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Abstract: An experimental and numerical study was conducted to investigate the forced response of blade

vibration induced by rotating stall in a low speed axial compressor. Measurements have been made of the tran-

sient stalling process in a low speed axial compressor stage. The CFD study was performed using solution of 3

—dimensional Navier— Stokes equations, coupled with structure finite element models for the blades to identi-

fy modal shapes and structural deformations simultaneously. Interactions between fluid and structure were

managed in a coupled manner, based on the interface information exchange until convergence in each time step.

Based on the rotating stall measurement data obtained from a low speed axial compressor, the blade aeroelastic

response induced by the rotating stall flow field was analyzed to study the vibration characteristics and the cor-

relation between the phenomena. With this approach, good agreement between the numerical results and the

experimental data was observed. The flow phenomena were well captured, and the results indicate that the ro-

tating field stall plays a significant role in the blade vibration and stress affected by the flow excitation.
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Modern turbofan engines are highly devel-
oped complex systems that provide a large a-
mount of power with relatively low weight.
With the demand for higher aerodynamic per-
formance, the blades are more likely to react to
the unsteady aerodynamic loading. Fatigue fail-
ures of compressor rotor blades have been a ma-
jor problem in the development of the axial flow
compressor. One of the sources of many failures
has been rotor blade vibration excited by rota-
ting stall.

The ability of a compression system to de-
liver the required pressure ratio over a wide
range of settings is essentially governed by the

performance map of the system. As the mass
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flow rate through the compression system de-
creases, the pressure rise across the system in-
creases. However, the system stalls as below a
certain mass flow. The rotating stall, a typical
dynamic instability for performance, has been
long concerned in turbomachinery. The rotating
stall process has attracted a number of attentions
over the past several decades. Stall in compres-
sors can be associated with initiation of several
types of fluid dynamic instabilities. These insta-
bilities and the different phenomena, surge and
rotating stall, which result from them were dis-
cussed in the paper of Greitzer',

Numerous studies have shown that the fluid

dynamics mechanism of stall inception is identi-
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cal regardless how the compressor stalls. It is
closely related to the tip clearance flow. Hoying
et al’¥ examined the influence of three-dimen-
sional flow structures within a compressor blade
passage to determine the mechanism in rotating
stall inception. They found that the stall incep-
tion depends on the stability of tip clearance
leakage vortex. Vo et al"* studied the impact of
blade passage flow on the compressor stability.
He summarized two criteria for the subsonic
compressor stall inception: tip clearance flow
spillage below blade tip at the leading edge and
backflow at the trailing edge blade tip. Stall was
interpreted to occur as a result of a critical mo-
mentum balance between the approach fluid and
the tip-leakage flow which is investigated by
Matthew!".

sage caused by the leakage vortex movement and

Therefore, the blockage of tip pas-

the backflow at the trailing edge are the principle
causes of stall inception” ™,

Rotating stall is a local phenomenon in
which a circumferentially uniform flow pattern is
disturbed, and some of the blades stall. The
stalled regions move from blade to blade; and
appear to rotate about the shaft axis, at an angu-
lar velocity which is 1/3 to 1/2 that of the angu-
lar velocity. Rotating stall not only brings aero-
dynamic drawbacks but also may lead to vibra-
tions and fatigue of the compressor blades™ !,
Forced vibration can occur due to the excitation
produced by passing through rotating stall cells.
Forced vibration is critical when the excitation
frequency coincides with a natural frequency of
the blade. When pressure fluctuation occurs, it
acts as a periodic force on the blades. This pro-
duces blade vibrations of significant magnitude.
A rotating stall and blade vibration survey was
conducted on a modified production turbojet en-
gine by Howard"'". It was found that the maxi-
mum vibratory stresses occurred at the first and
second stages. These vibrations were excited by
the second harmonic of the three-zone relative
stall frequency, which was not in resonance with
the natural bending frequency of the blade. En-

[12]

geda"”’ examined the basic knowledge in both

rotating stall and blade vibration, took an effort
to correlate them. Despite the progress in de-
sign, there is still no known direct analytical
correlation between rotating stall and blade vi-
bration. As the need for higher pressure ratio
and wide operational range, the solution to cor-
relate rotating stall and blade vibration is highly
needed.

With the great improvement of CFD meth-
od, it becomes possible that fluid-structure cou-
pled simulations of aeroelastic phenomena in the
time domain can be carried out in practice. Few
of the current studies in this field touched on the
blade vibration induced by rotating stall in CFD
coupled method. In this present work, an exper-
imental measurement is conducted to obtain the
transient stalling data, and a time domain nu-
merical approach is carried out to enhance the
understanding of three dimensional blade row
aeroelastic characteristics under the parallel
computation. With a good agreement between
the numerical results and the experimental data,
the blade aeroelastic response induced by the ro-
tating stall flow field is analyzed to study the vi-
bration characteristics and the correlation be-

tween the phenomena.
1 Numerical method

1.1 Fluid dynamics

A finite-volume based method is applied to
solve the conservation laws for unsteady com-
pressible flow. The Navier-Stokes equations in
integral form can be written as

Jﬂ %]dV*JIF - dS = MF,.[dV (D

S \4

where V is the control volume with boundary
surface S. The vector of state variables U is giv-
en by

U = (psptspvsow,oE s pk s 0e)" (2)
where p is the density, u, v, w are the velocity
vectors, and E is the total energy of the flow.
The eddy viscosity is obtained from the k< mod-
el. The flux tensor F consists of the inviscid and
viscous parts. And F, stands for the effects of

gravity and other body forces.
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oy, —
L HV e (pU) =0 (3)

This equation states the conservation of
mass for an unsteady flow with boundaries. And
the momentum equation, total energy equation

can be written as

P
ﬂJﬁV' (pUXU) =
at
Vel=pd+p(VU+VU)]+S, D
IH)

Ip . -
Er Fh + V. (pUH)

V GVT) +V (,NU+VUT—%V-U5U>+SE

(5
Where total enthalpy H, the dynamic viscosity .,
the thermal conductivity A, momentum source S, »
energy source S..

In this study, the ke turbulence model is
used for the wall treatment. The values of £ and
e come directly from the differential transport e-
quations for the turbulence kinetic energy and

turbulence dissipation rate

e d _d yu Ik N
?t(Pk) +£(Pujk) o dx; (m (71,‘,»>+(I e
(6)
d d .
aft(pE)ﬁLa(pu]E) -
Jd su Jde - e i
axj(gé afj.)+°€lG/e pCa (7

Where the constant values C,s0:50..Cq s Co the

2

. . .k .
turbulence viscosity u, = pC, =, the viscous force
13

d dyj\ 9
=, (ZH CHNOH
G /1’(91] Jrax,)(?xj'

1.2 Structural dynamics

The structural equations for a mechanical
system with a finite number of degrees of free-

dom are given by

Mx +Cx +Kx = F (8)
where the mass matrix M, the damping matrix
C, the stiffness matrix K, the vector of displace-

ments x, and the forcing vector F.
1.3 Fluid-structure interface

Although the fluid and the structure meshes do
not mix, there exists a fluid-structure interface as a
three-dimensional

two-dimensional manifold in

space. Within each time step, the flow equations
and the structural equations are solved simultane-
ously, exchanging information on the fluid-structure
interface. This procedure is repeated until the flow
and displacements are converged, before proceeding
to the next time step. A distributed pressure load,
therefore, must be first transferred into equivalent
nodal forces. Such a transformation must satisfy two

requirements as conservation of loads and energy.

ZF;' = Jpj ds
S Fu, = [[pdsdu

Vi = Uy 9

The first one is that the nodal forces must
yield the same net forces as the original distribu-
ted pressure loads. For the evaluation of the en-
ergy, the definition of virtual work is conven-
iently used to ensure conservativeness. Equating
the virtual work performed by the nodal forces
F; acting on a virtual nodal displacement u; with
that done by the original distributed surface
pressure p; moving through the equivalent dis-
tributed virtual displacement du, this require-
ment is given as the second one.

In the aeroelastic applications, the computa-
tional domain may be enclosed by moving bound-
aries. When the boundaries are moving, there
must be at least some part of the computational
mesh which moves along the boundary motion.
This requires the computation of some geometric
quantities that include the grid velocities (the
fluid interface mesh node velocity vg, the struc
ture interface mesh node velocity vg), and the
geometric conservation equation can be written
as the third one.

According to the load transfer and deforma-
tion tracking system of Doi et al''™™,ZHANG et
al**', this mismatch of mesh points on the inter
face transfers the pressure distribution on the
fluid surface mesh to a corresponding nodal load
distribution on the structure and also the trans-
fer of the displacements of the structural nodes
to corresponding perturbations of fluid mesh u-

sing a numerical approximation.
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2 Experimental tests of rotating
stall in a compressor

The research object of this paper is the low-
speed single stage compressor of Beijing Univer-
sity of Aeronautics and Astronautics (BUAA),
as shown in Fig. 1. It consists of 19 rotor blades
and 13 stator blades. The design mass flow rate
is 2. 40 m’/s at a rotational speed of 3000r/min,
providing a total pressure rise of 1500 Pa. The
rotor tip radius is 225mm and the hub/casing ra-
tio is 0. 75, with a rotor tip clearance of 0. 25
mm. The Reynolds number is about 2 X 105
based on rotor tip chord. Details of the compres-
sor geometry, operating conditions, and experi-
mental data can be found in reference[ 15]. Some
information concerning the compressor stage is

given in Table 1.

\

1 Flow gathering ware;

2 Flow rate static pressure holes;

3 Inlet total pressure comb; 4 Inlet guide vane;
5 Rotor blade; 6 Kulite dynamic pressure probe;
7 Stator blade; 8 Exit total pressure comb;

9 Exit total pressure rake; 10 Motor;

11 Rear casing; 12 Throttle plug.

Fig.1 Compressor test rig

Table 1 Design parameters of axial compressor

Parameters Value

Rotor revolutions per minute at 100% speed 3000

Tip speed/(m/s) 70.7

Hub-Tip radius ratio 0.75
Number of rotor blades 19
Number of stator blades 13

Detailed measurements have been made of
the transient stalling process in an axial com—
pressor stage. Static pressure fluctuations were
measured with five Kulite dynamic sensors pro-
posed at the shroud of rotor blade leading edge
with differences of 21 degree in the rotating di-
rection. The stall signals were obtained by var-
ying the position of the throttle and thereby the
mass flow. One of the static pressure measure-
ment samples is shown as the following Fig. 2.
It indicates a significant fluctuation as the stall

occurs.

1

6 1.8 2.0

5 1 1 1 1 1 I 1
0 02 04 06 08 1.0 12 14 1

Time/s

Fig. 2 Pressure measurement samples for

one Kulite trace at 100% speed

The main focus of this analysis method was
to locate the rotating wave frequency. In order
to do this, spectra analysis on stall signal history
are carried out to analyze the frequency in detail.
For the 19 blades of the compressor rotor, the
blade passing frequency can be conducted as:

3000 _
= 5o X 19 = 950 Hz

oot = 6% X z,

(10)

where the blade passing frequency fi,. the rotor
speed at n r/min, the blade number z,.

From the Fig. 3, it can be found clearly the

100

50

Amplitude/mV

TP S S Y B "

0 500 1000 1500 2000 2500

FIT‘('II('I’I('HIHZ

Fig.3 Amplitude spectrum in a wide range
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blade passing frequency (950 Hz). And also from

the results obtained by the amplitude spectra of

100
iy

the stall signals, a low {requency appears with

high amplitude in the Fig. 4. These experimental

Amplitude/mV

results indicate that one stalled region appears to U‘
rotate about the eigenfrequency of 17 Hz, at an 0 %0 100 150 200 250 300
angular velocity which is 1/3 to that of the angu- Frequency/Hz

lar velocity in the rotating direction (Fig. 5).

Fig. 4 Amplitude spectrum in a low range

plv

i i 1 1
342 34.4 34.6 1348 v 35.0

Time/s

Fig.5 Pressure measurement samples for five Kulite traces at 100 % speed

. . . flexural mode shape is shown in the Fig. 7.
3 Computation results and discussions

3.1 Computation models

The fluid-structure interaction method de-
scribed above has been used successfully on a
compressor. The unsteady flow field of rotor is
studied using numerical solution of three-dimen-

sional Navier-Stokes equations, coupled with

structure finite element models for the blades to

0 0150 0300
) ) Scale/m  s— —
identify modal shapes and the structural deform- 0.075 0.225
ations simultaneously. Fig. 6 Computation models

Interactions between fluid and structure are
dealt with in a coupled manner, based on the in- lMax m’-
terface information exchange until convergence
in each time step. The experimental measure-
ments section at the inlet of compressor is select-

ed for the calculation field boundary in the simu-

lation. The extension of the inlet and outlet is a- ‘
bout 2 times blade chord length in the middle. Min
Fig. 6 shows the CFD model used in Navier Fig. 7 Blade first natural flexural mode shape
Stokes computations. And the blade first natural
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3.2 Computation results

In the following part of the paper, based
onthe rotating stall measurement data obtained
from a low speed axial compressor, the blade
aeroelastic responses induced by the rotating
stall flow field are performed to analyze the vi-
bration characteristics and the correlation be-
tween the phenomena. The part performance of
the compressor calculated by the coupled method
is shown in Fig. 8 compared with experimental
data (EXP). And the characteristic lines calcu-
lated by the coupled method agree well with the
experiment result at all operating conditions

with normalized mass flow @.

0.86

0 u ® EXP

| -./. ‘i\. —e— CFD

0.82 F

[ |

= osof

0.78 -/

0.76 ]

0.4 0.5 0.6 0.7 0.8 0.9
Normalized mass flow @
(a) Efficiency lines
1800
9.
1600  ma e
] \

1400 - N
< 1200} _\.
> | =

1000 —e— [XP \

200 | u CFD n

600

0.4 0.5 0.6 0.7 0.8 0.9

Normalized mass flow @

(b) Total pressure rise lines

Fig. 8 Comparison of compressor characteristics

between CFD and experimental results

As shown the spanwise distribution of total
pressure near the design point in Fig. 9, the da-
tas obtained by the numerical simulation are in
accordance with the experimental result. The a-
bove analysis shows that unsteady coupled simu-

lation results are very close to the experiment

measured results. In other words, the unsteady
numerical calculation can reproduce the experi-
mental results quantitatively. Therefore, it is
reasonable and reliable to predict the flow in the
compressor using full annular unsteady simula-

tion during the stall process.

081

0.6

Span

04

021

0 . T . \ ;
900 1000 1100 1200 1300 1400

Ap'/Pa

Fig. 9 Spanwise distribution of total pressure

near design point

In order to simulate the stall inception-re-
covery process, two steps are taken. Static pres-
sure is set as the outlet boundary condition to
simulate different operating points of the com—
pressor. Firstly unsteady simulating was carried
out using constant static pressure as the outlet
boundary condition. When the unsteady simula-
tion was converged, the variable static pressure
changing with time was applied as outlet bound-
ary condition, as shown in Fig. 10. The static
pressure firstly increases and then decreases as
time released, the rotating compressor experi-
ences the whole process from entering stall to re-

covering during the time.

121

w o

=)

Normallzed pressure

1 1
0 0.2 0.4 0.6 0.8 1.0

Normallzed time

Fig. 10 Variable static pressure at outlet
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In order to analyze the stall inception in de-
tail, 17 static pressure measuring points were
placed on the shroud of the rotor blade leading
edge in the CFD process with differences of 21
degree in the circumference as the same positions
in the experiment. Because the static pressure
measuring points are fixed on the rotating
frame, these points are moving with the rotor.

It shows the static pressure measurement
samples of rotor tip on the rotating frame in the
time domain with Fig. 11. The abscissa axis
stands for the simulation time, and the ordinate
axis is nondimensional static pressure. The stall
cell appeared at a certain state, and spread in
circumferential direction. Because of the higher
rotor rotating speed than the stall speed, the

stall region rotating direction is opposite to the

rotor rotating direction in the rotating frame.

v I

Y 2

L 3

e 4

——

L ™ 6
: 7
3 v 8
£ 9

=

7 ] 10
E L_ 11
2 12
E B 13
= JI 14
Vi v 15
- 16

T

0 0.05 0.10 0.15 0.20
Time/s
Fig. 11 Static pressure measured by 17 points

on rotating frame

Then spectra analysis is carried out to ana-
lyze the frequency on the stall signal time histo-
ry. It is found that a low frequency (32.47 Hz)
appears with high amplitude in the amplitude
spectrum of Fig. 12, which means the speed of
the stall cell is about 65% of rotor rotating speed
in the opposite direction. As the rotor rotating
at 3000 r/min, the frequency of measuring point
can be calculated to be 50 Hz. So in the stationa-
ry frame, one stall cell appears to rotate about

the eigenfrequency of 17. 53 Hz, at an angular

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

velocity of 35% to that of the angular velocity in
the rotating direction (Fig. 13). It is in good a-

greement with the experiment results.
120
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Amplitude/Pa
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Frequency/Hz

Fig. 12 Amplitude spectrum

Stalic entropy/(J/kg « K)
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Fig. 13 Stall cell in the compressor

Seale/m O 0.150 0.300
0.075 0.225

Analysis on the blade deformation chart
(Fig. 14) obtained by the coupled method at
state D shows that the blade vibration mode is
similar to the first bending mode (Fig. 7). The
node of maximum deformation on the blade tip
leading edge is selected according to the character-

istics of different states of the rotor, on which

MX

Deformation/10-*m RS \

m’ J |
0.482 / I

B 064 i

11450 |

Fig. 14 Blade deformation chart

http:// www.cnki.net
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basic characteristics of spatial and temporal vi-
bration are analyzed. The curve of the blade tip
vibration at different mass flow states is shown

in Fig. 15.

Di Hil].!!l ement/mm

0.039 :

0.05 0.10 0.15 0.20 0.25
Timels
Fig. 15 Blade tip vibration curve

Rotating stall is a local phenomenon in
which a circumferentially uniform flow pattern is
disturbed. Stall may produce large spatial peri-
odic flow fluctuations within the compressor.
Forced vibration can arise from the excitation
produced by passing through rotating stall cells.
And if the excitation frequency of the rotating
stall were to be equal to or some fraction of the
natural frequency of any of the blades, a reso-
nant vibration would occur.

Although there is no crossing point between
the stall rotating frequency and the blade first
natural flexural (1F) or torsion (1T) frequency
in the Campbell diagram (Fig. 16) , the influ-
ence on the blade forced response by the rotating
stall can not be ignored. When pressure fluctua-

tion occurs, it acts as a periodic force on the

4000

3000

2000 -

Frequeney/Hz

1
1000 F

EO19
EO10
. 101

0 1000 2000 3000

Rotor speed/(r/min)

Fig. 16 Campbell diagram (EO:engine order)

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved.

blades. The amplitude of the resulting vibratory
stress would, of course, depends on the strength
of the excitation force due to rotating stall and
the amount of damping in the blading. This pro-
duces blade vibrations of significant magnitude.
Analysis on the stress at different operating
states of the rotor (Fig. 17) by selecting a key
point of maximum stress at blade root (Fig. 18)
shows the same phenomenon that the rotating
field stall plays a significant role on the blade vi-
bration and stress influenced by the flow excita-

tion.

24.0 [N

235

Vonstress/MPa

23.0

225 - L
0.05 0.10 0.15 0.20 0.25
Time/s

Fig. 17 Stress change of a key point at blade root

S Min}

Trailing edge Leading edge

Trailing edge

Fig. 18 Blade stress chart

(left; pressure side; right: suction side)

4 Conclusions

This paper takes the single stage and low
speed axial compressor as the research object,
presents a fluid-structure coupled aeroelastic
method on blade forced response in turbomach-
inery. Compared with experimental results, the
current study demonstrates the capabilities of
the coupled computational approach for investi-
gating blade aeroelastic response induced by the
rotating stall flow. The conclusions can be sum-

marized as follows.

http:// www.cnki.net
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1) For the research compressor of this pa-
per, the experimental results indicate that one
stalled region appears to rotate about the eigen-
frequency of 17 Hz, at an angular velocity which
is 1/3 to that of the angular velocity, and the
spread direction is the same with the rotor rota-
ting direction.

2) Rotating stall is a local phenomenon in
which a circumferentially uniform flow pattern is
disturbed, it acts as a periodic force on the
blades. The

through rotating stall cells can cause the blade

excitation induced by passing
forced response, producing blade vibrations of
significant magnitude. The results indicate that
the rotating field stall plays a significant role on
the blade vibration and stress influenced by the
flow excitation.

3) Rotating Stall is known to cause danger-
ous compressor and blade vibrations. While the
pressure,velocity and other aerodynamic signals
are used to established relationship with the ro-
tating stall phenomenon, the magnitudes of
blade vibration and stress may tend to be closer
corresponding to the stall inception process.
These are worth an effort to be taken on in the

following works.
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