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Abstract

The inter-stage flow fields of a full-scale four stage compressor at different working conditions were
measured in detail by blade profile probe, five-hole probe and high-frequency dynamic probe. The pressure,
temperature and Ma distributions after each stage rotor were quantitatively analyzed, and the flow
mechanism affecting the compressor performance was diagnosed. It provides data and theoretical basis for
the optimal design of multistage compressor. The results show that by using the customized small-size L-
shaped five-hole probe and high-frequency dynamic single-hole probe, the measurement problems caused
by the narrow space of full-size multistage compressor can be well overcome, and detailed distribution of
flow field parameters after the rotor blade along the radial and circumferential directions can be measured.
Through the comparison and analysis of the overall performance, stage performance and inter-stage flow
field, the main separation characteristics near the end wall affecting the compressor performance are
effectively diagnosed.

Keywords: axial-flow multistage compressor; inter-stage flow field; flow field diagnosis; steady-state five-hole
probe; high-frequency dynamic single hole probe.

1. General Introduction

The compressor of an aero engine is generally composed of multiple stages, and a high-
performance multi-stage compressor requires the blades of each stage to be matched in a better
working condition. However, in the compressor, there are various complex secondary flows, such as
tip leakage flow, Interaction between shock wave and boundary layer, corner separation, etc. These
flows will destroy the matching between the blades of each stage, resulting in the decrease of
compressor pressurization capacity and the increase of compressor loss 8, Therefore, it is very
important for compressor performance diagnosis to analyze the real flow inside the compressor and
find out the influence of flow field on matching.

Since the 1990s, CFD technology has developed rapidly, and has become the main tool to study the
complex flow inside the compressor. However, due to the characteristics of CFD technology, its
simulation accuracy is affected by many factors, such as the choice of turbulence model, mixing
surface and near wall treatment 12, Especially for multistage axial compressor, the internal flow of
the compressor has strong three-dimensional and strong unsteady characteristics, and has strong
upstream and downstream interaction. It is difficult for CFD to simulate the complex flow in this
multi-stage environment. Therefore, it is still necessary to obtain the real flow situation in the
compressor through experiments and analyze the physical mechanism restricting the compressor
performance.

Over the years, many scholars have carried out a lot of work on the test of complex flow field in low-
speed large-scale compressor, and applied many advanced test technologies, including steady-
state pressure probe, dynamic pressure probe, hot wire, PIV (particle image velocimetry), LDA
(laser Doppler velocimeter), and achieved good application results 3%  However, in the
engineering field, a full-scale multi-stage compressor has short axial length, small blade size,
narrow axial spacing between blade rows, and the casing is usually equipped with an actuator with
adjustable stator blades. Therefore, it is extremely difficult to carry out internal flow field testing.
Common testing methods on low-speed large-scale compressor, such as PIV, LDA, hotline, etc.,
are difficult to apply to full-scale multi-stage compressors. At present, the contact probe is still the
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most mature and reliable way to test the flow field in a full-scale compressor. Kupferschmied et al.
used a dynamic probe to measure the detailed flow field on a high-speed turbomachine 2%, Ma
Hongwei et al carried out an experimental study on a transonic compressor using a probe with the
dynamic sensor embedded in the probe head ?*23, However, due to the narrow space and complex
structure of full-scale compressor, the probe should not only ensure small size, but also overcome
the test difficulties caused by vibration and high temperature.

In this paper, the temperature, pressure, Ma and other parameters of a full-scale multistage axial
flow compressor are measured, and the main factors affecting the compressor performance are
analyzed. It is hoped that through experimental testing methods, the real inter-stage flow field inside
the compressor can be obtained, so as to provide data and theoretical basis for the optimization of
multi-stage compressors.

2. Experimental Compressor and Test Device
2.1 Experimental Compressor

This four-stage axial compressor (HLC86) has 9 rows of blades including the inlet guide vanes. The
compressor flow path is shown in Figure 1. The inlet guide vanes, the first and second stage stators
are all adjustable stator blades. Therefore, the casing of the compressor is very complicated, which
brings great difficulties to the inter-stage flow field test. In addition, the full-size compressor has
narrow blade size and blade row spacing, high speed, high blade passing frequency, and complex
flow field, which further increases the difficulty of the inter-stage flow field measurement.

Figure 1 — Compressor flow path diagram

2.2 Test Device

The test device is shown in Figure 2, which is composed of power system, air intake system,
exhaust system, lubricating oil system, electrical system, measuring system, etc. During the test, the
gas flows through the inlet flow tube, the front diffuser, the intake throttle, the diffuser and the
pressure stabilizing box. After rectifying by the honeycomb and the rectifying net of the pressure
stabilizing box, it enters the compressor through the bell mouth, and finally the air flow is discharged
through the exhaust system.

Electric Motor Gear Box Exhaust System Compressor Pressure Stabilization System Flow Tube
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Figure 2 — Schematic diagram of compressor test device

Ll o] i

3. Test Equipment and Method

3.1 Measuring equipment
3.1.1 Steady state data acquisition system
During the compressor test, the steady-state pressure signal is collected by the pressure scanning
valve DSA3217, with an accuracy of +0.05% F.S. The compressor inlet temperature test
equipment is Ex1000A, and the data acquisition accuracy of the equipment is £0.3K. The outlet
temperature measuring equipment is Ex1000A-TC, when the temperature is below 300°C, the data
acquisition accuracy of the equipment is +0.2K. The torque and speed are measured by an
ET1200HS torgue measuring instrument, and the speed measurement accuracy is +1rpm.
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3.1.2 Pulsating pressure data acquisition system

The dynamic data test and analysis system based on the PXIE6356 acquisition board produced by
NI Company can realize data acquisition with a maximum sampling frequency of 500 kHz. During

the test, a square wave trigger signal is provided by the rotational speed measurement system to
achieve phase-locked acquisition.

3.2 Overall Performance Test Method

In order to obtain the compressor overall performance, it is necessary to measure the inlet mass
flow, inlet and outlet temperature and pressure. The mass flow of the compressor is measured by
the flow tube, which is arranged in front of the pressure stabilizing box of the test device (as shown

in Figure 2). The physical flow is calculated by measuring the total pressure, total temperature and
wall static pressure of the flow tube.

@) Rake-shaped total pressure probe  (b) Comb-shaped total pressure/temperature probe

Figure 3 — Schematic diagram of pressure and temperature test instrument
The total pressure at the compressor inlet is obtained by using two 5-point comb-shaped total
pressure probes arranged in front of the guide vane. Six 4-point comb-shaped probes and four 9-
point rake-shaped probes were used to measure the temperature and pressure at the compressor
outlet (as shown in Figure 3). To judge the surge boundary, the pressure pulsation is measured at

the compressor outlet and the stall or surge of the compressor is judged according to the pulsation
characteristics.

3.3 Inter-stage Flow Field Test Method
3.3.1 Blade profile probe test method

In order to measure the temperature and pressure fields between stages, the total temperature and
total pressure blade profile probes are arranged after the rotor blades of each stage. The structure
and arrangement of the blade profile probes are shown in Figure 4. After the first and second stage
rotors, the blade profile probe has six radial measuring points (located at 16%, 31%, 46%, 60%, 74%
and 87% blade height respectively), and after the third and fourth stage rotors, the blade profile

probe has five radial measuring points (located at 17%, 35%, 51%, 68% and 84% blade height
respectively).

84% RIS — =

Temperature/Pressure Blade Profile Probe

Figure 4 — Schematic diagram of blade profile probe
3.3.2 Five-hole probe test method

In order to obtain the flow capacity between stages, a customized five-hole probe is used to

measure the steady flow field after the second and third stage rotors at the design speed. The test
sections are shown in Figure 5.
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Test Section 1 Test Section 2

Figure 5 — Test section of steady state five-hole probe and dynamic single-hole probe

Due to the complex mechanical structure, narrow row spacing (about 7 mm-9 mm) and short blade
height (about 25 mm-40 mm) of the full-scale compressor, as shown in Figure 6, it is very difficult
to use probe measurement. Therefore, according to the compressor structure, a five-hole probe
with high precision and small size is customized. The probe is L-shaped (as shown in Figure 7),
the diameter of the probe rod is 6 mm, the head is conical (about 2 mm in diameter), and the probe
head does not exceed the projection range of the probe rod diameter, which is convenient to
change the radial position of the probe head in the narrow space between stages.
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Figure 6 —Schematic diagram of the second stage blade size
Probe Head Probe Rod

6 mm

Figure 7 —Customized L-shaped five-hole probe

Since the second-stage stators are an angle-adjustable blades, in order to avoid collision between
the probe and the stator blade, the leading edge of the blade nearest to the probe is cut off by 1/ 3
of the blade chord length. The position of the probe head relative to the blade is shown in Figure 8.

Position of probe head relative to
blade at 95% blade height

9% blade height 95% blade height

/ 13% blade height
2w gtage rotor oh’e /\
\ ( 3" stage rotor
/ Cutting off the leading / /K

edge of the blade 31 stage stator
274 stage stator :

(a) the second stage (b) the third stage

Figure 8 —Position of probe head relative to blade at different blade height
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3.3.3 Dynamic single-hole probe test method between stages

Although the five-hole probe can obtain the circumferential average aerodynamic parameters at
different blade heights after the rotor blade, the circumferential distribution of the flow cannot be
analyzed. In order to further qualitatively analyze flow field distribution of the S3 stream surface,
the dynamic probe is used to measure the flow field after the second and third stage rotors, and
the test section is shown in Figure 5.

Probe Head Probe Rod

6 mm I

Figure 9 —High frequency dynamic single hole probe

In order to adapt to the characteristics of narrow compressor geometry and high blade passing
frequency, a high frequency dynamic single hole aerodynamic probe is customized (as shown in
Figure 9). The pressure measuring hole is located on the side of the probe head, and a micro
dynamic pressure sensor is installed in the probe head to collect the dynamic pressure signal of
the flow field. The size of the probe head is about 2 mm, the diameter of the probe rod is 6 mm,
and the comprehensive response frequency of the dynamic probe and the measurement system is
about 60 kHz. Similar to the steady-state five-hole probe, the probe head does not exceed the
projection range of the probe rod diameter. By rotating the probe head, the dynamic single hole
probe can get the pressure of multiple directions, and then according to the calibration data, the
Ma, pressure and other aerodynamic parameters can be obtained.

Phase locked measurement is used in the test process. When the measurement system receives
the trigger signal, a group of dynamic signhal measurement is completed within one revolution of the
compressor, and 100 groups of dynamic data are collected for each experimental condition.
Through the average treatment, the flow field distribution of S3 stream surface after the rotor is
obtained as shown in Figure 10.

0.2 022024026 028 03 032

Figure 10 —The distribution of Ma after rotor measured by dynamic probe

4. Test Results and Analysis

4.1 Compressor overall performance at design speed

Figure 11 shows the overall performance of the compressor at design speed including design
condition (De), intermediate condition (MidO1 and Mid02) and near surge condition (Ns). The flow
rate, pressure ratio and efficiency in the figure are normalized based on the performance of De
condition.

It can be seen from the figure that the compressor is close to the highest efficiency state at De
condition. As the flow rate decreases further, the pressure ratio increases slowly and the efficiency
gradually decreases. Compared with the De condition, the pressure ratio at Ns condition is
increased by about 5%, and the efficiency is reduced by about 4%. Compared with the CFD
simulation results, the overall characteristics are quite different. The flow rate of the compressor at
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Ns condition is about 5% lower, and the maximum efficiency is about 4% lower, indicating that the
actual flow field matching of the compressor is quite different from the CFD simulation results.
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Figure 11 —Overall performance of compressor at design speed
4.2 Stage performance design speed
According to the total temperature and total pressure measured by the blade profile probe, the
pressure ratio and efficiency characteristics between the two rows of stators can be obtained.
When analyzing the stage performance, the definition of each stage is shown in Figure 12. The first
stage is IGV + R1, the second stage is S1 + R2, the third stage is S2 + R3, and the fourth stage is
S3 + R4.

Stagel Stage2 | Stage3 | Stage4 |

Figure 12 —The definition of each stage of the compressor

The pressure ratio and efficiency characteristics of each stage are shown in Figure 13-14, in which
the performance of De, Mid01, Mid02 and Ns operating points are identified. In order to compare
the four stage characteristics conveniently, the flow rate in the figure adopts the compressor inlet
flow rate. When calculating the pressure ratio and efficiency, the measured temperature and
pressure data are processed by area weighted average. The flow rate, pressure ratio and
efficiency of each state are normalized based on the first stage performance of De condition.

It can be seen from Figure 13(a) that from De to Ns condition, the pressure ratio of the first and
second stage increases gradually, especially the pressure ratio of the first stage increases most
obviously with the decrease of flow rate. At Ns condition, the pressure ratio of the first stage
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increases by about 3.5% compared with De condition, and the pressure ratio of the second stage
blade increases by about 2.3%. However, the pressure ratio of the third and fourth stage blades is
almost constant with the decrease of flow rate from De to Ns condition.
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(b) Efficiency characteristic

Figure 13 —Stage performance of compressor at design speed
As shown in Figure 13(b), the efficiency of each stage is lower than the CFD simulation results,
and the efficiency of the first three stages is significantly higher than that of the fourth stage. With
the decrease of flow rate, the efficiency of each stage decreased gradually, and the second stage
changed the least, and the third stage decreased the most. Compared with De condition, the
efficiency of the first stage to the fourth stage decreased by 3.5%, 1.4%, 7% and 3.3% respectively
at Ns condition.
In conclusion, the pressure margin of each stage is mainly provided by the first and second stages,
and the stage efficiency is higher; However, the third and fourth stages are in poor matching state,
and there is almost no change in supercharging capacity after De condition, especially the
efficiency of the fourth stage is significantly lower than that of the first three stages

4.3 Inter-stage flow field at design speed
4.3.1 Radial distribution of interstage pressure ratio and efficiency

Figures 14 shows the radial distributions of the pressure ratio and efficiency after rotors at De,
Mid01, Mid02 and Ns conditions. The pressure ratio and efficiency are normalized by the stage
average pressure ratio and average efficiency at De condition.
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(c) Flow field after the third stage rotor
10



MEASUREMENT AND ANALYSIS OF INTER-STAGE FLOW FIELD IN A HIGH-LOAD AXIAL MULTISTAGE

90% 90%
={ll=De il
80% —&—Mido1 {| 80%
—4—Mid02 ||
70% H ;-
6 ns 70%

= S =
= =
‘'S 60% %D 60% -
= =
0 L
B so% B so%
=3 m
> =4
2 0% 5 40%
L] L
~

30% P 30% -

20% 20%

10% 10% -

0% 0% - | I |

0.95 1 1.05 11 0.75 0.85 0.95 1.05 1.15
Normalized Pressure ratio Normalized Efficiency

(d) Flow field after the fourth stage rotor

Figure 14 —Distribution of single stage pressure ratio and efficiency along radial direction after each

stage rotor at deign speed
It can be seen from Figure 14 (a) that for different working conditions, the pressure ratio of the first
stage shows a strong pressurize ability near the tip, the pressurize ability is the strongest and the
efficiency is the highest near 74% blade height, and the pressurize ability is the weakest and the
efficiency is the lowest near 31% blade height. From De to Ns condition, except around 31% blade
height, the pressure ratio increases gradually, while the change of pressure ratio at 31% blade
height is small.

It can be seen from Figure 14 (b) that the pressure ratio after the second stage rotor is evenly
distributed along the blade height, and the variation along the radial distribution is not more than
3.5%. The highest efficiency is near the middle blade, and the efficiency decreases near the hub
and casing. From De to Ns condition, the pressure ratio near the end wall (87% and 16% blade
height) does not change significantly, and the efficiency decreases gradually with the state
approaching the surge boundary. In the mainstream region (31%-74% blade height), except that
the pressure ratio at 60% blade height does not change significantly with the working conditions,
the pressurization capacity increases with the decrease of inlet flow rate, especially at 74% blade
height, the pressure ratio increases most significantly and the efficiency increases by about 8%.

It can be seen from Figure 14 (c) that the overall distributions of the flow after the third stage rotor
are relatively uniform at different working conditions, the pressure ratio at the rotor tip is slightly
larger, and it is the minimum at 35% blade height. The efficiency near the middle blade height is
the highest, and the closer to the end wall, the lower the efficiency. The results show that with the
decrease of the inlet flow rate, the pressurization capacity of the stage is almost not improved, but
the efficiency of the lower half of the blade decreases significantly. Especially at Ns condition, the
efficiency of the middle and root regions of the blade decreases by about 12.5% and 9%
respectively compared with the De condition. It shows that the flow in the lower half of the third
stage blade is easy to separate and cause significant flow loss.

It can be seen from Figure 14 (d) that with the decrease of flow rate, the performance of the lower
half of blade height decreases obviously, especially near 35% blade height, the pressurization
capacity decreases by about 2%-3% at Ns condition, and the efficiency decreases sharply by
about 13.5%, which indicates that the flow of this stage is significantly worse than that of the first
three stages, especially near the blade root.

According to the single-stage performance of each stage blade and the radial distribution of
pressure ratio and efficiency after the rotor blade, the flow matching of the third and fourth stage
blades is poor, and the flow loss is significant.
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4.3.2 Axial Ma distribution between stages

Five-hole probe and dynamic single hole probe were used to measure the flow field after the
second and third stage rotors. Because it takes a long time to measure the inter-stage flow fields
with the probe, and the aerodynamic state of the compressor cannot be stable for a long time at Ns
condition, only the flow field results at De, Mid0O1 and Mid02 conditions were measured to analyze
the flow capacity between stages.

Figure 15 shows the distribution of axial Ma along the blade height measured by the five-hole
probe, and normalized by the area weighted average axial Ma at De condition. After the second
stage rotor, the flow field at 9%-95% of the blade height was measured, and after the third-stage
rotor, the flow field at 13%-95% of the blade height was measured.
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(b) Flow field after the third stage rotor

Figure 15 —Distribution of normalized axial ma after second and third stage rotor measured by five-

hole probe
It can be seen from Figure 15(a) that the CFD result after the second stage rotor at De condition is
that the axial Ma near the blade root is higher, which means the flow capacity at the blade root is
stronger, and it gradually decreases from the root to the tip. However, the experimental and CFD
results are quite different. The experimental results show that the axial Ma in the main flow region
(about 25%-70% blade height) is more uniform, and the variation is less than 5%. The axial Ma
near the hub (about 70% blade height above) and near the casing (about 25% blade height below)
is lower, which indicates that the flow is blocked in the near end wall region. With the decrease of
the flow rate, the axial Ma of the near end wall region decreases further, especially the area close
to the hub.
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It can be seen from Figure 15 (b) that the axial Ma distributions after the third stage rotor are very
similar for different conditions. The axial Ma distribution is relatively uniform from 50% to 90% of
the blade height, and the variation is less than 3.5% Or less, but near the casing (above about 90%
blade height) and near the hub (about 50% blade height below), the axial Ma has a significant
tendency to decrease, and there is a strong flow blockage.

Figure 16-17 shows the axial Ma distributions after the second and third stage rotors measured by
the dynamic single hole probe, and normalized using the same method as the measurement result
of the five-hole probe. The flow field at 10%-95% blade height is measured after the second stage
rotor, and the flow field at 17.5%-62.5% blade height is measured after the third stage rotor.

Normalied Axial Ma
E

Normalized Axial Ma
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Figure 16 —Distribution of normalized axial ma after second stage rotor measured by dynamic probe
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Figure 17 —Distribution of normalized axial ma after third stage rotor measured by dynamic probe

The axial Ma distribution after the second stage rotor shows that there is obvious flow blockage
near the hub and casing caused by secondary flow. The size of the separation zone near the hub
is slightly stronger than that near the casing at De condition. When the flow rate decreases to
Mid02 condition, the size of the separation zone near the hub expands to more than the middle of
the blade, indicating that the separation at the blade root is significantly enhanced, which is

consistent with the distribution obtained by the five-hole probe.

The axial Ma distribution after the third stage rotor shows that there is a large-scale low Ma region
near the hub at De and Mid02 conditions, which indicates that there is a strong flow separation.
Compared with the De condition, the separation scale at Mid02 condition increases slightly along

the circumferential and radial direction.
By comparing the measurement results of the blade profile probe, the steady-state five-hole probe

and the dynamic probe, the flow mechanism affecting the compressor performance can be

analyzed. The results show that there is flow separation at 30% blade height of the first stage, but

it still has strong pressurization capacity. For the second stage, there is a certain degree of flow

separation near the hub and the casing, which leads to the decrease of the flow capacity near the

end wall and the increase of the flow loss. As the inlet flow rate decreases from De to Ns condition,

the separation zone near the hub expands rapidly to the region above the middle of the blade. For
13
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the third stage, the total pressure and Ma of the upstream near wall region are lower, which leads
to the increase of incidence and stronger flow separation in the downstream. With the decrease of
the inlet flow rate, the flow in the near wall region deteriorates further, and the flow loss increases
significantly, which limits the pressurization capacity of the third stage, indicating that the third
stage blade always matches in a poor working condition; Due to the flow separation near the hub
of the third stage blade, the flow state of the downstream fourth stage blade is further deteriorated,
the flow separation is strengthened, and the loss increases sharply.

5. Conclusion

In this paper, the inter-stage flow fields of a full-scale four-stage axial compressor are measured.
Through the analysis of the overall performance, stage performance and inter-stage flow, the
following main conclusions are obtained:

(1) the circumferential average pressure and temperature distributions at different blade heights
after the rotor blades were successfully measured by arranging pressure and temperature blade
profile probes with multiple measuring points, and each stage performance of the compressor was
obtained.

(2) By using customized small L-shaped five-hole probe and high frequency dynamic single hole
pressure probe, the problem of narrow measurement space between compressor stages is
overcome, the high spatial resolution and high frequency measurement of flow field between
stages are realized, and the detailed flow fields distribution of S3 stream surface are obtained

(3) The main characteristics of flow separation near the end wall, which affect the performance of
the compressor, and the influence on the performance of the upstream and downstream blades
can be effectively diagnosed through the comprehensive comparison and analysis of the
compressor overall performance, stage performance and inter-stage flow field.
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