flow chart.  

3. Flow survey results  

Data have been acquired under zero-offset (concen-
tric) and static-offset (eccentric) conditions at the 
turbine design condition. At the design point, the 
rotational speed is 4000 rpm, and the mass flow rate 
is 0.76 kg/s.  

Generally, directional probes are used to obtain 
steady state aerodynamic data. However, the down-
stream directional probes actually sense flows which 
are unsteady. To bound the error due to flow un-
steadiness, the mass flow rate, inferred from the probe 
data at Station 5 (x/c=+2.5), has been compared 
against that from the orifice flow meter. The mass 
flow rates match each other to within 5%. 

Fig. 7 shows the azimuthal distribution of the per-
turbation in tangential velocity due to the rotor offset 
at Station 5 (x/c=+2.5) at various radii (z/Hb). The 
maximum gap is located at  =180°, and z/Hb values 
are 0 and 1 at the hub and casing wall, respectively. 
Tangential velocity is defined to be positive in the 
direction of rotation. Thus, at most radial locations the 
downstream flow is underturned in the bigger gap 
region (180°) and overturned in the smaller gap re-
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gion (0°). 
The tangential force exerted on the turbine blades 

by the fluid, per unit perimeter, is given by the Euler 
turbine equation as 

2 50
( ) ( )

H

y x y yf c c c dz  (1) 

where cy2 and cy5 are the tangential velocities at the 
rotor inlet and exit, and cx is the mass flux at each 
azimuth. The perturbation in the tangential force 
caused by the rotor offset, f y ( ), is obtained by sub-
tracting the concentric tangential force distribution 
from the eccentric data, and Fig. 8 shows the f y ( )
plotted versus azimuthal angle. A tangential force 
deficit near the maximum gap is clearly visible. Such  
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Fig. 8. Peturbation in tangential force extracted vs. azimuthal 
angle at x/c=2.5 ( =0.58, e/Hb=0.01 – e/Hb=0.00).
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a defect, which is the classic Alford mechanism 
shown in Fig. 1, would cause a forward whirl. 

The lateral forces also arise due to non-axisym-
metric pressure distribution. Fig. 9 shows the pertur-
bation in the tangential pressure distribution after the 
concentric case has been subtracted from the eccentric 
case. The non-axisymmetric pressure has its mini-
mum around 150°, and would also tend to excite a 
forward whirl. 

These lateral forces due to flow asymmetries are 
then converted into nondimensional rotordynamic 
stiffness coefficients by taking the slopes of the curve 
of the forces vs. eccentricity. The direct stiffness coef-
ficient (kXX) and the cross stiffness coefficient (kXY)
are thus  

2 2&
( / ) ( / )

X Y
XX XY

b b

F R F Rk k
Q e H Q e H

 (2) 

Such stiffness coefficients due to tangential force 
asymmetry and pressure asymmetry for both impulse 
and 20% reaction turbines are listed in Tables 2 and 3, 
respectively. The signs of the impulse turbine's rotor-
dynamic stiffness coefficients are consistent with 
those of the 20% reaction turbine. Both f y & p lead to 
a positive kXY, which destabilizes the rotor into a for-
ward whirl. Also, both f y & p result in a negative kXX,
which trends to restore the rotor back to center. How-
ever, the magnitudes of the impulse turbine’s kXX and 
kXY due to tangential force variation are merely 5% 
and 20% of those found in the 20% reaction turbine. 
As expected, since there is no flow expansion through 
the rotor in an impulse turbine, the asymmetry in 
rotor tip clearance does not result in significant tan-
gential force asymmetry. On the contrary, the magni- 

Table 2. The direct and cross stiffness coefficients for an 
impulse turbine. 

Tangential force Pressure Total 

kXX kXY kXX kXY kXX kXY

-0.03 0.48 -3.16 1.15 -3.19 1.63 

Table 3. The direct and cross stiffness coefficients for a 20% 
reaction turbine [9]. 

Tangential force Pressure Total 

kXX kXY kXX kXY kXX kXY

-0.6 1.9 -2.6 1.6 -3.2 3.5 
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tudes of the impulse turbine’s kXX and kXY due to pres-
sure asymmetry are 120% and 71% of those found in 
a 20% reaction turbine. The pressure perturbation is 
an indication of large length-scale, potential flow 
response to tip asymmetry, and this effect remains 
significant even in an impulse turbine.  

4. Conclusions  

The following conclusions can be drawn from this 
investigation: 
(1)  A long length scale flow field redistribution due 

to non-uniform tip clearance exists in an impulse 
turbine. 

(2)  The directions of the impulse turbine's excitation 
forces are consistent with those of a 20% reaction 
turbine.  

(3)  Compared to a 20% reaction turbine, the non-
uniform tangential force effect is significantly de-
creased, but the non-uniform pressure effect re-
mains in an impulse turbine.  
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Nomenclature-----------------------------------------------------------  

c : Axial blade chord  
cx  : Axial velocity  
cy : Tangential velocity  
e : Magnitude of rotor offset  
fy  : Tangential force acting on the rotor  
FX  : Lateral force in direction of the offset  
FY  : Lateral force perpendicular to the di-

rection of the offset  
H  : Annulus height  
Hb  : Blade span  
k  : Nondimensional stiffness coefficient 
Q  : Turbine torque 
R  : Mean turbine radius  
U  : Rotational speed  
X  : Direction of minimum gap in the fixed 

coordinate system  
x  : Axial direction  
Y  : Direction of /2 radius ahead of X  
y  : Tangential direction  

z  : Radial direction  
=cx/U  : Turbine flow coefficient  
  : Azimuthal angle measured in the direc-

tion of rotation from the minimum gap 
location 
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