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In the performance test of a compressor, the overstrain alarm of a rotor blade occurred and it was thought to be caused by a large-
sized inlet probe. To explain and further avoid the occurrence of this phenomenon, the influences of probe strut configuration on
the vibration strain of the compressor rotor blade and the corresponding flow mechanism are studied by using a one-way fluid-
structure coupling calculation method. Firstly, the probe strut is simplified as a cylinder with a diameter of 10 mm and located
upstream of the inlet stator with the strut wake impinging on the stator blade according to the compressor test. Then, the three
scenarios are considered: moving the strut away from the stator blade in axial direction, shifting the strut half of the stator pitch
circumferentially, and reducing the strut diameter. The analysis results show that the characteristics of blade vibration are
determined by the excitation force on the rotor blade. Under the interaction between the large-sized strut and the compressor,
in addition to the excitation force with the strut passing frequency, a force with a lower frequency, namely, the strut-wake-
induced frequency, is also observed. The amplitude of the excitation force on the rotor blade depends on the probe
configuration. When one of the excitation force frequencies is close to a natural frequency of the rotor blade, the blade
resonates, and the amplitude of blade strain varies with the amplitude of the excitation force. In order to reduce the adverse
effect of upstream strut wake on the compressor rotor blade vibration, the inlet probe strut should be designed with a smaller
diameter and be placed further upstream of the stator in such a way that the strut wake vortex passes through the midpassage of
the following stator.

1. Introduction pressor performance was related to the diameter and the

number, but not the circumferential position of the inlet

The immersed total temperature/total pressure probe is
widely used in the aerodynamic performance test of com-
pressors. As a foreign body, the probe obstructs the flow pas-
sage and produces wake vortex, resulting in change of the
compressor aerodynamic performance and the blade vibra-
tion characteristic.

Most of the published researches on the interaction
between an inlet probe and compressors focus on aerody-
namic performance of compressors. According to the exper-
imental results of Ma et al. [1], the static pressure rise and
total pressure rise of low-speed compressor are reduced after
installing a large-sized probe strut. The numerical studies by
Yang et al. [2] showed that the reduction of 1.5-stage com-

probe strut. The numerical results of Ma et al. [3] showed
that the change of compressor performance came from the
interaction between the wake vortices shedding from the
probe strut and the vortices generated inside the compressor
blade passage. In the compressor experiment conducted by
Lepicovsky [4], the outflow pressure and the axial velocity
distribution of adjacent rotor blade passages were affected
by the inlet probe strut rotating synchronously with the
rotor. The experimental results of Xiang et al. [5] showed that
the linear cascade loss reached the minimum value when the
shedding vortices of the probe strut of 10 mm in diameter
passed through the blade passage rather than impinged on
the blade.
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FIGURE 1: Photos of the inlet measurement probes: (a) total pressure probe; (b) orientation probe; (c) five-hole orientation probe.

In the studies of probe-compressor interaction men-
tioned above, the probe is usually simplified as a strut or cyl-
inder. Teruna et al.’s numerical results [6] showed that the
blade surface pressure fluctuates greatly when the upstream
cylinder wakes impinge on the compressor blade. The blade
resonance may occur under the influence of large-scale
Kérman vortex street shedding from upstream cylinders
[7, 8]. Besides that, there is no more public literature about
the compressor blade vibration caused by the inlet probe
wake. Researches on compressor blade vibration mainly
focus on self-excited vibration and forced vibration caused
by the unsteady flow of the rotor-stator interaction [9, 10],
tip leakage vortex [11], rotating stall [12, 13], and so on.
The reasons why people pay little attention to blade vibration
caused by the probe strut-compressor interaction are two
folds. On the one hand, it is relatively rare to have blade
vibration failure caused by a strut-compressor interaction
in compressor tests. On the other hand, a potential compres-
sor blade vibration failure may be easily prevented by replac-
ing the original probe strut with a smaller one.

Nevertheless, in the performance test of a compressor
with an inlet probe strut of 10 mm in diameter, it was found
that the dynamic strain of a rotor blade exceeded the prede-
fined limit. The strain over limit warning was cleared by
removing the probe strut of 10 mm or replacing it with a
small-sized inlet probe strut of 8 mm + 3 mm in diameters
(seen in Figure 1). In order to avoid the recurrence of the
compressor blade vibration problem, it is necessary to ana-
lyze the flow mechanism of this phenomenon and further
establish some guidelines for designing and placing inlet
probe struts, such as the probe diameter and the installation
position in compressor performance tests. Since the cost of
numerical study is much less than that of experimental study,
fluid-structure coupling calculations are carried out to inves-
tigate the blade vibration and the flow mechanism of the
tested compressor with different scenarios considering the
probe diameter and positioning.

2. Description of the Experimental Results

The experimental results were taken from a three-stage axial
compressor performance test. At the design rotational speed
of 7671 RPM, the mass flow, the total pressure ratio, and adi-
abatic efficiency are 17.9kg/s, 1.68, and 85%, respectively.

The hub ratio, the radius at the shroud, the chord at blade
tip, and the tip clearance of the first-stage rotor are 0.84,
328.5mm, 44.5mm, and 0.5 mm, respectively. Figures 2(a)
and 2(b) show the axial and circumferential positions of the
total pressure probe and the orientation probe mounted on
plane 1-1 with a radial inclination of 6.2 degrees. The cylin-
drical orientation probe was used for measuring the outlet
flow angle of upstream preswirl blades (IGV, simulating the
last-stage stator blades of a fan). At the midspan section,
the probe strut at position (5) is placed at 5.4 times the strut
diameter upstream of the leading edge of blade SO in stream-
wise and the probe wake just impinges on the leading edge of
blade SO as shown in Figure 2(c). Figure 1 shows the total
pressure and the orientation probes used in the compressor
performance tests. The cross section of the total pressure
probe strut is a long strip of 3mm x 14 mm as shown in
Figure 1(a), and the orientation probe strut is a cylindrical
type. The diameter of the strut in Figure 1(b) is 10 mm, and
the strut in Figure 1(c) has a diameter varying from 8 mm
for its top bit to 3mm for its tip. Three strain gauges are
pasted on the pressure surface of the three blades of the
first-stage rotor, respectively, as shown in Figure 3, which
are used to monitor the vibration strain signals of the first
three natural modes of the rotor blade. The vibration strain
measurement system is mainly composed of resistance strain
gauge, slip ring wire electrical, Xpod signal conditioner,
OROS dynamic data acquisition system, etc. The data acqui-
sition has a sampling frequency of 16.38 kHz.

According to the test results, when the compressor speed
was greater than 4457 RPM and the inlet orientation probe in
Figure 1(b) was used, the strain over limit warning occurred
at point A on the rotor surface. The warning signal disap-
peared when the orientation probe was removed or replaced
with the small-sized probe in Figure 1(c). Some test results of
point A are given in Table 1. At 4600 RPM and 5150 RPM,
the mass flow rates at the two operating points with the over
limit warning are 10.5kg/s and 12.3 kg/s, respectively. These
two points are marked as solid symbol at the computational
performance map in Figure 4. The two operating points are
away from the choke point and the stall point of the
Compressor.

In order to understand the cause of blade strain over
limit, the modal analysis results of the rotor blade in
Table 2 are compared with the frequency analysis results of
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FIGURE 2: Schematic of the installation position of inlet measurement probe: (a) axial position; (b) circumferential position at plane 1-1; (c)

the position of the probe support 5 at 50% span.
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FiGure 3: Installed positions of strain gauges on the rotor blade
pressure surface.

the measured strain signals in Table 1. The default block
Lanczos method of ANSYS software is adopted for modal
analysis using the mesh and boundary conditions to be pre-
sented in Section 4.2. The blade disk is not considered in
the modal analysis, so the calculated natural frequencies of
the rotor blade alone are slightly higher than those of the
actual rotor [14]. Comparing Table 1 with Table 2, it can be
seen that as long as the orientation probe is installed at posi-
tion (5), the strain amplitude and the maximum strain
become very large and the strain dominant frequency at
point A has a value close to the first natural mode frequency
of the blade. This means that the rotor blade resonance
occurs under the influence of the probe at position (5). In
Table 1, the blade strain amplitude and the maximum strain
for the probe configuration including the orientation probe
shown in Figure 1(b) are greater than those for the probe con-
figuration including the five-hole orientation probe shown in

Figure 1(c). This indicates that the vibration amplitude of
rotor blade is also related to the probe diameter.

To explain the origin of the excitation force required for
the blade resonance, the compressor with an inlet orientation
probe (in Figure 1(b)) installed at position (5) is taken as the
research object for the fluid-structure coupling calculation in
this paper. In addition, in order to prevent the occurrence of
the blade resonance and the strain over limit in future com-
pressor tests, the influence of inlet probe strut configuration
(the circumferential position, the axial position, and the
diameter) on blade vibration is further studied.

3. Numerical Research Strategy

Theoretically, the computational domain should be a full
annulus of the compressor in Figure 5. However, the compu-
tational grid of the full annulus model of the three-stage com-
pressor with an inlet probe will exceed 100 million even if the
number of grid points of each blade passage is as low as
300,000, which is computationally intractable. In order to
reduce the size of the computational grid, only the IGV, the
orientation probe installed at position (5), the stator row
S0, and the rotor row R1 are selected. The mesh size is further
reduced by setting the computational domain to 1/8 annulus
of the compressor of which the blade counts of IGV, strut, SO,
and R1 blades are further adjusted from 36:1:62:87 to
32:8:64:88 (4:1:8:11). As the main body of the orienta-
tion probe (Figure 1(b)) is a cylindrical strut, the probe is
simplified as a cylindrical strut, abbreviated as “strut” in the
following sections.
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TaBLE 1: Test results of the strains at point A on the rotor blade.

. Rot d
Strut configuration oror spee

Peak-peak strain amplitude

Maximum strain Dominant frequency

Strain warning

(RPM) (ue) (ue) (Hz)
1,2 4600/4900/5150 -/165/- -1102/- “I-1- No
1,2,5 (Figure 1(b))  4600/4900/5150 659/698/810 346/372/421 852/886/856 Yes
1,2,5 (Figure 1(c)) 4600/4900/5150 460/-/643 239/-/362 848/-/865 No
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FIGURE 4: Compressor performance map: (a) dimensionless efficiency and (b) dimensionless pressure ratio.

TaBLE 2: Natural frequency of the rotor blade.

TaBLE 3: Four different probe configurations under investigation.

Modal 1 2 3 Case  Diameter  Axial distance  Circumferential position
4600 RPM 908 Hz 2296 Hz 3583 Hz 1 10 mm 3.5R1 0S
4900 RPM 913Hz 2298 Hz 3591 Hz 2 10 mm 3.5R1 0.5S8
5010 RPM 917 Hz 2299 Hz 3594 Hz 3 10 mm 4.5R1 0S
4 5mm 3.5R1 0S

Figure 5: Computational model of the compressor with a probe
strut.

Although the number of struts increases to 8, the distance
between adjacent struts is 20.6 < L/D < 25.6 (L represents the
strut pitch; D is the strut diameter) along blade span, which is
much larger than the critical value of 4-5 reported experi-
mentally by Zdravkovich [15]. Thus, the interaction between
adjacent struts can be ignored, which means that the vortex

shedding characteristics of one strut and eight struts will be
the same. In addition, compared to the real compressor
model, the solidities of stator SO and rotor R1 in the calcula-
tion model have been changed by 3.1% and 1.1%, respec-
tively, which is expected to have negligible impact on the
compressor performance. Therefore, the calculation model
in Figure 5 can be used to reveal the flow mechanism of the
blade vibration induced by the interaction between the strut
and the compressor.

At the two operating points of (4600 RPM, 10.5kg/s) and
(5150 RPM, 12.3 kg/s) in Table 1, the flow field is expected to
have the same velocity triangles. Consequently, the same flow
mechanism of strut-compressor interaction is also expected.
Hence, the operation point at 4600 RPM only is selected for
numerical study in this paper. The compressor with eight
inlet struts of 10mm is taken as the reference designed as
Case 1. Three more configurations are obtained by moving
the struts axially, circumferentially, and reducing the strut
diameter as shown in Table 3. The axial distance of “3.5
R17and “4.5 R1” means that the gap between the strut trailing
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edge and the rotor leading edge is 3.5 and 4.5 times the chord
length of the rotor blade at midspan section. The relative cir-
cumferential position of the strut and stator “0S” is shown in
Figure 2(c), while the “0.5S” represents the strut moving half
of a stator pitch circumferentially.

The flow mechanism of the strut-compressor interaction
is similar when the probe strut solidity is low, and increasing
the number of struts will lead to increased strength of wake
vortices shedding from the strut. Therefore, the change of
strut number is not considered in Table 3. Meanwhile, reduc-
ing the axial distance or increasing the strut diameter will
bring about the same blade vibration problem. Thus, only
four cases in Table 3 are taken into account in the numerical
investigation.

4. Numerical Methods

The numerical methods of fluid-structure interaction (FSI)
include one-way fluid-structure interaction (OWI) and
two-way fluid-structure interaction (TWI) methods. It is cer-
tain that the TWI method has higher accuracy in predicting
the structural vibration, but consumes much more comput-
ing resource than the OWI does. Benra et al. [16] compared
the feasibility of these two methods for predicting the struc-
tural vibration. If the shedding frequency of wake vortex
from an upstream square cylinder was close to the natural
frequency of the plate, the obtained frequency of the plate
deflection was nearly the same for both methods and the
plate displacement obtained using the OWI was smaller than
that obtained using the TWI. Yin et al. [17] investigated the
aerodynamic and mechanical performance of the last-stage
long blade in a compressor. He found that the largest von
Mises stress predicted by TWI is slightly smaller than that by
OWI, but the same maximum stress location is predicted by
the two methods. Despite all this, due to its lower time con-
sumption, OWI is more widely used in solving engineering
problems such as the blade resonance and compressor design
[18, 19]. According to the description of experimental results
in Section 2, the blade resonance occurs under the influence
of the inlet probe strut. Therefore, OWI is adopted to study
the flow mechanism of compressor rotor blade vibration
under different inlet probe configurations in this paper.

4.1. Flow Calculation

4.1.1. Meshing. The computational domain of the compres-
sor with an inlet probe is shown in Figure 5. At the midspan
section, the inlet boundary is 0.8 times the IGV chord length
away from the IGV leading edge, and the outlet boundary is
located at 2.7 times the R1 chord length downstream of the
RI trailing edge.

The grid is generated by NUMECA/Autogrid5 and IGG.
The topology of blade/strut is 4HO for the main flow passage
and is butterfly for the end gap. The near wall grid is refined
to meet the requirement of the chosen turbulent model
(Y* <1). In order to accurately capture the development of
the strut shedding vortex, the wake region is refined, such
as the green mesh in black box (5 million grids), the red mesh
(8.84 million grids), and the orange mesh (16.5 million grids)

in Figure 6(a). In addition, the grid is adjusted to the same
distribution in the circumferential direction at the interfaces
2 and 3 to allow the strut shedding vortex to pass through
smoothly. The grid distribution does not match at the inter-
face 1 as shown in Figure 6(b), because no strut wake passes
through there. The numbers of grid points of the domain SO
and domain R1 are 14.84 million and 16.5 million, respec-
tively. A coarse grid with a total of 1.6 million grid points is
used for the IGV domain, as it is to provide the inflow angle
and turbulence to the inlet of the downstream domain. This
results in 40.19 million grid points in total.

4.1.2. Solution Setup. The commercial CFD software CFX is
used for the simulations to be presented in the paper. The
second-order high-accuracy scheme is selected. Sgrensen
et al. [20] found that the results predicted by using the SST-
DES turbulence model coupled with the y —Re, transition
model are in good agreement with the experimental results
when the Reynolds number (Re) of the flow around cylinder
is from 10 to 1 x 10°. For the compressor studied in this paper,
the Re of the flow around the strut is from 4.5 x 10* to 7 x 10*.
Therefore, the SST-DES turbulence model coupled with y —
Re, transition model is adopted for transient simulations.

According to the test conditions, the total pressure, the
total temperature, and the axial flow angle are imposed at
the domain inlet, and an average static pressure is set as the
outflow boundary. The no-slip and adiabatic conditions are
used for the solid wall. Rotational periodic boundary condi-
tions are applied to the lateral surfaces of the computational
domain. A mixing plane approach is used at the rotor-
stator interface in steady simulations, whereas a sliding inter-
face technique is used in unsteady calculations. For unsteady
calculation, the initial field is provided by the converged
steady results and the physical time step is set to At =5 x
107%s. The choice of time At means that 30 physical time
steps are required to pass through a rotor blade passage.
The calculation results are considered to be converged when
the flow field pressure fluctuation, the mass flow rate, and the
efficiency have clear periodicity.

4.1.3. Validation. The flow mechanism of the strut-
compressor interaction lies in accurate predictions of the wake
vortex shedding from the strut. Therefore, the experimental
results of the flow around a cylinder with Re = 1 x 10° in Ref-
erence [21] are used to verify the numerical methods and grid
distributions mentioned above. The comparison between the
time-averaged results obtained by an unsteady calculation
and the experimental data is shown in Figure 7. It can be seen
that the predicted results of the friction coefficient distribution
and separation position agree well with the experimental
results, with only a small deviation of the peak friction coeffi-
cient. Therefore, the numerical calculation methods mentioned
above are reliable for predicting the strut shedding vortex
and the flow mechanism of strut-compressor interaction.

4.2. Structural Calculation

4.2.1. Meshing and Numerical Method. Because the geometry
of the rotor blade disk is unknown, the rotor blade only is
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FIGURE 6: Schematic of the mesh: (a) blade to blade view at 50% span and (b) close-up of the interface meshes (left: box 1, middle: box 2, and

right: box 3).

analyzed for blade vibration. The commercial software
ANSYS is used for blade meshing and vibration calculation.
The finite element model of rotor blade is shown in
Figure 8, with a total element number of 24017. A strain
monitoring point A is set on the blade surface in Figure 8,
corresponding to the first-order strain measurement position
in Figure 3. The blade material is aluminum alloy 2A70 with
the density of 2800 kg/m>, Young’s modulus of 7 x 10'° Pa,
and Poisson’s ratio of 0.33. The degree of freedom at the bot-
tom of the blade is set to 0. The centrifugal load applied on
the blade surface is obtained by a given blade rotation speed
of 4600 RPM. The aerodynamic load on the blade surface is
obtained by interpolating the pressure from a flow field anal-
ysis at the fluid-structure interface. The damping matrix is
determined by Rayleigh damping, where the coeflicients «
and f3 are calculated by the damping ratio of any two modes.
In practical engineering, it is assumed that the modal damp-

ing ratio of two vibration modes is equal and is given as 0.02
in empirical value. This assumption is adopted in the tran-
sient structural dynamic analysis by the Newmark direct
integration method in this paper.

4.2.2. Validation. The procedures of transient structure
dynamic calculation are as follows. The unsteady pressure,
taken from the time interval of the compressor rotating four
wheels after the convergence of flow simulation, is applied on
the rotor blade surface firstly. Then, the transient structural
dynamic calculation is carried out. The blade vibration sig-
nals, such as the strain and the displacement, are extracted
and analyzed.

The strain signal obtained from the compressor test is
used to verify the feasibility of the numerical methods for
structural vibration analysis. For Case 1, the comparison of
unsteady strain at point A on the rotor blade surface is shown
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FiGURre 8: Finite element model of the rotor blade.

in Figure 9. Both results show that the strain gradually decays
after reaching the peak value during the strut passing period,
as shown by the red envelope line in Figure 9(a). The domi-
nant frequency of strain in Figure 9(b) is 906 Hz, which is
approximately equal to the calculated blade first-order natu-
ral frequency 908 Hz in Table 2. The calculation results sug-
gest that the blade resonance occurs, agreeing with the
conclusion of the test results in Section 2. Although the calcu-
lated maximum strain is 26% greater than the test data, the
structural calculation method in this paper can be effectively
used to analyze the relative change of blade vibration for dif-
ferent inlet probe configurations.

5. Results and Discussions

5.1. Rotor Blade Vibration. Corresponding to the cases in
Table 3, Figures 10 and 11 show the time domain and fre-
quency domain results of the strain at point A and the rotor
blade excitation force. In Figures 10(a) and 11(a), the peaks
are enveloped by red lines, the maximum value is marked
by red numbers, and the final peak-peak value represented
by blue numbers is considered to be the strain amplitude
and the excitation force amplitude. In Figures 10(b) and
11(b), the rotor blade 1** mode natural frequency 908 Hz is
marked in red line, the strut passing frequency of 613 Hz
and its harmonics are marked in blue lines, and the peak
amplitude and corresponding frequency are labeled. In
addition, the low frequency of 295 Hz obtained by subtract-

ing 613Hz from 908Hz is shown by the purple line in
Figure 11(b).

In Case 1, Case 2, and Case 3, with a strut diameter of
10 mm, the strain amplitude gradually increases and finally
maintains a high value in Figure 10(a). Meanwhile, the dom-
inant frequency of the strain is close to the blade natural fre-
quency in Figure 10(b). Therefore, the rotor blade resonance
occurs under the influence of the upstream large-sized strut
in the first three cases. Since the blade maximum strain in
Case 2 and Case 3 is about 76% and 81% of that in Case 1,
and the critical value of overstrain is 68% of the maximum
strain found in the test at 4600 RPM, the strain gauge may
issue the same over limit warning as in Case 1.

In contrast, the diameter of the strut is only 5 mm in Case
4. The blade maximum strain in Case 4 attenuates to a small
value, which is only 16% of that in Case 1. In addition, the
frequency with the dominant amplitude is the fourth har-
monic of the strut passing frequency, and the dominant
amplitude in Case 4 is much smaller than that in the first
three cases. Therefore, the blade vibrates safely in Case 4.

Then, the excitation force causing the blade vibration is
analyzed. In Figure 11(b), the excitation force component
with a frequency close to 908 Hz cannot be ignored in Case
1, Case 2, and Case 3, but the opposite is in Case 4. In
Figure 11(a), both the amplitude and the maximum value
of the excitation force in Case 1, Case 2, and Case 3 are larger
than that in Case 4. That is, in Case 1-Case 3 with a large-
sized strut, the rotor blade is subjected to an excitation force
with a frequency just equal to its 1** order natural frequency
and a large amplitude. In Case 4, the rotor excitation force is
small. According to the resonance theory, it happens if the
excitation force frequency is close to the natural frequency
and the energy gained by the blade is greater than that dissi-
pated. The absorbed energy is mainly determined by the
amplitude of excitation force. Therefore, the frequency and
amplitude of the excitation force induced by the upstream
strut play an important role in the blade vibration.

In Figure 11(b), the frequencies close to 908 Hz and other
higher ones can be obtained by superimposing low frequen-
cies close to 295Hz and 613 Hz. The frequency close to
295Hz can only be found in Case 1-Case 3 with the large-
sized strut, so it is named as the strut-wake-induced fre-
quency in this paper. Because the 613 Hz is determined by
the rotation speed and the number of probes, the estimation
of another frequency 295 Hz is essential for blade resonance.

In Figure 11(a), the amplitude of the excitation force
depends on the strut configuration. Once the compressor
flow field is affected by the upstream wakes of foreign struts,
the excitation force on the rotor blade will change accord-
ingly. Therefore, in order to minimize the amplitude of the
excitation force, it is critical to assess the strength of the strut
wake for different strut configurations.

5.2. Flow Mechanism of the Strut-Compressor Interaction

5.2.1. Spectral Analysis of the Excitation Force. The source
and estimation method of the strut-wake-induced frequency
are analyzed below, taking Case 1 as the example. Figure 12
shows the spectrum results of unsteady pressure detected at
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point PA and PB. The two points PA and PB are at 58% span
section. The point PA is in the wake zone and is 1.5 times the
strut diameter downstream of the strut trailing edge, and the
point PB is in the stator wake zone and is 6 mm away from
the stator trailing edge. It can be seen that the frequency of
the wake vortex shedding from the strut is 2125 Hz, which
is labeled as f ,qqing- And all the determined frequencies of

the strut and the blade passing mentioned above are greater
than 613 Hz. Therefore, the origin of low frequency close to
295 Hz in Figure 11 should be obtained by further exploring
the unsteady flow mechanism of the strut-compressor
interaction.

Figure 13 shows the time history of the inflow attack
angle measured by a numerical probe mounted on the rotat-
ing hub upstream of the rotor blade over 44 the rotor blade
passing periods. At the midspan section, the axial distance

between the numerical probe and the rotor blade leading
edge is 1 mm, and the circumferential distance along the
rotation direction is 2 mm. In Figure 13, h/H is the relative
height of the blade, and Np represents the number of rotor
blade passing periods.

As shown in Figure 13, the positive attack angle has four
peaks, that is, one peak appears every 11 Nygp. The ratio of
the strut count to the rotor blade count is 1:11, so the peak
attack angle is caused by the upstream strut. Large fluctua-
tions in the attack angle lead to the large fluctuations in blade
load and the corresponding excitation force. It is the reason
why the frequency of the excitation force with the dominant
amplitude is close to 613 Hz in Figure 11(b).

In addition, in Figure 13, the peak positive attack angles
appear approximately once every 22 Nygp that is the conse-
quence of asynchronization of the rotor inlet attack angle and
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FiGure 11: The rotor blade excitation force for different strut configurations: (a) time domain and (b) frequency domain.
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in Case 1.

the upstream strut wake vortex. The instantaneous vorticity
contours of the midspan section at t =ty,t, + T to +
11Tmmrpassmg, and ¢, + 22 Trotorpassing are shown in Figure 14. It
can be seen that the flow behaves similarity only at t = ¢, and
t =15+ 22T ompassings Although the relative positions of the
strut, the stator, and the rotor are the same at these four
instants. Since the rotor blade load is the same for the similar
flow field, the excitation force with a low frequency of
306.7Hz can be calculated from 22T o pasing- Like the
strut-wake-induced frequency around 295Hz in Figure 11,
306.7Hz can also be regarded as the strut-wake-induced
frequency.

Look closely at Figures 14(a)-14(c), the difference of
nonsimilar flow is caused by the strut shedding vortex, which
has a different phase at the strut trailing edge and at the rotor

rotorpassing?
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F1cure 13: Contours of the rotor blade inflow attack angle in Case 1.

leading edge. Therefore, the strut-wake-induced frequency
can be estimated by flow similarity.

T=mxT

rotorpassing

=nX Tshedding =kxT

transport

o 1)

probepassing?

where m, n, k, and p are all positive integers. T cqqing 18 the
period of wake vortex shedding from the strut, and T\, por
is the time required for the vortex to transport from the strut
trailing edge to the rotor leading edge.

From Equation (1), the strut-wake-induced frequency is
1/p times of the strut passing frequency.

From Case 1 to Case 3, Tcqqing is approximately the
same for the strut with 10 mm in diameter, and T',,, 0. i
almost equal for the little change of axial distance between

the strut and the rotor blade. T and T

probepassing rotorpassing
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F1cure 14: Instantaneous vorticity contours for Case 1: (a) £ = ty; (b) £ = to + Troiorpassing (€) £ =1 + 11T

remain constants for the unchanged rotating speed and the
number of the strut and rotor blade. Thus, the strut-wake-
induced frequency predicted by Equation (1) keeps almost
unchanged, which is verified in Figure 11.

5.2.2. Strength Analysis of the Strut Wake Vortex. Because of
the coupling of velocity and pressure in the Navier-Stokes
equation, the pressure fluctuation can also be used to
describe the strength of the wake vortices which are shed
from the strut and transported downstream. In this paper,
the wake vortex strength is defined as the root mean square

of the pressure P, = \/ YN (P=P,.)*/(N - 1). Taken the

wake strength at point PA in Case 1 as the reference, the
dimensionless wake strength P, is calculated, as shown in
Figure 15. It can be seen that the strut-wake strength changes
with the strut configuration.

The changes of wake strength at PA are analyzed firstly,
which can be explained by the strut-stator interaction. The
strut wake affected by the downstream stator can be analo-
gous to that of the cylinders arranged in series or crossed.
Zdravkovich [22] found that there is a critical distance of 4-
5 times diameter of cylinder in series arrangement, below
which the interaction of adjacent cylinders cannot be
ignored, because it causes a greater drag coeflicient. Accord-
ing to Wu’s [23] study, the cylinder wake strength is propor-
tional to the drag coeflicient. In Case 1, at the midspan
section, the small streamwise distance between the strut
and the stator results in the nonignorable strut-stator interac-
tion. Since the drag coeflicient of the cylinders arranged in
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FIGURE 15: Strut-wake strength at point PA and point PB for
different strut configurations.

crossed is smaller than that in series [22], the configuration
changes of the strut and stator reduce the strut-wake strength
significantly from Case 1 to Case 2. In addition, the shorter
the dimensionless distance, the stronger the strut-stator
interaction, where the dimensionless distance is defined as
the ratio of the distance between the strut and stator to the
strut diameter. The decrease of the strut diameter from
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10 mm to 5 mm at the same strut location leads to an increase
in dimensionless distance. Thus, the wake strength in Case 4
is weaker than that in Case 1 but stronger than that in Case 2.
And the strut in Case 3 is closer to the middle of the transi-
tion duct, so the strut-wake strength is affected more by the
adverse pressure gradient of S-type transition duct rather
than the reduction of the dimensionless distance. This is
the reason why the strut-wake strength in Case 3 is greater
than that in Case 1.

Then, the wake strength at PB is discussed. It is deter-
mined by the initial wake strength at PA and the wake decay
rate from the strut to the stator. The larger the dimensionless
distance, the greater the decay rate of wake vortex. For
dimensionless distance, the largest value is in Case 4, the sec-
ond largest is in Case 3, and the smallest is in Cases 1 and 2.
So although the strut-wake strength at PA in Case 4 is larger
than that in Case 2, the wake strength at PB is opposite. The
same conclusion is true for Case 3 and Case 1. Therefore, the
final wake strength at PB is sorted in order as Case 1, Case 3,
Case 2, and Case 4, which is consistent with the strain in
Figure 10.

Through the analyses above, reasonable probe configura-
tion can reduce the amplitude of blade excitation force. Both
reducing the adverse pressure gradient of the transition duct
where the strut is located and making the strut wake to pass
through the midpassage of downstream stator are conducive
to decreasing the strut-wake strength. Enlarging the gap
between the strut and the stator, and reducing the strut diam-
eter are beneficial to reduce the strut-wake strength and
increase the wake dissipation. It is helpful to guide test engi-
neers to choose the probe strut configuration in compressor
tests.

6. Conclusions

In order to explain the overstrain problem of the first-stage
rotor blade caused by the inlet probe in the compressor per-
formance tests, the one-way fluid-structure coupling simula-
tion method was adopted. The inlet probe simplified as a
strut with a diameter of 10 mm; the inlet stator and the
first-stage rotor in the test compressor were selected as the
research objects. Numerical calculation is carried out to study
the effect of strut configuration on the strain of rotor blade
vibration and the flow mechanism of strut-compressor inter-
action. The conclusions are as follows:

(1) The frequency and the amplitude of the excitation
force are two important factors that affect rotor blade vibra-
tion. When one of the excitation force frequencies is close
to a natural frequency of the rotor, the blade resonates, and
the amplitude of blade strain varies with the amplitude of
the excitation force

(2) The frequencies of the excitation force are affected by
the interaction between the strut and the compressor. Besides
the strut passing frequency, there is a lower frequency acti-
vated by large-sized strut in the excitation force, which is
named as the strut-wake-induced frequency. The wake-
induced frequency is related to the passing frequency of the
strut and the rotor blade, the wake vortex shedding frequency
of the strut, and the time for the strut wake to be transported
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to the rotor leading edge. Based on the frequency correlation,
a prediction model of the wake-induced frequency is estab-
lished in the paper

(3) The amplitude of the excitation force is related to the
probe configuration. Adjusting the strut-stator arrangement
to decrease the strut-wake strength and increasing the
dimensionless distance between the strut and stator to
increase the wake decay rate are two effective ways for reduc-
ing the amplitude of the excitation force

(4) To avoid the occurrence of rotor-blade overstrain in
compressor performance tests, the inlet probe should be
designed with the strut diameter as small as possible under
the constraints of probe processing, structural strength.
Meanwhile, on the premise of meeting the requirements of
probe geometric installing space and the compressor perfor-
mance test, the probe needs to be placed far upstream of the
rotor blade with the strut wake passing through the midpas-
sage of the inlet stator
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