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Abstract

To evaluate the accurate performance and characteristics of turbomachinery, it is important to measure the unsteady flow phenomena
downstream of the rotating blades. This paper presents the development of a fast-response total pressure probe for the measurement of
the total pressure field at the exit of blades. The result of measurement in a one-stage axial turbine is also presented. The fast-response
total pressure probe is fabricated by installing a fast-response pressure sensor in the cylindrical head of the probe. In terms of simplicity
of the measurement system and data reduction method, this method is more competitive over established methods that use more than four
sensors. The probe is applied to the one-stage axial turbine in order to measure the instantaneous total pressure downstream of rotor
blades. The measured instantaneous signal is decomposed to obtain the blade-to-blade pressure distribution. The pressure distribution due
to blade passing is clearly captured. Due to the loss generation in the casing region, the total pressure and its amplitude of fluctuation by
the blade passing are lower in the shroud and hub region than in mid-span. The total pressure distribution at the exit of the rotor blade is
found to be slightly different from blade to blade due to the geometric difference and the different relative positions of the rotor blades
and stator vanes. The developed probe successfully measures the accurate total pressure distribution at the rotor exit, and allows the

evaluation of the loss distribution and the accurate performance of turbomachinery.
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1. Introduction

To evaluate the accurate performance of axial turbomachin-
ery and to investigate detailed flow field, it is important to
measure the detailed flow phenomena at the exit of the blade.
The flow phenomena downstream of the rotor blade show
strong periodic and aperiodic, unsteady characteristics due to
blade passing and rotor-stator interaction and so on. Therefore,
it is necessary to measure the unsteady flow phenomena
downstream of rotor blades for the accurate evaluation of per-
formance.

A common method to measure the unsteady flow down-
stream of rotor is to install the fast-response pressure sensors
near the head of the probe. Gossweiler et al. [1] and Humm et
al. [2] developed fast-response probes by installing four pres-
sure sensors near the head of each probe. Marathe et al. [3]
developed a fast-response five-hole probe for the measure-
ment of three-dimensional velocity and total pressure, in
which five pressure sensors are installed near the head of the
probe. These probes use multi-sensors (more than four sen-
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sors) to measure unsteady total pressure. Kupferschmied et al.
[4, 5] developed a fast-response cylindrical probe with three
miniature pressure sensors. This probe is able to measure flow
yaw angle and velocity while the flow pitch angle is held neg-
ligible. They also developed a one-sensor fast-response probe
that has the same function as a three-sensor probe in pseudo
three-sensor mode.

Another method of measuring the flow downstream of rotor
without a fast-response probe is installing a probe in the rota-
tional frame and acquiring data through telemetry [6]. How-
ever, application of this method is limited when the flow phe-
nomena are different from blade to blade [7, 8] because it
measures flow only in one blade passage. It is also not capable
of measuring the unsteady flow phenomena of rotor-stator
interaction and so on.

Van Zante et al. [9] tried to measure the total pressure dis-
tribution downstream of the compressor by using an aspirating
probe in which two hot wires are installed. This method gives
good results in the measurement of unsteady total pressure but
has intrinsic limitations in that the wires are easily broken
under severe test conditions.

All the aforementioned methods use multi-sensors for the
fast-response total pressure probe. These probes require bigger
post-processing equipment, larger costs, and complicated data
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reduction processes. This paper presents the development of a
fast-response total pressure probe with simple hardware,
where only one fast-response pressure sensor is flush-mounted
on the inside wall of the cylindrical head of the probe. The
probe is applied to the unsteady flow downstream of a one-
stage axial turbine, and the results are delineated.

2. Probe, test rig and facility

2.1 Fast-response total pressure probe

The schematic drawing of the developed fast-response total
pressure probe is shown in Fig. 1. The head of the probe has a
cylindrical bucket shape that stagnates the flow inside the
bucket. The leading edge of the bucket is elliptic on the inside
and its outside diameter is 3.175 mm. The probe is able to
pass through a 6.35 mm hole. A miniature fast-response pres-
sure sensor (Kulite XCS-062) is flush-mounted on the inside
wall of the head of the probe. The diameter of the fast-
response pressure sensor is 1.64 mm and the diameter of the
tube is 3.175 mm. Its natural frequency is 300 kHz and its
temperature limit is 120° C. The signals from the sensor are
amplified and stored in the data acquisition system. The data
sampling frequency is 100 kHz. The calibration results of the
sensor are shown in Fig. 2. It is evident that the linearity of the
pressure vs. voltage line is nearly perfect. The data for pres-
sure and the rotor position are measured simultaneously to
decompose the instantaneous pressure. The probe is insensi-
tive to flow angles of up to +29° for the yaw and pitch angles.
This wide range insensitivity to flow angles makes the probe
suitable for measuring the fluctuating downstream flow.

fast-response pressure transducer (Kulite XCS-062)
1/8”

lead wire

I

Fig. 1. Schematic drawing of fast-response total pressure probe.
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Fig. 2. Calibration curve of unsteady total pressure probe.

2.2 Test rig and facility

The conceptual drawing of the turbine test facility in Korea
Acrospace Research Institute is shown in Fig. 3. The facility is
designed such that the compressed air from the air compres-
sors drives the test turbine. Table 1 shows the specifications of
the test facility and test conditions of the turbine. The turbine
test rig is a one-stage axial turbine. An encoder installed in the
shaft measures the rotational position of the rotor makes it
possible to decompose the instantaneous total pressure signals.
Fig. 4 is a picture of the turbine test facility and Fig. 5 shows
the cross-section of the test turbine. The probe is mounted on
an auto-traverse unit that can traverse both radial and rota-
tional directions. The measured position (X/C) is 0.31, as
shown in Fig. 5. The number of measured positions in the
radial direction is 52.

Table 1. Specifications of turbine test facility and test condition.

Item Specification
Max. flow rate Kg/s 12
Max. turbine power kW 250
Max. turbine torque Nm 1200
Turbine inlet total pressure kPa 161
Turbine inlet total temperature K 312
RPM - 1700
Rotor tip diameter mm 548
Rotor hub diameter mm 484
No. of blade - 122

@ Silence chamber
@ Flow straightener

@Dynomometer @Reseorcher turbine

@ Air supply compressor

Fig. 3. One-stage turbine test facility at KARI.

Py

Fig. 4. Axial turbine test rig.
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Fig. 5. Cross-section of the turbine test rig and probe traverse location.

3. Decomposition of instantaneous pressure

To analyze the measured instantaneous signal, a decomposi-
tion method suggested by Suryavamshi et al. [10, 11] and
modified by Kang et al. [12] is used. Each discrete measure-
ment of the total pressure is indexed with 4, j, and k. The sub-
scripts 7, j, and k represent indices in the ensemble averaging
process (i indicates the index of revolution, j the index of the
blade, and & the index of the window in the blade passage). In
this study, there are 25 windows in the blade passage. The
instantaneous total pressure (Po;;) is decomposed into shaft
resolved ((Poy),) and unresolved (Po_’l-jk) components.

Po, =(Po,),+ Po', 1)

where the shaft resolved component is obtained by ensemble
averaging the instantaneous pressure ratio data set.

(Po,). =S (Po, )/ N, @

When the number of data (N) in every window is not the same,
Eq. (2) is modified into Eq. (2a) [11],

Nyew

(Pojk)s = Z (Poi/'k)/Nrev,/’k (2a)
i=1

Po "jk = Po,jk — (Pojk)x 3

The shaft resolved component is generally called the phase-
lock-average total pressure. It is further decomposed into time
average (Fo ), revolution periodic ((P,)rp), and revolution
aperiodic ((P,)r4) components.

(Po,), = Po+(P0,)y, +(P0,)s )

where

Nuarg

Po=Y Po,/N,, (5)

(Po,)s, ={§{(Po,k)x Po]/N,,b} ©)

(Po,) = (Po,), — Po—(Po,),, (7)
4. Results

The spectrum analysis of instantaneous pressure data meas-
ured at 3%, 28%, 51%, and 97% of span is shown in Fig. 6.
The blade passage frequency (fgpr) at 1700 rpm is 3456.7 Hz.
The figures clearly show the blade passage frequency, which
means the probe has enough frequency response characteris-
tics. Maximum pressure is measured approximately at 28%
and 82% of the span. The phase-lock-averaged total pressure
and the revolution periodic component measured at the 28%
span of the rotor blade are shown in Fig. 7. The pressure fluc-
tuation by blade passing is clearly seen in the figure and the
difference between the maximum and minimum pressure from
one blade to another is approximately 1.4 kPa. The phase-
lock-averaged total pressure and revolution periodic compo-
nent near the shroud is shown in Fig. 8. The mean value of
total pressure near the shroud is lower than that in the mid-
span region, and the difference between the maximum and
minimum pressure from one blade to another is approximately
0.8 kPa. The phase-lock-averaged total pressure and revolu-
tion periodic component near the hub are shown in Fig. 9. The
mean value of total pressure near the hub is lower than that in
the shroud region, and the difference between the maximum
and minimum pressure from one blade to another is approxi-
mately 0.5 kPa. The reduced amplitude of total pressure from
the mid- span region to the hub and shroud regions is believed
to be due to the increased loss at the hub and shroud regions.
This result is similar to that of Christopher et al. [7]. The
phase-lock-averaged total pressure distribution from hub to
shroud is shown in Fig. 10, where the core and wake flow
regions are clearly visible as high and low pressure regions.
The high-pressure core flow is found to be divided into two
high-pressure regions and that the lowest total pressure region
is located in the hub.

As seen in Figs. 7-10, the waveform of pressure in a blade
width is slightly different from blade to blade. This is more
evident in Fig. 11, where the phase-lock-averaged total pres-
sure at mid-span during the half revolution period is shown.
The observed difference is due to the different flow phenom-
ena in all the blade passages caused by the geometric differ-
ence of the blades and the different relative positions of the
rotor blades and stator vanes. This means that the flow phe-
nomena and performance based on a blade passage may be
different from the averaged data from for all the blades. The
effect of the total pressure fluctuation on the efficiency of
turbine is analyzed as follows. The total-to-total efficiency
based on the averaged total pressure (5” ) can be calculated
using Eq. (8).
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Fig. 6. Spectrum analysis of instantaneous pressure data at (a) 3% (near hub),
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Fig. 7. Measured total pressure at 28% span: (a) Phase-lock average; (b) Revolution periodic component.
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Fig. 8. Measured total pressure near shroud: (a) Phase-lock average; (b) Revolution periodic component.
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The difference between these two efficiencies is calculated
as Eq. (10), as shown in Fig. 12, where the results for all the
blade passage are also shown.

An= ETT Ny (10)

Because of the slight difference in total pressure in each
blade, the maximum efficiency is larger than the average effi-
ciency by 1.1%, and the minimum efficiency is lower than the
averaged efficiency by 0.7%. This shows that because this
fast-response total pressure probe measures flow field down-
stream of all the blades, it can detect damage on a specific
blade.

Fig. 10. Phase-lock averaged total pressure distribution downstream of
rotor blades.

5. Conclusion

Fast-response total pressure probe with one sensor is devel-
oped to measure the total pressure downstream of blades in a
turbomachiney. The probe is applied to a one-stage axial tur-
bine, in which it successfully measures the unsteady total
pressure distribution downstream of the blades. Due to the
loss generation in the hub and shroud regions, the averaged
total pressure and the amplitude of fluctuation by blade pass-

135.0
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1320 F
1315k © blade ing are lower in the hub and shroud than in mid-span. In addi-
131.0 B T g tion, the waveforms of total pressure downstream of the b-

/2 revolution lades are found to be slightly different from blade to blade,
Fig. 11. Phase-lock averaged pressure at mid-span during half- ~ Which could be due to the geometric difference between the
revolution period. blades and the different relative positions of the rotor blades
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and stator vanes. Since it is possible to measure the accurate
total pressure distribution downstream of the blades, it is also
possible to measure the accurate performance of turbomachin-

ery.

References

[1] C. R. Gossweiler, P. Kupferschmied and G. Gyarmathy, On
Fast Response Probes: Part 1 — Technology, Calibration, and
Application to Turbomachinery, ASME J. of Turbomachin-
ery, 117 (1995) 611-617.

[2] H. J. Humm, C. R. Gossweiler and G. Gyarmathy, On Fast
Response Probes: Part 2 — Aerodynamic Probe Design Stud-
ies, ASME J. of Turbomachinery, 117 (1995) 618-624.

[3] B. V. Marathe, B. Lakshminarayana and D. G. Maddock,
Experimental Investigation of Steady and Unsteady Flow
Field Downstream of an Automotive Torque Converter Tur-
bine and Inside the Stator: Part 1- Flow at Exit of Turbine,
ASME J. of Turbomachinery, 119 (1997) 624-633.

[4] P. Kupferschmied, P. Koppel, C. Roduner and G. Gyarma-
thy, On the Development and Application of the Fast-
Response Aerodynamic Probe System in Turbomachines —
Part 1: The Measurement System, ASME J. of Turbomachin-
ery, 122 (2000) 505-516.

[5] P. Kupferschmied, P. Koppel, W. Gizzi, C. Roduner and G.
Gyarmathy, Time-resolved flow measurements with fast-
response aerodynamic probes in turbomachines, Measure-
ment Science Technology, 11 (2000) 1036-1054.

[6] V. S. P. Chaluvadi, A. I. Kalfas, H. P. Hodson, H. Ohyama
and E. Watanabe, Blade Row Interaction in a High Pressure
Steam Turbine, ASME Paper No. GT-2002-30574, (2002).

[7] C. McLean, C. Camci and B. Glezer, Mainstream Aerody-
namic Effects Due to Wheelspace Coolant Injection in a
High-Pressure Turbine Stage: Part I- Aerodynamic Meas-
urements in the Stationary Frame, ASME J. of Turbomachin-
ery, 123 (2001) 687-696.

[8] C. McLean, C. Camci and B. Glezer, Mainstream Aerody-
namic Effects Due to Wheelspace Coolant Injection in a
High-Pressure Turbine Stage: Part II- Aerodynamic Meas-
urements in the Rotational Frame, ASME J. of Turbomachin-
ery, 123 (2001) 697-703.

[9] D. E. Van Zante, K. L. Suder, A. J. Strazisar and T. H.
Okiishi, An Improved Aspirating Probe for Total-
Temperature and Total Pressure Measurements in Compres-
sor Flows, ASME J. of Turbomachinery, 117 (1995) 642-649.

[10] N. Suryavamshi, B. Lakshminarayana, J. Prato and J. R.
Fagan, Unsteady Total Pressure Field Downstream of an
Embedded Stator in a Multistage Axial Flow Compressor,
ASME J. of Fluids Engineering, 119 (1997) 985-994.

[11] N. Suryavamshi, B. Lakshminarayana and J. Prato, Aspirat-
ing Probe Measurements of the Unsteady Total Temperature
Field Downstream of an Embedded Stator in a Multistage
Axial Flow Compressor, ASME Paper No. GT-Forum-98-1-
2, (1998).

[12] J. S. Kang, S. K. Cho and S. H. Kang, Unsteady Flow Phe-
nomena in a Centrifugal Compressor Channel Diffuser,
ASME Paper No. GT-2000-451, (2000).

Jeong-Seek Kang is a Senior Re-
searcher at the Korea Aerospace Re-
search Institute, Daejeon. His research
topics include turbo compressor, turbine,
gas turbine, and turbomachinery for both
aero propulsion and power generation.
He received his Ph.D. in Mechanical and
Aerospace Engineering from Seoul
National University in 2002.

Soo0-Seok Yang has worked at the Ko-
rea Aerospace Research Institute since
1985. His research area is in the design,
analysis, and testing of air-breathing
engines such as gas turbine, ramjet, and
scramjet engines. He is also interested in
the area of large-sized gas turbines used
in the power plant. He received his B.S.
and M.S. degrees in Aeronautical Engineering from Seoul
National University in 1983 and 1985. He received his Ph.D.
in Mechanical Engineering from the Korea Advanced Institute
of Science and Technology in 1999.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


