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Abstract

For industrial multistage axial compressors, flow measurements in axial gaps between the
blade rows are limited by mechanical constraints and the high uncertainty of the gathered data.
The main factors affecting measurement uncertainties are the confined space between the blade
rows, large relative dimensions of the probe and the holding stem, high flow velocities and
complex flow structures.

In this thesis, it has been shown that the uncertainties become large when a cylindrical probe
is placed in proximity to the blades or the large vortical structures, such as blade wakes or
separation zones, or when the flow Mach number exceeds the probe critical values of 0.7. In
these cases, the uncertainties may exceed 10° in the flow angle and over 30% of dynamic head
in measured static pressure. A set of boundaries are defined for geometrical and flow
conditions, where the deviations from the true value of the undisturbed flow are quasi-linear
and can be estimated. These boundaries are based on the physical principles of the internal
turbomachinery flows and can be universally applied to other multistage compressors.

The corrections were applied first to a CFD-simulated probe placed at representative
locations along the span and circumference of the passage both upstream and downstream of
stator blade rows at representative flow conditions. When the corrections were applied, the
measurement uncertainties caused by the probe's flow field distortion were reduced to £1° in
the flow angle and to +5% of the dynamic head.

Finally, the corrections were applied to the experimental spanwise measurements made on
an axial compressor as a part of an industrial gas turbine during its operation on site. A
procedure was developed to control the consistency of the measurement corrections based on
fundamental physical principles such as mass and energy conservation and radial equilibrium.
The corrected data have shown improved consistencies: the variation of the integrated mass
flow values along the compressor axial locations was reduced from +15% to 4% from the
inlet value, and the static pressure distribution along the span became within 5% of dynamic

head away from the radial equilibrium condition compared to more than 30% initially.
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The corrections presented in this thesis have fixed the first-order errors relating to the use
of finite-size probes in multistage axial compressors, namely, consistently identifying and
correcting for the blockage from the probe itself and the potential field of the upstream and
downstream blade rows. Before the corrections, these errors meant spanwise measurements of
flow angle and pressure had large uncertainties and errors; therefore, they were rarely
performed in multistage industrial compressor environments. After the corrections, the results
of spanwise traversing have shown improved consistency and can now be used as feedback in

the design and development of multistage axial compressors.
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Chapter 1 Introduction

In the turbomachinery industry, design processes based on the intensive use of the methods
of computational fluid dynamics (CFD) are now common practice for key gas turbine
components such as axial compressors and turbines. These methods include two- and three-
dimensional optimisation of the blade channels, consideration of fluid-structure interaction,
and then matching compressor stages into one flow path. Unlike the traditional approach, where
experimentally based correlations are used at each step of the process, in the simulation-based
approach, the computational modelling results often completely substitute the experimental
ones. Feedback to the design system is postponed until the moment when the full-scale
demonstrator or even the pilot engine is manufactured. When the experimental data is only
available so late in the development process, the measured parameters, spatial resolution of
measurement points, and level of measurement uncertainty are crucial to the success of the

whole project. This data then becomes important feedback to the design system.

1.1 Experimental work on the real gas turbine engines

Experimental work on the industrial gas turbine engines during their operation on site is
more relevant for heavy-duty gas turbines, especially during modernisation and retrofit. This
is because the real environment can have specific features that cannot be reproduced during
subscale testing or testing of a group of stages, for example, realistic boundary conditions
throughout a compressor operating line, radial gaps and manufacturing deviations, as well as
system level features of the whole engine, including relative thermal expansions, leakages and
bleeding mass flows, and operating point matching with the turbine. In addition, the capital
cost for the subscale testing of the initial and the modernised design is usually prohibitive for

the retrofit programs. Therefore, normally, one of the representative engines of the fleet is
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chosen for the pilot trials, and additional instrumentations are set up on the engine for more
detailed experimental data.

The industrial standard for compressor testing requires the flow parameters to be measured
upstream and downstream of the whole compressor in the inlet and outlet ducts, and an effort
is made to measure the mass flow averaged values. Such data is usually complemented by
pressure measurements on the casing surface of the compressor between the blade rows, see
for example Ikeguchi (2013). The latter provides information about stage matching, therefore
it can be used, for example, for the identification of those stages approaching stall limits at
various engine operating conditions. However, the casing pressures cannot provide necessary
radial information about the flow, which is especially important when the newly designed
blades are leant and swept, accounting for three-dimensional effects. For such blades it is
important to achieve the design intent along the whole blade span.

To measure the radial flow field in a full-scale compressor, a common industrial practice
would be an instrumentation of the leading edges of several blades of each stator blade row
along the compressor with so-called Kiel probes for measuring total pressure. Normally this is
measured at five-to-10 points along the span downstream of rotors.

In comparison with the instrumentation of leading edges, the spanwise traversing with a
three hole probe has the following benefits. First, it allows three parameters— flow angle, total
and static pressures—instead of one to be obtained. Second, the measurements can be taken at
multiple measurement planes both upstream and downstream of stators by moving the traverse
gear. This provides a low cost route compared to instrumentation of blade leading edges at
every stator blade row, which is especially beneficial when several sets of compressor blades
are being tested. Finally, traversing enables better spatial resolution. Achieving the same
resolution with Kiel probes is not practical.

In a laboratory environment, traversing is widely used in large-scale low-speed compressor
rigs where the probe blockage can be minimised, the acrodynamic loading on the traverse stem
is relatively low so they can be slim, and the axial space is designed to be sufficient to
accommodate necessary fixtures at optimal locations both radially and circumferentially.
However, until recently, the spanwise traversing in gas turbine engines working under real
operating conditions was considered to be unfeasible. This is because of the limited axial

spacing between the blade rows and the resultant risk of blade impact, and high flow speeds,
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which force the probe heads and the supporting stems to be made relatively large. As a result,
the probe blockage and its interaction with the blade flow field can no longer be neglected. In
addition, the circumferential motion of the probe is not possible due to the limited space on the
casing and requirements for its structural integrity, so there are only a few traversing locations
along the blade pitch available at each measurement plane. This thesis is aimed to extend the
availability of the spanwise traversing to industrial multistage compressor testing by addressing

these problems.

1.2 Project Motivation

The axial compressor of interest is a 10-stage subsonic industrial compressor with moderate
stage loading, representative of modern industrial compressors. Several issues were associated
with the compressor’s stability at off-design and there were multiple cases of blade failure. The
improvement of compressor performance was the core motivation for the research and
development project.

As apart of this project, advanced measurement techniques were implemented, one of which
was the spanwise traversing in the axial gaps between the blade rows. The need for such a
detailed measurement was due to the fact that the new version of compressor blading was meant
to be installed directly to the engine, without prior low-speed or isolated compressor testing.
That is why any experimental knowledge of the newly designed compressor could only be
available during the on-site testing. Since the new blades featured a three-dimensional design
approach to minimize the impact of secondary flows near the end walls, it was crucial to have
detailed spanwise profiles of the flow parameters in addition to the casing pressures, normally
used in the industry.

Figure 1.1 illustrates the challenges of spanwise traversing in the industrial compressor of
interest. Figure 1.1 (a) shows a cross-section of the compressor with 13 planes, where the
measurements were taken. The probe is immersed between the blade rows through a series of
holes, shown, for example, for planes 7 and 8 in Figure 1.1 (b). A typical potential flow field
upstream of the blades is shown in solid line in Figure 1.1 (c¢) as a variation of the difference
between the local flow angle and the pitchwise averaged value. Two blades are sketched here

for demonstration purposes at 0 and 1.0 of the pitch.
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An empty circle in Figure 1.1 (¢) is placed at a location of the casing hole in section 9 along
the horizontal axis. The vertical position of the circle represents the measured value of the flow
angle. It is unclear whether this measured value coincides with the local value of the
undisturbed flow.

This leads to the research questions of this thesis: will probe measurements during traversing
agree with the values of the undisturbed flow at a location of interest? If not, then what are the
mechanisms causing the deviations, and how can these measurements be transferred to the local

values and then representative averaged parameters of the flow?

_______ Traversing planes

*---_ Multistage industrial
axial compressor

(©

Figure 1.1 Compressor cross-section with traversing locations between the blade rows
(a), a view of the holes in the casing (b) and the potential field upstream of stator blades (c)

Another important topic that the research has shed light upon is how the limited
experimental data can be verified for its consistency, and how the combination of this data with
computational results can be used to understand the flow in a real multistage compressor.
Computational research is vulnerable to uncertainties in geometry, boundary conditions and
turbulence modelling (Denton 2010). At the same time, the measurements are taken at limited

locations and in limited operating conditions, and are subjected to measurement uncertainties.
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In this work, an interconnection between the measured and computational data has been studied
based on fundamental physical principles so that both data sources can be understood and

processed accordingly.

1.3 Scope of the work

The compressor of interest is a part of the industrial gas turbine engine for mechanical drive
applications. This is why in this thesis it is referred to as an industrial compressor. However,
for aeroengines the limitations for spanwise traversing are identical: constrained axial spacing
between the blade rows, high subsonic speeds at the middle and rear stages, and constrained
space outside the casing for installation of the traversing gear. The compressor of interest also
has representative loadings and geometrical features. Therefore, the word ‘industrial’ here and
the findings of this work apply to axial compressors as a part of gas turbine engines regardless
of the industry they are developed for, with representative geometrical parameters and with
respect to all the complexities of external and internal structures.

For the compressor of interest, a tip Mach number of the first rotor reaches 0.8, therefore
the compressibility effects can play a role in flow redistributions; the potential field interaction
is also comparably stronger than that in the low-speed laboratory-standard compressors, where
normally the Mach number does not exceed 0.3. This is why the research compressor in this
thesis is referred to as high-speed. For the low-speed environment, detailed spanwise and
pitchwise traversing is a common practice since the aerodynamic interaction with the probe
can be minimised and the loads on the stem are lower. For high-speed subsonic flows, the
distortion brought up by the instrumentation can no longer be neglected and the forces on the
stem can be an order of magnitude higher. That is why traversing in high-speed subsonic
compressors remains challenging and requires deeper understanding.

In this work, a cylindrical three-hole probe is considered; additional considerations would
be required for wedge-type probes. The cylindrical probe introduces identical flow distortion
regardless of its angular orientation. This eliminates an extra degree of freedom in the
simulations and measurement corrections—the relative orientation of the probe along the blade
surface. This is especially critical when the blades are twisted along the span and the probe has

a fixed orientation during traversing. With the cylindrical probe only the locations of the
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pressure tappings are important, whereas for more complicated probe geometries each

combination of blade stagger and probe orientation would require a new set of simulations.

1.4 Outline

The thesis starts with an overview of relevant literature in Chapter 2. This includes
experimental techniques for axial compressors suitable for on-site measurements, best
practices for pneumatic probe design and calibration, as well as the aspects of flow field
interaction with the immersed probe and measurement corrections found in the literature.

An experimental facility, for which the corrections were developed, together with the
computational setup of the compressor and the immersed probe are presented in Chapter 3.

A simplified case of the flow around the probe in a constrained channel is studied
numerically in Chapter 4, aiming to understand the basic mechanisms affecting the probe
readings.

The flow around the probe upstream of the stator blades and its effect on the probe readings
are presented in Chapter 5, and the same questions for measurements downstream of the stator
are considered in Chapter 6. As a result, possible measurement corrections are discussed in
these chapters with respect to the probe position and flow conditions.

In Chapter 7 the developed correction procedure is applied to the actual experimental results,
and the improvement in data consistency is shown, based on the principles of mass
conservation and radial equilibrium conditions. Finally, Chapter 7 presents the corrected
experimental data in comparison with computational results and discusses how the actual flow
field in the multistage compressor can be studied and verified considering the limited
experimental data.

In the final chapter, conclusions and recommendations for future work are given.
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When a pneumatic probe is used for flow measurements in an industrial multistage axial
compressor, it has to be placed in between the blade rows with limited axial spacing, therefore
the measured flow field near the probe is inevitably distorted. In his thesis, Coldrick (2003),
defined this influence as a ‘blockage effect’. He found that the probe caused a reduction in the
mass flow in the blocked passage and a change in the pressure distribution about the probe
resulting from a proximity effect.

When measuring along the circumference of the blade passage, the blockage effect is not
uniform, and depends on the probe position relative to the blades. Therefore, the flow field
upstream or downstream of the blade passage cannot be correctly resolved by circumferential
traversing, as the measurements will be biased, especially when in proximity to the blades.
Therefore the question arises of how limited data points measured in the least uncertain region
in the middle of the passage can be reliably transformed into representative pitchwise averaged
flow metrics.

This chapter aims to summarise current knowledge and experience about measurements in
industrial axial compressors. It also covers the impact of the probe on the measured flow field,
and the flow field reconstruction based on limited spatial measurements in relation to

multistage axial compressors. Finally, the research questions are set.

2.1 Experimental work on industrial axial compressors

Over the past few decades, the role of computational fluid dynamics (CFD) in compressor
design systems has grown drastically, taking a bigger portion of the design work from
experimental studies. This helps to reduce the cost of development and shorten its timeframe.
There are several compressors reported in the literature; see, for example, Ikeguchi (2012),

Mito (2015), Tanaka (2012), and Outa (2016), where the whole multistage compressor design
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and optimisation exercise was performed with the use of throughflow and CFD methods, and
only the whole multistage setup was built and tested experimentally. Most of the reported
compressors have had a wide experimental background in the past, so that the meridional shape
of the flow path is historically formed and most of the blade designs have well-proven
configurations. In addition, most of the modelling techniques used by the authors had been
previously validated on similar designs. Even then the discrepancies in parameters between the
obtained simulation results and newly tested designs were reported to be significant. However,
with further developments in computational methods and the reducing costs of computational
power, it is likely that the majority of design decisions in the future will be based on
simulations, and experimental studies to be used for confirmation purposes only.

Denton (2010), in his paper about uncertainties in CFD methods points out that as engineers
are exposed more and more to the results of CFD and less and less to experimental data, there
is a danger that they may not realise the limitations of CFD and so will view its predictions as
more reliable than they really are and not question them sufficiently. Cumpsty (2010), in his
paper about the industrial experience in compressor CFD simulations points out that the
modelling uncertainties in a single stage have a cumulative effect on the stage matching. Even
when each stage is well designed for expected boundary conditions, the uncertainties in
blockage estimation and losses can build up and affect the stage matching, which can lead to a
shortfall in compressor performance. Because of the growth in blockage in compressors, and
the relation between the blockage and the pressure rise, the multistage compressor is the most
common component affected by this.

Figure 2.1 from Ikeguchi (2012) shows the experimental map of the CFD-optimised axial
compressor. The first build (solid triangles) failed to provide the required pressure ratio;
according to the authors, this was due to the middle stages being overloaded at design point
and in reality have not produced sufficient pressure rise. This resulted in an increased flow
coefficient to the rear stages and prevented them from producing sufficiently high pressure
ratios, which in turn caused the less-than-intended overall compressor pressure ratio. As an
adjustment solution on site, the authors decided to vary the bleed after the seventh stage of the
compressor (empty triangles in Figure 2.1). Increased bleed allowed the rear stages to be loaded
up by reducing their inlet flow coefficients and allowing the compressor to reach its design

operating point, even though the stall margin was minimum. This paper illustrates how the
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stage matching can have a detrimental effect on compressor performance. The causes of the

mismatch were investigated by comparing the casing pressures at limited axial locations.
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Figure 2.1 Experimental map of the first build of the axial compressor, optimised with

CFD (Ikeguchi et al., 2012)

Figure 2.2 shows the effect of the increased bleed on the compressor performance. Initial
error in stage matching caused the rear stages to underperform by 12% of the stage pressure
rise. Increased bleed allowed this deviation to decrease by half, eventually leading the designers
towards re-staggering the rear stators to achieve the design intent. Overall, this work illustrates
how the uncertainties in CFD simulations accumulate throughout the flow path and lead to
incorrect design decisions. To understand the actual reason for stage mismatching, the
designers would need to measure the stage-by-stage radial distributions of the flow between

the blade rows and analyse the performance of each blade row individually.
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Figure 2.2 Normalised stage pressure ratio for the first build of the compressor

(Ikeguchi et al., 2012)

Another point worth noting from this work is that the main source of experimental data was
the pressure measurements on the compressor casing in seven planes between the blade rows.
This was accompanied by several stator blades of the 1%, 4" 7™ and 10™ stages that had
instrumented leading edges with five Kiel-type probes for total pressure measurements and
more for the total temperature. This instrumentation was sufficient to find out underperforming
stages and correct the stage matching accordingly; however, that level of spatial resolution
would not be enough to study the core problem of stage underperformance, such as the
difference to the CFD-simulated endwall blockage or the blade deviation.

A similar experience is reported by Wellborne and Delaney (2001), which is shown in
Figure 2.3 as a pressure coefficient distribution along the compressor stages. The loading of
the rear stages is overpredicted by multistage CFD simulation (white circles) and there is a
distinctive shift in the performance of the middle stages, in particular stage 6. In this case, for
the compressor of interest, finer spanwise measurements were available at the instrumented
stator leading edges; these are shown in Figure 2.4. An deficit in total pressure of up to 5% at
0-20% of the span can be seen. Between 70% and 90% of the span on the same graph an

additional measurement point could be beneficial to resolve the tip flow structure.



Chapter 2 Literature review 11

= S A
;O—OAPMSAdata i /9/ /
i / | / / ]
/ \/?Z./
NN AN
BASA=SR:

1 2 3 4 5 6 7
Stage

Normalized Stage Pressure Coefficient

[
1-5%-|

9 10 11 12

Figure 2.3 Normalised stage pressure coefficient from compressor rig and multistage CFD

tool (Wellborne and Delaney, 2001)

") % . | {
0.6 | \%‘ ] I *

0.4 ] i
| @@ Rig data ; ] I E\

02 Moo APNASAdata N I M
0 [ ll- [ LAl 1 1 et

085 090 095 100 105 140 090 095 100 105 140 1.15
Normalized Total Pressure Normalized Total Temperature

Percent Span From Hub

Figure 2.4 Radial distributions of normalised flow properties at the discharge of Rotor 6
(Wellborne and Delaney, 2001)

Brown and Fred (1962) provide insight into how the interstage performance data can be
studied based on the pressure measurements at the casing wall between the blade rows. The
authors point out that it is not just matching between the stages that matters, but also the radial
matching of the blade sections between each other. Altogether the authors call it ‘three-
dimensional’ matching. This can be judged when the characteristics of a middle stage are built

at several compressor speed lines towards the compressor stalling point. However, as a



12 2.1 Experimental work on industrial axial compressors

component of an industrial gas turbine engine, the compressor can be tested along the operating
line only, and the spatial resolution of the pressure measurements along the span is crucial in
assessing the three-dimensional matching of all the stages.

There are multiple papers on spanwise traversing in axial compressors, carried out on low-
speed experimental rigs with one or few stages (see, for example, Tweedt and Okiishi (1983)
and Robinson (1991)). The low speed and large dimensions allow for better spatial and time
resolution of the pressure readings, but also allow for other types of instrumentation, including
hot-wire anemometry, oil-flow visualisation, and others that are not available for full-speed
machines. Lakshminarayana et al (1994) had a similar approach to the compressor with a tip
Mach number of 0.5, but since the facility was made for research purposes with sufficient axial
gaps and possible pitchwise motion of the probe, the pitchwise averaged values were used in
spanwise distributions. Due to mechanical constraints and space limitations, for industrial
testing like the one mentioned by Takuya et al.(2012), circumferential 2D traversing is not
possible. For the current work the casing holes, originally made for the static pressure readings
similar to Takuya et al. (2012), were used to immerse the cylindrical probe on the stainless
steel solid cylindrical rod inside the compressor flow path.

Calvert et al.(1989) provide a detailed experience of traversing in a four-stage, high-speed
research compressor. The authors point out that the compressor was axially extended compared
to the industry representative: the axial gaps were increased up to 50% of blade chords to allow
for the area traverses, placed between the blade rows. Together with a relatively low Mach
number at the stator exit (0.265) and low probe blockage downstream of the stator, the authors
did not to apply corrections to the cobra-probe measurements. However, the authors do point
out that the measured flow angles near the stator wakes look unrealistic and should be omitted
from consideration.

This section illustrates that spanwise traversing has been rarely used for studying the
industry-ready high-speed multistage axial compressor environment, and that many
compressor designs would benefit from fine measurement resolution in the radial direction
between the blade rows. Many published papers reported stage mismatching when comparing
CFD and experimental results. This is because CFD methods struggled to predict correct
spanwise blockage. However, the differences in spanwise blockage between CFD and

experimental data cannot be seen without the measurements of spanwise flow distribution.
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Reported successful traversing experiences were affected by constrained space (which
designers attempted to extend), high aerodynamic loading on the stem, and flow distortion

introduced by the setup.

2.2 Pneumatic measurements in high-speed subsonic

turbomachines

In the section below, the research is divided into three parts. First, the studies on the effects
of the probe measurements in a constrained environment are presented. Second, when the probe
is measuring upstream of the blade passage, the potential flow field around the blades is far
from uniform, therefore the finite-size probe is measuring in the gradient flow. In addition, the
presence of the probe, and especially the presence of the holding stem is disturbing the flow
field, so that the measured parameters are no longer the same as those in the undisturbed flow.

Thirdly, when the probe is measuring downstream of the blades, it interacts with the intense
vortical structures such as blade wakes, separation zones and tip flows. Such structures can be
significantly affected by the presence of the probe; therefore the probe immersion can change
the flow environment in principle, affecting blockage and diffusion in the blade passage.

Pneumatic measurements are commonly used when studying high-speed turbomachinery
flows; several authors reported the change in the measured flow field due to immersion of the
probe. Lee and Yoon (1999) experimentally studied the probe orientation effect on its
calibration characteristics near the wall (Figure 2.5). Researchers found a change in a pitch
angle coefficient when the probe was pointed towards the wall, parallel and away from the wall
(Figure 2.5 (a), (b) and (c) respectively). In relation to this thesis, similar conclusions can be
drawn for a yaw angle when a three-hole probe is approaching the blade wall with either of the

sides.



14 2.2 Pneumatic measurements in high-speed subsonic turbomachines

YAW YAW YAW
ANGLE ANGLE ANGLE
PITCH
b PITCH %ﬂ_g
~ ANGLE 3 > +
. (=) —» —
koo TIIIIITT .
PITCH ANGLE
= 0 deg

(a) (b) (©)

Figure 2.5 Some five-hole probe orientations near the wall: (a) pointed towards the wall,

(b) parallel to the wall and (c) away from the wall (Lee and Yoon, 1999)
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Figure 2.6 Effects of wall proximity on the pitch angle coefficient as a function of pitch
angle between the probe and the wall (Lee and Yoon, 1999)

Figure 2.6 shows the change in the pitch angle coefficient as a function of the pitch angle.
The authors conclude that the wall proximity effects are pronounced only when the distance
from the wall is less than two probe diameters. However, in their case the incoming flow was
parallel to the wall and the channel had zero pressure gradient along the flow. The authors also
point out that the flow around the probe depends on the probe orientation. For turbomachinery
applications this would mean that when a non-nulling probe moves along the twisted blade, the
flow interaction between the probe and the blade will with at every location along the span.

This would require including two more degrees of freedom into a possible correction
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procedure: the angle between the probe axis and the wall, and the flow angle upstream of the

wall (the blade incidence).
2.2.1 Uncertainties when measuring in a constrained environment

When a multihole probe is used to make measurements upstream or downstream of a
compressor stator, if insufficient axial space is available, the probe must be positioned close to
the blade passage. This situation is very similar to the problem of measuring in a finite size
duct. Wyler (1975) investigated the effects of blockage of probes in a free jet and a duct. By
using a single-hole cylindrical probe and rotating the probe in the flow to capture the pressure
distribution for one revolution, Wyler was able to conclude that the effect of the probe on the
flow in the duct was an increase in indicated Mach number and a decrease in the indicated
pressure. When the probe was positioned in front of a nozzle, the effect was found to be in the
opposite direction, giving a decrease in measured Mach number and an increase in pressure.

Mutlu Sumer and Fredsoe (1999) have shown the streamlines around a cylinder in proximity
to the wall (Figure 2.7); when the probe is near the wall, the stagnation point is shifted towards
the wall, causing the force normal to the wall (the lift) and asymmetry of the flow around the

cylinder.
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Figure 2.7 Streamlines around the cylinder in a free stream and in proximity to the wall

(Mutlu Sumer and Fredsoe, 1999)

Vasseur et al. (2022) separated the effect of the wall proximity and the one from the
boundary layer on the probe readings. They found that when approaching the wall the probe
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measures a false pitch angle, as if the flow was diverging from the wall, but the boundary layer
has the opposite effect. The two effects are in competition regarding pitch measurements and
can compensate in some cases. The five-hole probe used in the study had a spherical shape and
was approaching the wall with its tip, therefore it affected measured pitch angle. These findings
can be relevant to a three-hole cylindrical probe approaching the blade surface at probe’s side

when measuring the yaw angle.
2.2.2 Uncertainties when measuring upstream of the stator blade row

One of the concerns about measurements in a real flow field is that the pressure gradient in
that field will affect the calibration map of the pneumatic probe. Coldrick et al. (2004a) did an
experimental study, calibrating the probe first in a laboratory wind tunnel, then the low-speed
and high-speed compressors. In the case of the compressors, the probe was placed upstream of
the stator blade row in the middle of the passage. It was found that the individual probe hole
pressures were not modified by the non-uniform flow downstream of the rotor, provided that
the probe was within a certain angular range from zero incidence. From the high-speed case,
this range was found to be approximately +5°. Since the individual hole pressures were not
modified, it was assumed that any flow angle error arose because the entire pressure
distribution about the probe was shifted, rather than an individual hole being in error.

Xiang et al. (2016) carried out an experimental study of the probe effect on the flow field in
a compressor blade row. A large-scale probe was placed upstream of the stator blade cascade,
as shown in Figure 2.8, together with the wake losses downstream of that blade row. It was
found that when the probe is placed near the suction side of blade C (P3 in the figure), it can
cause separation on the suction side, causing extra losses in the passage, whereas when placed
closer to the pressure side (P4), the probe’s wake joining both the leading edge of blade B and
the total wake downstream of blade B does not affect the losses to the same extent as it does in

location P3.
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Figure 2.8 Probe positions upstream of the stator blade row and the wake loss distribution

along the blade cascade with immersed probe (Xiang et al., 2016)

Lopes et al. (2022) found that the presence of the probe modifies the pitchwise distribution
of aerodynamic quantities at the endwall locations. However, the spanwise variation of the
pitchwise averaged quantities is reduced.

Ma et al. (2014) analysed the effect of the probe and stem blockage on the spanwise flow
measurements in a low-speed compressor environment. The authors report that the high
blockage from the holding stem caused radial flow redistribution downwards in the hub, which
in turn caused a reduction of over 10% in measured total pressure in the upper 20% of the span,
and a change of up to 5° in the flow angle. In Figure 2.9 the flow angle (yaw) and total pressure
distributions are shown. However, the stem diameter to pitch ratio was over 20% and the probe
diameter was more than 5%, and for such a large stem the blockage effect even in the low-

speed environment was well pronounced. The probe immersion also caused a reduction of over
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10% in compressor mass flow rate. This level of deviation makes it hard to correct for, therefore
an effort should be made to reduce the geometrical blockage of the measuring structure.
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Figure 2.9 Radial distributions of flow parameters downstream of the rotor in a low-speed

research compressor: flow angle (a) and total pressure (b) (Ma et al., 2014)

When measuring downstream of rotating blades, the flow is treated as circumferentially
averaged. Coldrick et al. (2004b) explored the unsteadiness effect on the probe measurements.
Figure 2.10 shows the computational domain for steady and unsteady calculations, and Figure
2.11 shows the time variation of the measured angle. Authors report a change of over two
degrees in the averaged measured flow angle compared to the undisturbed flow value. The
difference in total pressure measurements was less than 0.4% of the dynamic head; in practice
that would fall within the measurement uncertainty. Important conclusions from this paper are
that a steady state disturbance effect is responsible for the majority of contamination of probe
measurements, and that the pressure gradient in the stator passage does not impart any

significant error into the measurements.
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Figure 2.10 Rotor-stator-probe domain for estimation of the probe measurements

downstream of compressor rotor (Coldrick et al., 2004b)
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(Coldrick et al., 2004b)
2.2.3 Uncertainties when measuring downstream of the stator blade row

Sanders et al. (2017) provided a detailed numerical study on the intrusive influence of the
five-hole pressure probe in a high-speed compressor environment. They found that the values
measured by pressure probe traverse behind stator vanes do not always accurately represent the
undisturbed flow field, and the maximum numerically estimated differences were —3% for the
average Mach number and £0.9° when measuring the flow angle.

For cascade measurements downstream of a set of blades, Sieverding (1993) suggests that
the best solution to the blockage problem is to position the measuring head on a sting far
upstream of the stem. This sting then moves the measuring probe head away from the stem

blockage effects. In an axial turbomachine this is not possible, firstly due to the limited axial
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space available and secondly the problems of fitting a traversing probe of the required length.
Therefore, blockage effects give rise to velocity biasing, the magnitude of which depends on
the measuring arrangement. With the probe moves radially, the blockage varies with immersion
depth as the flow can pass underneath the probe.

When the probe is measuring in proximity to the trailing edges, it acts not only as a blockage
to the flow, but might also deflect the flow towards the wake, thus changing the flow direction
and speed. Hoenen et al. (2012) took PIV measurements of the flow around the probe in such
conditions. In Figure 2.12 the nozzle effect and the difference in velocity vectors are shown as
a result of the PIV comparison. The authors claim that when the probe is placed away from the
trailing edge the flow field below the probe remains undisturbed by any influence from the
probe itself. When the probe head approaches the trailing edge region, first interactions appear.
The applied corrections near the wake region changed the measured Mach number by 62.24%
and the flow angle measurements were corrected by over 30%. As a result, the pitchwise
profiles fell in good agreement with the PIV data, and the authors conclude that these
corrections can be applied in the two-dimensional traversing of turbomachinery flows.
However, it is not said how the variations in blade geometry and flow conditions might change

the amount of required correction, or how to calculate the correction for a specific case.
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Figure 2.13 Experimental setup of a five-hole probe traverse and PIV measurements

downstream of turbine cascade (Borner et al., 2018)

Borner et al. (2018) studied the probe measurements of high Mach number flows
downstream of turbine nozzles. The setup is shown in Figure 2.13; it is close to the one from
Sieverding (1993) and the probe is placed on the stem oriented along the flow with the holding
stem far downstream. The differences between the flow field with the probe and the
undisturbed flow field are shown in Figure 2.14; the authors discovered that for a given

configuration the variations in the Mach number can exceed +5% from the undisturbed flow.
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Figure 2.14 Normalised Mach number differences between the clean flow and the one
with the five-hole probe, obtained by PIV measurements in a high-Mach-number subsonic

flow (Borner et al., 2018)

2.2.4 Summary on the probe measurements in a constrained environment

To conclude, a flow field distortion, caused by the probe placed in turbomachinery flows is
widely explored and well-reported in the literature. However, few authors report on how this
distortion affects the measurements of the probe itself. In most cases, the simulations or
experiments were carried out for a particular configuration and no information in the open
literature was found on the parametrisation of the probe measurements in a wider design space
and at various flow conditions. In addition, only a few parametrised recommendations were
found for the probe location both upstream and downstream of the stationary blade row, and

the impact of all the flow mechanisms at such locations.

2.3 Corrections to the flow field measurements

Bailey et al. (2013) report an extensive collection of known correction approaches for
measuring boundary layer flows with Pitot tubes. The use of a Pitot tube in a shear flow

introduces additional adverse effects through nonlinear averaging of the pressure variation
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across the probe face and asymmetric deflection of the streamlines. The effect of spatial
averaging across the face of the probe is usually small compared to that of asymmetric
streamline deflection, thus a velocity gradient correction typically only compensates for the
higher velocity streamlines deflecting towards the tube. The proposed correction accounted for
the shear in the boundary layer and turbulence intensity, measured with the hot-wire
anemometry. The authors achieved a good agreement within a distance of under y+ < 300.
However, the experience published by Bailey et al. is related to a zero-pressure-gradient flat
plate boundary layer and although potentially applicable to other simple turbulent wall-
bounded flows, the observations cannot be extended to more complex flows, such as those
found in strong adverse pressure gradients or three-dimensional boundary layers. Additionally,
for real turbomachinery applications, detailed measurements of the boundary layers, especially
the hot-wire anemometry, are not feasible.

Coldrick et al. (2003a) studied the flow around the probe when positioned in proximity to
the stator leading edge plane near the middle pitch and how this flow is changed compared to
the undisturbed case (Figure 2.15). They concluded that the presence of the probe caused an
increase in pressure and a decrease in speed in the region between the blade and the probe,
leading to a shift in the stagnation point and an erroneous reading on the adjacent probe pressure
port (see Figure 2.16). The addition of the measuring uncertainty led to approximately 3.3° of
total uncertainty. The authors proposed to resolve this issue by moving the probe away from
the centre of the passage or to a lesser degree by using a smaller probe. Later in his thesis,
Coldrick (2003b) also simulated a smaller diameter probe, which, for a high-speed
environment, demonstrated only a ‘minimal improvement’. The author also indicated a lower
pitch angle sensitivity range compared to the freestream calibration of the probe. Coldrick then
compared the simulation and experimental data with the design intent to see if the probe
blockage effect was consistent.

It is also unclear how the probe location in the circumferential direction can affect the probe
measurements and to what extent the probe shall be moved away from the centre of the passage

to resolve the issue of erroneous angular measurements.
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Figure 2.15 An undisturbed flow field in a stator blade row (left) and the flow with the
immersed probe (right) (Coldrick et al., 2003)
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Figure 2.16 Pressure coefficient (K) distribution around the probe at freestream calibration

and when placed upstream of the stator blade row (Coldrick et al., 2003)

Chernoray (2008) reported an overestimation of measured flow angles downstream of the
turbine outlet guide vane in the wake region. This is due to the finite-size effects of the five-
hole probe. The values were compared with reference values from hot-wire anemometry at the
same plane. In Figure 2.17 raw measurements and corrected results are compared with the
reference. In this case, the corrections reached up to 10% of the measured values of the

circumferential to axial velocity ratio.
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Figure 2.17 Comparisons of hot-wire and five-hole probe measurements of a vertical

velocity with and without velocity corrections (Chernoray, 2008)

To conclude, CFD methods have been used in the past to estimate the required correction
values for finite-size probe measurements. For many applications, the local flow calculations
were found to be sufficient to correct the measurements; however, in some cases the magnitude
of corrections was significant. Up to a 60% difference in measured pressures was reported and
for such large values it is unlikely that these corrections can be universally applied to other test
cases. In addition, the available literature lacks universal dependencies for a wide range of
design and flow parameters. Typically, the corrections in the literature only account for a subset

of physical mechanisms causing the measurement errors.

2.4 Reconstruction of the flow field based on limited

measurements

When experimental results appear only from a multistage compressor setup, it is crucial to
carry as many measurements as technically possible along the whole operating range of the
compressor. In high-speed turbomachinery, both for laboratory and industrial applications, the
range of available locations for measuring the flow is limited by multiple factors. Therefore, to

consider a fuller picture of the complex flow, an effort is required to couple the limited
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experimental measurements with a data assimilation framework compensating for the limited
information available. Lou and Key, 2020 and Lou, Matthews, lii, and Key, 2020 implemented
an optimisation algorithm to select optimal probe placing, followed by a multi-wavelet
approximation to reconstruct the circumferential flow of the machine, avoiding the common
usage of averaging rake measurements to evaluate performance. Seshadri et al., 2020 applied
a Bayesian treatment to engine experimental data in the form of Gaussian processes (GP) and
decomposed the posterior uncertainty into the error of the measurements and insufficient
sampling, leading to optimal sensor placement.

Data assimilation techniques can benefit the entire field of fluid mechanics, even in
fundamental research (see, for example, Clark Di Leoni et al., 2020), by tackling two differing
problems: the accurately measured experimental data is limited in space and time, and a
computational simulation, due to numerical discretisation or inaccurate definition on boundary

conditions, may not represent the state of the real flow (Hayase, 2015).

2.5 Research questions

The combined body of literature has raised a number of key questions. These are

summarised below and will be answered in the results chapters of this thesis:

1. It is known that the presence of the probe disturbs the flow field in the blade channel,
and the probe readings can no longer be processed with the freestream calibration
characteristics when measuring at high speeds in confined inter-blade-row space. But
it is not clear how the key geometrical and flow parameters affect the flow field
interaction and the measurement uncertainties. This is studied in Chapter 4 for a
simplified case of the probe in a rectangular channel, and then in Chapters 5 and 6 for
probe measurements upstream and downstream of the stator blade passage.

2. Since it is not always possible to place the probe in the middle of the blade channel,
and the probe’s pitchwise position might vary as the probe moves along the span, the
probe might approach the blade walls or regions of high vorticity. It is necessary to
know the physical limitations for the probe to measure reliably, and in which conditions

such measurements can be corrected to account for the flow field interaction. In Chapter
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5 the limitations and possible corrections are considered for measurements upstream of
the stator, and in Chapter 6 the same is done for the measurements downstream.

3. When only a few measurements along the circumference of the blade row are known it
is important to obtain a fuller picture of the flow. The CFD methods have repeatedly
been used to reconstruct the flow field with the use of limited point data. However, it
is important to correct the measured values before such reconstruction. A two-step
procedure was proposed in Chapter 5 and then later applied to the experimental results
in Chapter 7.

4. Measurement corrections can shift the experimental results by a significant margin, and
it is assumed that the direction of the shift is always towards the correct values of the
undisturbed flow. This, however, must be independently verified based on fundamental
physical principles or other measurements before the data can be used by the designer.
Chapter 7 presents a procedure the researcher can follow to control the consistency of
the measurements before and after the corrections. It also shows useful information that
can be obtained from the spanwise traversing of the industrial compressor.

5. Finally, experimental and computational data may have large uncertainties, and in some
places in the compressor the measurements are hardly possible. This raises the question
of how the combination of the two sources can be used to obtain fuller and more reliable
information about the compressor’s flow physics, based on the low-uncertainty

parameters from both sources and the physical interdependencies of these two groups.



28

2.5 Research questions




Chapter 3 Methods

The aim of the present work is to investigate whether the measurements in a confined inter-
blade-row space are equal to the values of the undisturbed flow at a location of the probe and
if not, then to identify the mechanisms causing the deviations and explain how these
measurements can be corrected. This work explores advantages of both computational and
experimental methods and gives an insight into how they can be combined in multistage
compressor research so that the sources of the highest uncertainties of both methods can be
compensated for. In this chapter, the experimental setup of the multistage compressor is
presented first to define geometrical parameters and limitations of the real environment. Then
the computational model of the whole compressor and the stator blades of interest with the

immersed probe are discussed.

3.1 Experimental setup

Experimental data presented in this thesis was obtained from the industrial gas turbine on-
site test facility in one of the natural gas transportation pipelines in West Siberia. The traversing
gear was designed and manufactured at the Whittle laboratory in Cambridge.

This section serves three aims. First, it provides a description of the experimental rig and
the experimental techniques used. The geometrical data and operating conditions from this
description will be used in Chapters 4—7 for the computational research on the measurement
corrections. Second, this section shows that the measurement uncertainties are at the minimum
feasible level, considering the complexity of the experimental work on the real gas turbine
engine. This is important because during the processing of preliminary results the
inconsistencies were found to be up to 5° in measured angles and over 30% in pressure
measurements, which could not be explained by the setup problems. This contradiction has

been the basis for full-scale research on the measurement uncertainties, which then resulted in
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this thesis. Finally, this section is aimed to be of use to other experimental engineers aiming to

design similar setups.
3.1.1 Compressor of interest

Experimental work on the gas turbine engine of interest was performed during its operation
on site. This is because the capital cost and the timeline for the subscale testing of the initial
and the modernised design were found to be prohibitive, especially for a retrofit program. As
a result, one of the representative engines of the fleet was chosen for the pilot trials, and
additional instrumentation was set up on the engine for a detailed experimental study.

Figure 3.1 shows a cross-section of the compressor with the planes where the holes in the
casing were drilled. Each plane has four holes drilled in the upper half of the compressor casing.
The circumferential location of these holes was not always optimal from the measurement
perspective due to space limitations on the outer casing caused by structural ribs, bleeding pipes
and auxiliary mechanisms. The locations were also set to account for the differing number of

blades between the datum and modernised blade sets.

7

; |

9 10111213 .
_ Traversing
| | I | |4—”" planes

8

Multistage
industrial
““““ axial
compressor

Figure 3.1 A cross-section of the axial compressor with axial locations where the

traversing has been performed

There were 11 operating points where only the casing pressures were measured and three
operating points with full traversing. A compressor operating line is shown in Figure 3.2. The
traversing was carried out at 0.86, 0.92 and 0.98 of the compressor corrected design speed.
This covered a wide range of operating conditions for the frontal stages including those where

the first stage was working in proximity to its stability limit.
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Figure 3.2 Operating line of the axial compressor with the points where the

full traversing was performed

In Figure 3.3 the experimental rig comprises an industrial gas turbine for mechanical
drive, installed in a workshop with all the necessary auxiliaries and control systems, which
is typical for this kind of application. The turbine consists of two modules: the high-pressure
turbine (HPT) and the power turbine (PT). This split allows the axial compressor to have
variable rotational speed along the operating line. Traditionally, compressor parameters are
measured upstream and downstream of the compressor, in the inlet and outlet ducts, and
these values are treated as mass flow averaged. The gas turbine engine works in a
recuperative cycle in which the air after the compressor is heated up using the heat of the
turbine exhaust gases. From an experimental perspective, this engine type allows better
access to the compressor’s exhaust air as it is taken away from the machine to a free-standing
recuperator module (see Figure 3.3 points 4 and 5), therefore the parameters of the exit air
can be measured with better precision compared to cases in which the compressor exit is

integrated with a combustor.
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Figure 3.3 An industrial gas turbine for mechanical drive with cycle measurements

The axial compressor of interest is a 10-stage subsonic industrial compressor with moderate
stage loading, representative of modern industrial compressors. The stage loading coefficient

for the mid-span is 0.32-0.35. More parameters are shown in Table 3.1.
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Table 3.1 Key geometrical parameters of the compressor

Parameter Value
Number of stages 10
Rotor 1 tip Mach number 0.8
Rotor 1 tip speed (m/s) 240
IGV flow swirl at mid-span 35°
Blade’s inlet angles 35-60°
Blade’s outlet angles 10-30°

Blade axial chord at mid-span

95mm (first rotor), 70mm (last stator)

Pitch-to-chord ratio at mid-span

0.9 (first rotor), 0.7 (last stator)

Mid-height flow coefficient 0.5-0.6
Mid-height loading coefficient | 0.32—0.35
Mid-height design reaction 0.55-0.65
Stator blades shrouded at Stages 14

Swirl distribution

1-4: constant reaction, 5-10: free-vortex

Meridional contours

1-5: constant mid diameter, 6-10: constant hub

diameter

Axial gaps

0.2-0.3 of blade chords

Radial gaps (% of blade height)

First stage: 0.5%, Last stages: 1.2%

Blade airfoils

Customised, originated from NACA-65
Cinax = 7-12% of the cord length

LE radius 3—5% of the cord

Max thickness at 40% of the cord

Max camber at 50% of the cord
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3.1.2 Traversing gear

The traversing gear was designed as two independent plug-in modules, which were moved
between sections of the compressor during the experiments. These are shown in Figure 3.4
being installed on the compressor casing. Each hole in the compressor was equipped with a
valve and a fixture on top of it. The valve fixtures at each measurement plane were aligned
against each other, so that when the traversing module was clamped to the valve, its orientation
against the compressor axis of rotation was definite. Two fixtures at each measurement plane
were sufficient to get the traversing orientation.

Figure 3.4 also shows spatial constraints outside the compressor casing. The presence of
structural ribs, blow off valves, bleeding slots and pipes, heating air pipes and auxiliaries was
significantly limiting the available space for valve positioning.

The reasons for independent modules rather than pre-set and pre-aligned traverses at each

section were:

- Safety regulations prescribed not to have any obstacles on the engine casing during
start-up.

- The low-pressure blow-off valves were releasing air in proximity to the casing wall, so
the traversing tools could be damaged.

- The casing wall temperature exceeded 200° Celsius, and permanent contact with the
wall would cause overheating of the traversing module.

- Thermal expansion of the casing required additional control of the traverse alignment
before each measurement, so the initial traverse set-up on the cold machine would not
save machine operating time required for testing.

- Each measurement must be monitored for accidents by an operator, and the space on
the machine was not sufficient to operate more than two traverses simultaneously.

- The amount of labour and funding for each traverse was limited.

Precise drilling of the holes allowed for the traversing gear to be aligned against two of the
holes at the same axial plane. The linear distance between the holes was more than 300
millimetres, and the total play in the alignment fixture was less than 0.2mm. This defined the

angular orientation of the tower with a precision well within +0.05°.
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Figure 3.4 Traversing gear installed on the compressor

The holes are shown in Figure 3.5; they were drilled on the double-gantry milling centre,
where special attention was been paid to their alignment, so that each group of four holes lay
in one plane, perpendicular to the axis of rotation, and the axis of each hole was oriented in the
radial direction. The circumferential position of the holes was chosen with respect to all the
positioning limitations on the inner and outer surfaces of the casing and also to account for a
change in blade count for the new blade design so that the holes could be used for future
traversing.

The uncertainty of the holes’ location was £0.1mm, and the deviation from a radial angle
was less than one minute of a degree. The inner surfaces of the holes were reamed with a
diameter of 5.05-5.10mm, which together with the holes’ depth of 60-80mm allowed for
maximum rigidity of the traverse stem. These holes were also used to measure the static
pressure on the casing surfaces.

The setup uncertainty of the gear was calculated to be well within 0.5° so the major source
of uncertainty would be caused by the probe calibration. The resolution of the stepper motor
allowed the probe position to be within £0.01 mm, and the spatial resolution during the

traversing was 0.1mm near the end walls and 5-20 mm in the middle span.



36 3.1 Experimental setup

Figure 3.5 Compressor traversing locations between the blade rows

3.1.3 Probe and stem assembly

One of the key elements that distinguish the traversing solution in this thesis from others
reported in the open literature is the design of the probe and the holding stem. It allowed the
probe to be immersed to a distance of over 40 stem diameters—over 220 mm immersion for a
Smm stem. Normally, for high-speed laboratory traversing this ratio does not exceed 5-10. A
stem of less than 5% of the blade pitch was used for minimum possible blockage in the blade
passage, and it had a constant diameter along its length (without thickening the stem away from
the probe) to minimise radial flow redistribution when immersed.

In Figure 3.6 this stem is shown in an assembly with the combined three-hole probe, which
was also specially developed for this project.

The stem is a solid cylinder made out of hardened stainless steel with two side slots to
accommodate hypodermic tubes and wires. The slot dimensions were optimised so that they
were always in the wake region of a cylinder (considered for turbulent boundary layer) and at
the same time, the contact area between the stem and the casing hole was maximised to reduce
the contact stresses. The probe had a threaded end which was screwed into the stem; the
hypodermic tubes were laid towards the outer corner slots on the stem.

Each probe was aligned with a zero mark on the other end of the stem using a fixture, and
the orientation was then checked with the laser pointer. The remaining angular offset was stored

in the calibration file, so the uncertainty in the angular position of the probe was within 10
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minutes of a degree. The axial gap between the thread and the stem was filled with high-
temperature epoxy resin. The same was used as a filler and protection for the accelerometer,
its wires, and the tubes.

The three pneumatic holes (1) were accompanied by the stagnation chamber (2) for
temperature measurements. Due to the setup problems, the temperature was only measured in
a few sections, therefore it was impossible to judge the validity of the temperature
measurements. However, because of the low level of ventilation in this chamber, the pressure
in it for most of the cases was within 2% away from the total pressure of the flow in the +20°
yaw range. This was found to be a useful parameter in controlling the consistency of the other

three holes’ measurements.

Figure 3.6 A three-hole pneumatic probe and a holding stem: three-hole cylindrical

probe (1), stagnation chamber for a thermocouple (2), contact wire for safety (3),

accelerometer (4)—all before covering with epoxy resin

The key requirement for industrial testing was the safety of the probe. To avoid contact with
the rotating hub and in the event of probe damage the contact wire was set at the very tip of the
probe. It was designed as a closed loop, and in the event of impact the resistance of the loop,

measured by the control board, initiated the emergency extraction of the stem.
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At the back of the stem, a temperature-resistant miniature accelerometer was installed to
study the stem vibration and deviation from its radial position. The accelerometer was also
used during calibration when the stem was allowed to oscillate with significant magnitude, and

the dynamic calibration performance of the probe was studied.

3.1.4 Probe design

A cylindrical probe was used in the current work for two reasons: the limited size of the
hole in the casing and the uniformity of the pressure field around the probe regardless of its
orientation. The first factor required a probe to fit into a hole in the casing which was 5 mm in
diameter and over 80 mm deep. A miniature cobra probe that would fit into such a hole would
not be able to bear an aerodynamic load. The cylindrical shape was preferred to the wedge type
to avoid an additional degree of freedom in simulations and corrections, which is the wedge
orientation against the blades. When the probe was travelling along the span, its angular
orientation was fixed, therefore, its relative angular orientation to the blade passage could vary.
When the probe is cylindrical the flow around it does not depend on its angular orientation.
Therefore, when the measurements of the simulated probe are considered, they can be based
on the wall pressures at desired locations on the cylindrical surface, which can easily be
obtained. For a non-cylindrical shape, each orientation would require a new set of simulations.
The probe dimensions are given in Table 3.2 in absolute values and those related to

representative blade passage metrics.

Table 3.2 Probe dimensions

Parameter Value Relative value Related to
Probe diameter 3.5 mm 4..8% Blade pitch
Stem diameter S mm 6..11% Blade pitch
Probe height 8 mm 4..10% Blade span
Pressure holes 0.3 mm 8.6% Probe diameter
Holes distance from the tip 4.5 mm 56% Probe height

Angle between the holes +42° —
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Multiple optimisation problems were solved during the probe design. One was the distance
between the pressure holes and the probe tip, illustrated in Figure 3.7 in terms of the pressure

coefficient:

P—Pseqr;

— inlet

Cr = Pojnjer ~Pstatip G-
Where P is pressure at the probe surface. Near the probe tip, the flow goes around the

cylinder as well as under it, so the pressure distribution around the cylinder near the probe tip

is different from a two-dimensional flow. To avoid the tip flow effect on the pressure

distributions, the distance from the tip is chosen to be 1.5 probe diameters.

Cps
Probe

~1.25

Figure 3.7 C, distributions on the probe surface with the tip end at the bottom with the

flow coming from the left

3.1.5 Data acquisition and control system

A PCB board was developed for the experimental campaign. It accommodated pressure
sensors, a thermocouple board, stepper motor controls, data acquisition, storage, and
communication units. This allowed for a traverse tower being fully portable, with a single
connection to the electric socket, and two connections for the reference pressures. This

significantly improved the usability of the module and settling time at each location.
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The number of points expected to be measured at each plane was between 40 and 200. Each
measurement required waiting for probe readings to settle, so that a single reading is within
sensor uncertainty away from the averaged value. To minimise the settling time, the pressure
sensors were placed on the traversing tower, in particular, on the moving part of the tower,
which held the stem with the probe. Figure 3.8 shows that settling time has been reduced down
to less than 1.8 seconds, compared to more than 5 seconds when the sensors were placed on
top of the tower. Further reduction was achieved by reducing the tubing inner diameters
between the probe stem and the sensors from 1 mm to 0.25 mm, which resulted in a settling
time of less than 1.2 seconds. As a result, traversing at one location required less than 5 minutes
for the whole span, including homing. The control board and the pressure connectors were
isolated from the metallic surfaces of the gas turbine and an artificial cooling system with a

Peltier element was used.

1.25 T
1.2}
1.15 1 = Sensors on top base
Sensors on the moving car
g 1.1+ 1 = Minimised tube diameter
| [T
<
1.05f
i
0.95 : : :
-1 0 1 2 3
Time [s]

Figure 3.8 Measured step function response of pneumatic probe with varied tube

configuration and inner diameters of pneumatic tubing
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Honeywell HSC gauge pressure transducers were used for pressure measurements. To
optimise sensitivity of the sensors within a wide range of compressor parameters, one of the
two sensor ports was connected to one of the holes on the compressor casing. The pressure in
the hole was the static pressure at the compressor casing in the measurement plane of interest.
Hence, the range of the pressure sensors was chosen to be enough to cover the dynamic head
behind rotors, not the overall compressor pressure ratio. This allowed one order of magnitude
improvement in measurement uncertainty. For measuring casing pressures, a 10-bar range was
chosen for the sensors, whereas for the probe pressures the range was 0.6 bar. The discharge
pressure at the compressor inlet was measured with a 160-mbar sensor.

Figure 3.9 shows the calibration map of the sensors along their range. They were calibrated
with a Druck-460 pressure module. Altogether, 20 sensors were calibrated before and after the
on-site testing. The two sets of points are shown for the two sensors with maximum and
minimum offsets, and all other sensors lay in between the two sets. It can be seen that all the
readings fell within a range of £0.5% of the full-scale span (FSS). The repeatability of the
readings for each sensor is within 0.1% FSS.

The calibration was also performed when the sensors and the board were placed in the
insulated box with the thermostat and electric heater at 60° Celsius to account for the real
operating conditions of the equipment. The shift in the calibration curve was within 0.2% FSS
towards larger positive values.

The same calibration procedure was carried out after the experimental campaign; after more
than 80 hours the sensors had been exposed to the operating environment (including waiting
and troubleshooting time). The deviation from the initial curves was found to be within 0.1%
FSS.

Sensor readings were then corrected in accordance with individual linear calibration
functions (shown in lines in Figure 3.9). For example, when measuring a value of 20% of the
FSS, the correction would be -0.18% and -0.21% of FSS for each of the two sensors. Each
sensor was tracked during the campaign and calibration coefficients were applied accordingly.
As a result, the initial sensor uncertainty claimed by the manufacturer was reduced by 80%
compared to the datasheet and is expected to be within £0.1% of the full span, or +0.25% of

the dynamic head downstream of the stators and half that downstream of the rotors.
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Figure 3.9 Pressure sensor calibration: difference between applied and measured

pressures along the sensor’s range: sensors with maximum and minimum offset

3.1.6 Probe calibration

For a high-speed probe calibration, a bespoke calibration tunnel was manufactured; it had
two purposes. The first was to calibrate the probe at high flow Mach numbers up to 0.8. This
required a uniform jet of the biggest possible diameter. The geometrical probe blockage ratio
was 7% based on the probe and jet diameters. For reference, the low-speed calibration was
performed at the Peregrine calibration tunnel with a blockage ratio of 1.75%.

The second purpose was to test the probe and the stem behaviour at aerodynamic loading at
representative flow speeds and the maximum possible exposure to the flow, to simulate the
probe immersion into the flow path. For this, a narrow rectangular channel was made, which
was sufficient to place 120mm of the stem into the flow, while the distance from the clamping
point to the probe tip was 220mm—the same distance as at the first measurement section. In
this experiment, the rigidity of the stem was assessed, together with its deflection. In addition,
the probe was calibrated with the oscillating stem.

The tunnel is shown in Figure 3.10. The air enters the chamber through convoluting pipes
(1) or (2) and is sucked through the adjustable collector (6) by a high-pressure-ratio vacuum
pump in the Whittle laboratory. Probe (3) is placed in the middle of the jet for calibration and
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at the bottom of the calibration tunnel for the stress tests. The holding stem (4) is clamped in

the fixture (5), where the stiffness of the connection is controlled by replaceable inserts.

(b)

Figure 3.10 Traversing chamber for the high-speed probe calibration: general view (a)

and the probe at vibration test (b)

A typical pressure distribution around a cylinder is shown in Figure 3.11. The probe has

three holes on the cylindrical surface, and a stagnation chamber for the thermocouple, where
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the pressure has also been measured. When the probe is rotating along its axis and is exposed
to the freestream jet, the pressures measured at each of the three holes follow the sinusoidal
shape with the offset in probe incidence angle according to the angular distance between the

holes.

probe incidence
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Three measured pressures can result in three flow parameters: flow angle (yaw), and total

and static pressures. The coefficients for each pressure are given in Equations (3.2-(3.4.

C _ Pl - P3 3 2
TR = (Pt P2 G-2)
c =P2—(P1+P3)/2
TOTAL = p (P, + P;)/2 (3.3)
C =(P1+P3)/2_Pstat
STAT Py — Pepas (3.4)

Where Pi, P2, P3 are pressures measured at holes 1, 2, and 3 respectively

The calibration was performed for the flow Mach number at a range of 0.3—0.85. Typical
distributions of the calibration coefficients are shown in Figure 3.12 for the flow Mach
number of 0.4.

The calibration tunnel allowed choking conditions of the flow to be achieved, so that the
probe could be calibrated along the whole range of operating Mach numbers. Figure 3.13 (a)
shows the example of static pressure coefficient calibration for three Mach numbers. The
calibration was carried out with an increment of 0.1 in the Mach number.

Figure 3.13 (b) shows the distribution of Cppmbe values. For the sake of clarity in this thesis
two types of C, values are used: Cppmbe and C, o

_ (Pprobe surface — Pst,inlet)

(3.5)

Pprobe (Po,intet—Pst,inlet)
(P = Pgstintet) (3.6)
Pflow (Po,mid—Pst,inlet) .

Both parameters have the same physical meaning; however, the first one is related to the
pressures on the probe surface. This is used to study probe calibration maps and its changes
under a range of operating conditions: when the probe operates in the confined channel, the
pressure distributions can become asymmetric, changing the gradient or character of the line,
thus indicating changes in the boundary layer regime, flow separation point and other

features. The second parameter, C, o refers to the parameters of the flow—either local

undisturbed flow at a location of the measurement, or a measured value, obtained by
processing the three pressure readings on the probe surface when the probe is immersed into

the flow.
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Figure 3.12 Calibration coefficients for one of the probes at Mach number 0.4

During probe vibration tests, the 5 mm stem was held in the fixture with a 6 mm diameter
hole. This allowed the probe to oscillate by more than 3.5 mm (one probe diameter) forward
and backward. Then the fixture had a 5.1 mm diameter and 10 mm depth, which significantly
increased the rigidity of the structure, and the probe head vibrated within less than 0.2 mm (5%

of probe diameter). The scale at the back in Figure 3.10 (b) was used for the postprocessing of
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the probe position from the high-speed camera recordings. This data was used to calibrate the
vibration measurements made by the built-in accelerometer.

In Figure 3.14 a comparison of pressure coefficient distributions is shown for a steady and
then oscillating probe. Probe vibration mainly affects pressures at a 60° angular position and
further downstream. This means that within +20° of the probe incidence, its calibration

coefficients can be used for the vibrating probe in a similar way as it can for the steady one.
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Figure 3.14 Calibration characteristics of the cylindrical probe: steady and oscillating
3.1.7 Measurement consistency

During the on-site testing, special attention was paid to the consistency and repeatability of
the measurements. Figure 3.15 shows the total and static pressure measurements in one of the

locations with two probes. The readings were processed with the freestream calibration
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coefficients. The agreement between the two sets of data is within 2% of the dynamic head at

the measured section.
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Figure 3.15 Two sets of spanwise measurements of static (a) and total (b) pressures at

the same traversing position with two different pneumatic probes

3.2 Computational modelling

ANSYS CFX was used as the main CFD package in the present research. This was to match
the current design practice of the industrial partner. Originally, the modelling was carried out
as a part of the compressor redesign process: the datum multistage compressor was simulated
first to understand its performance. Then the multistage modelling results were used to apply
the boundary conditions for the current study during the traversing gear development, and then

for a better understanding of possible measurement uncertainties and deviations.
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No attempts were made in this project regarding the improvement of the CFD performance
in terms of better matching with experimental data or some reference cases. This work has been
carried out during the collaboration with the industrial partner, and the outcomes of the
validation procedure were found not to affect the basic findings of this thesis.

Neither the CFD nor experimental results are treated in this research as ‘true values’.
Instead, it is the use of the two methods to complement each other that can help the designer to
capture the right physics of the flow and to see whether the experimental readings follow the
consistency trends of the computational model, and, in turn, the model is correctly resolving
the flow features such as the total pressure deficit near the end walls, which are more reliably
captured by the measurements. In this section, CFD modelling parameters for each simulation

are presented.
3.2.1 Modelling of the flow around the probe and the blades

Investigation of the flow field around the cylindrical probe in proximity to the stator blades
is the main tool of the present research. It is known, that CFD methods can provide reliable
calculations of potential flows, but if intensive vortical structures and flow separation zones
are present, the CFD results should be treated with care (Denton 2010). Therefore, special
attention has been paid to minimising the impact of CFD uncertainties in turbulence modelling
on the outcomes of the work.

First, in most cases the probe was away from the blades and vortical structures, and their
impact on the flow was only by the amount of blockage they caused. Therefore, the probe
experiences the potential flow field effects caused by the blockage, and these effects are the
main difference between the clean-flow laboratory calibration environment and the multistage
axial compressor. When the blades or vortical structures were in proximity to the probe and
could significantly change the flow field by affecting separations onset and local velocities, the
results are used for qualitative purposes only.

Second, for the flow around cylindrical probe, the most uncertain region for orientation of
the holes is near the separation point: £90-110° of the probe circumference; this region is
sensitive to the boundary layer modelling. However, later in the work it will be shown that the

pressure field of the neighbouring blades and vortical structures has a significantly larger
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impact on the probe’s performance, and the limiting angle for the orientation of the holes will
be below 80°.

For the same reason, modelling the probe downstream of stator blades is only possible when
the blades are not stalled. In the absence of large separation zones, the CFD can adequately
estimate the probe’s blockage and flow redistribution both along the span—to the neighbouring
passages and radially—under the probe.

A computational domain is shown in Figure 3.16, with five stationary blades taken from the
real compressor geometry. Two cases were studied: the quasi-two-dimensional case and the
full-span case. In the former, the blade span was twice the probe’s height. This is to account
for the conical transition part of the structure between the probe and the stem. At the same time,
the probe tip was not included in the model to avoid uncertainties caused by the flow between
the tip and the end wall. The end walls in this case were defined as free slip. Hub to tip ratio
was kept above 0.95. The inlet conditions are uniform in both circumferential and spanwise
directions. This relatively simple case was used to study a wide range of probe locations and
flow conditions, which are presented in Chapters 5 and 6. Overall, more than 270 simulations
were carried out with this setup.

The full-span case considered the full length of the blade including when applicable the
radial gap between the stator and the hub. In this case, the complete realistic design of the probe
and the stem was modelled with variable probe immersion. The end walls were defined
according to the configuration of the real blade channel: a stationary no-slip casing wall and
rotating or stationary (depending on the blade row) no-slip hub wall. For both cases steady
simulations were performed.

The probe was immersed between blades 3 and 4, counting in the direction of rotation. At
the inlet, the flow is circumferentially uniform, since downstream of the rotor the flow is
naturally averaged out and the real probe is measuring the time-averaged signal. The unsteady

effects were not considered in this research; all the simulations were performed in steady mode.
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Figure 3.16 Computational model for the quasi-two-dimensional blade cascade (a) and

the full-span case with the probe immersed upstream of the stator blades

At the outlet, for the two-dimensional case the static pressure was defined as uniform across
the whole area; the pressures were chosen to reach the appropriate Mach number. For the full-
span case, the pressure profile was taken from the multistage compressor simulation.

The domain has a rotational periodicity condition on the sides, which simplifies the setup,
but limits estimations of the probe blockage effect on the full annulus losses and pressure rise.

For the two-dimensional setup, the boundary conditions at the inlet were taken from the
multistage simulation results at the design point, and then they were varied for that setup with

a range of speeds and incidences.
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For the full-span setup, the conditions were taken from the multistage simulations at three
operating points of the whole compressor. This is because the operating conditions do not
change uniformly along the span, and manual varying of these conditions might not be
physically correct. The boundary conditions also included flow temperature and turbulence
intensity.

Meshing

The computational mesh was produced for the SST turbulence model requirements and
normally had a parameter y* less than 1. For high-speed cases and multistage calculations this

parameter did not exceed 10 on blade and probe surfaces.

Y plus
Wall Head

(a) (b)

Figure 3.17 Computational mesh around the stem and the probe (a) and y* distribution on

the probe surface

The mesh around the cylindrical probe is shown in Figure 3.17 (a) and the y+ parameter on
the probe surface is in Figure 3.17 (b). There were 30 prismatic layers on the probe surface
with an expansion ratio of 1.1. The rest of the domain had a tetrahedral mesh. Inside the
pressure holes were 10 layers of the O-grid mesh, however, as shown below, the pressure
tappings were excluded from the consideration for the sake of simplicity, and the pressure
distributions were calculated on a smooth surface of the probe.

The mesh around the blades was identical to the multistage compressor calculations. As a

result, for a two-dimensional setup with the probe, the mesh size was over 3 million cells, for
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a full-span case it was 10-12 million cells, and for the multistage simulation the overall number
of cells was 68 million.

Turbulence model

The standard SST model was used for all simulations with a Gamma-Re-Theta transition
model (Referred in ANSY'S CFX manual as Gamma-Theta SST model, later in the text referred
to as SST GTM) to account for laminar-turbulent transition in the boundary layer on the probe
and blade surfaces. This was important since the Reynolds number based on the probe diameter
was in the range of 2—-6-10*. In Figure 3.18 the two CFD-modelled distributions of probe
pressure coefficient are compared with the measured values in the calibration tunnel. The
effects of real geometry cause the experimental line to be higher than the two simulations;

however, the onset of separation is in better agreement with the transitional model.
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Figure 3.18 Effect of boundary layer modelling on the CPprobe distribution around the probe

Modelling of the pressure holes
Initially, the pressure holes were modelled as shown in Figure 3.17 (b), and the resulting
channels were meshed more than two diameters deep into the probe. Then, for comparison, a

smooth cylinder was simulated without the holes. The resultant Cppmbe distributions around the

cylinder are shown in Figure 3.19. The black line is a typical distribution over a smooth cylinder

and the red dots show the Cl’probe coefficient measured at the bottom of a properly meshed and

modelled pressure hole. Along the descending part of the line, the coefficients agree within
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0.5% of the dynamic head. Points further downstream of peak velocity were not used in the

research.
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pressure holes of the probe when modelled
3.2.2 Modelling of the multistage axial compressor

A full ten-stage simulation of the experimental compressor was performed to provide
reference results for the experimental study. Despite possible uncertainties in computational
modelling, especially when dealing with complex turbulent flows, CFD results can still be of
great value for the experimental engineer, since one of the requirements for a CFD solver is to
maintain the conservation laws within the whole computational model. Therefore, some of the

simulated flow parameters can be used for comparison with the measured values:

- Mass flow. A combination of axial velocity and density integrated over a swept area
(area of the channel, perpendicular to the axis of rotation) results in the mass flow
value, which must be constant along the compressor. Therefore, the axial velocity
distribution can be used as a reference for the measurement results.

- Energy conservation. The change in the circumferential component of the absolute
velocity, AV, is a measure of the work input into the system at a given rotating blade

row. It can be seen as a change in the flow angle in the absolute direction on the
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vector diagram. This work input results in the rise of the total pressure and the
temperature of the flow. Therefore, a combination of measured total pressures and
flow velocities in both CFD and the experiment can be cross-validated.

- Radial equilibrium. The pressure distribution along the span is mainly a potential
flow field effect, caused by the flow swirl—the circumferential component of the
velocity. It is also affected by the flow curvature in the meridional plane, for
example, when the flow is deflected due to endwall blockage, and other parameters

less significant for moderately loaded axial compressors.

The meshing parameters were as follows. The y* was maintained to be below 10. The total
multistage setup has 68 million cells including the inlet and outlet domains. Along the operating
line, the convergence of the multistage simulation was normally reached within 200-300
iterations depending on the initial state and flow regime, and the simulations carried on for
400-500 iterations.

In this work, no attempts have been made to fine-tune the CFD model of the multistage axial
compressor to match it with the experimental results, nor there were attempts to blindly ‘adjust’
or ‘correct’ the experimental results towards the simulated ones. Instead, the physics-based
corrections, developed during the simplified CFD simulations of the stator blade row with the
immersed probe, are applied to the measurement results independently of the multistage CFD,
and then the corrected values are compared against the simulations to see if basic physical
principles are obeyed. In addition, the use of the basic settings of the commercially available
software means more generalisable findings that can be verified by other researchers.

When the CFD-based corrections to the probe measurements are applied at given locations,
the deviations between the two sets of values can be discussed in more detail, and only then

can any attempts in model tuning be exercised.
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Chapter 4 Influence of the channel walls on probe

readings

A typical flow around the probe upstream of the stator blade row is shown in Figure 4.1 (a).
The probe is measuring local flow angle, stagnation, and static pressures. However, when
obtaining the measurements in a real multistage environment, two problems arise. The first is
that the probe obstructs a significant part of the passage, causing the flow to accelerate around
it and redistribute to the neighbouring passages, therefore the properties of this flow are no
longer the same as without the probe. Second, the flow around the blade is fundamentally
different from the undisturbed jet flow into a constant pressure plenum, at which the probe is
calibrated in a laboratory environment, and when the freestream calibration coefficients are
used, this can result in false measurements.

The idea of the probe blockage effect on the flow around the blade can be seen by comparing
the flows at the suction sides of the left-hand side and the right-hand side blades in Figure 4.1.
Although the flow around the suction side of the right blade is also affected by the probe
immersion, the difference between the two flows can be seen.

Figure 4.1 (b) shows a simplified case, where the probe is placed in a rectangular channel
of similar proportions to the real blade passage. The aim of this chapter is to study the probe
measurements in this simplified channel so that the understanding can then be used for real
blade environments.

First, to replicate the laboratory calibration process, the probe measurements will be taken
within the side wall boundary conditions, allowing the flow to go in and out of the channel so
that the probe blockage can be neglected. Next, the side walls will be modelled as solid inviscid
walls to imitate the presence of the blades. An understanding of the probe measurements in this
simple case will be used later in Chapters 5 and 6 for the probe locations upstream and
downstream of the stator blades. Finally, as shown in Figure 4.1 (a) the probe is biased towards
one side of the passage to represent one of the cases from the real engine as was explained in

Chapter 3. Such proximity to the wall will be imitated in the final part of this chapter.
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Figure 4.1 Streamlines around the probe installed upstream of the stator blade row (a)

and a simplified case of the flow calibration in a rectangular channel (b).

4.1 Probe calibration case

Figure 4.2 (a) shows a cross-section of the cylindrical three-hole probe, where each hole—
P1, P2 and P3—is connected to an individual pressure transducer to measure the static pressure
on a cylindrical surface. These three pressure readings are then processed to the flow
parameters—flow angle, total and static pressures—based on the calibration coefficients
described in Chapter 3. Figure 4.2 (b) shows the typical distribution of the pressure coefficient

C, around the circumference of the probe. The Cp values are calculated as follows:

(p — Ps1)

C ="
Pprobe (Po,1 — Ds1) @1

Where p,; is a mass flow averaged total pressure and pg; is an area-averaged static

pressure; both are at the domain’s inlet, and p; is a local static pressure at the probe’s surface.
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probe incidence

_ _:;"‘i—-— - Stagnation point , : .

Figure 4.2 Cross-section of the probe (a), a typical C, distribution around the cylindrical
probe with the dots pointed at the angular position of the side holes (b) and the same
distribution with the left-hand side of the curve flipped over zero point on the

horizontal axis (c)

All the values of C, in this chapter are non-dimensionalised by the averaged inlet flow
conditions of the undisturbed flow. The pressure coefficient around the probe will be referred

toas C, . and the pressure coefficient in the flow field will be referenced as C, ow”
In an idealised case, all three probe holes would have identical C o probe distributions and the

probe’s incidence would have an offset, equal to the angle between the holes. The offset for
the probe of interest is 42° between each other. At zero probe incidence, the middle hole is
oriented along the flow direction and is measuring the total pressure, or C, = 1.0, and the side
holes read identical values at -42° and +42°, as shown in red dots in Figure 4.2 (b). Since the

Cppmbe characteristic is identical for all three holes, just one line can be drawn with three points
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on it according to the angular offset between the points. In addition, for the sake of comparison,
one can fold the line around the vertical axis, as shown in Figure 4.2 c). Now, if the flow around
the probe is perfectly symmetrical, the two lines will overlap, and pressures P; and P3 will be
at the same place and have the same value. And when later the probe experiences the incidence
and the asymmetry, the difference between the lines and the points will indicate this change in
the flow.

Another important feature from Figure 4.2 is the location of the peak velocity, or minimum
Cp value, which can be seen at around 70 °. In terms of measurements, it is important to have

readings of P; and P; on the part of the Cppm . branches that have a negative slope, such as

b

between 10 ° and 65 ° in Figure 4.2 ¢). Later in this chapter, it will be shown that due to the
flow field interaction on the sides and downstream of the probe the peak velocity point and its

location can be changed significantly.

4.2 Probe in a constrained environment

When the probe is immersed in the channel, the flow around it is affected by the type of
wall boundaries and their proximity. This section aims to study how these affect the
performance of the cylindrical probe immersed in the rectangular channel, first in the middle
of it, and later near one side.

In this section, five cases are calculated to illustrate the probe measurements in this

environment. A summary of the test cases is given in Table 4.1.

Table 4.1 List of test cases in Chapter 4.

Case # Geometry Locations Boundary conditions
1 Straight channel | Centre ‘opening’ at the side walls
2 Straight channel | Centre no-slip wall
3 Contracting Centre no-slip wall
4 Straight channel | 1Dprobe from the wall no-slip wall
5 Contracting 1 Dprobe from the wall no-slip wall

The first example is an unconstrained flow environment, typical of laboratory calibration.

In Figure 4.3 (a) this is referred to as Case 1. Case 2 in the same figure has the same channel



Chapter 4 Influence of the channel walls on probe readings 61

geometry, but with solid walls on the sides, and Case 3 has solid walls with a flow contraction
downstream of the probe. The contracting walls are inclined by 2.5° in order to account for the
flow acceleration in the inlet part of the blade passage. The proportions of the channel are made
to replicate a representative blade passage with the probe of interest; the ratio of the probe
diameter to the channel width is 5%. In real operation, the values would be between 3 and 8%.
For the sake of clarity, the size of the probe is exaggerated in the figure.

Figure 4.3 (b) shows the Cppm distributions around the probe, where the black line is for

be

Case 1, blue is for Case 2 and red is for Case 3. In this example, the probe is placed well within
the channel, so that the walls are drawn both upstream and downstream of the probe.

When the flow around the probe has no limitations on the sides, it can freely go around it,
so the probe blockage does not cause extra acceleration. This case was simulated with
freestream boundary conditions at the sidewalls of the channel, which is referred to as
‘opening’ in ANSYS CFX. This type allows for the flow to enter and leave the domain on its
sides depending on pressure distribution on the sides. This flow is similar to that of a free jet
calibration tunnel, where the jet flows into a constant pressure plenum; the size of the probe is
significantly smaller than the size of the jet, and its blockage is negligible. The black line in
Figure 4.3 (b) represents such calibration conditions and is referred to later in the chapter as
‘CFD freestream calibration’. This line will also be used to obtain calibration characteristics of
the probe for post-processing of the probe ‘readings’ in various conditions later in Chapters 5
and 6. The calibration was done for the whole range of inlet Mach numbers met in the

compressor of interest.
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(a) (b)

Figure 4.3 A flow channel with a cylindrical probe in its centre, with varying boundary

conditions on sidewalls (a) and Cppm distributions around the cylinder at varying

be

boundary conditions (b)

For Case 2, free-slip walls were introduced on the sides of the channel, as shown in solid
blue lines in Figure 4.3 (a). The probe blockage has caused flow acceleration in the channel,

value at peak acceleration is 0.07 lower than that of the freestream jet. A

and the Cppm re

different gradient in Cppm . distribution means that when probe hole readings are processed

b

with the freestream calibration characteristics (Case 1), the results will show a 7% higher
dynamic head. Case 3 introduces a contraction of the channel starting at the axial position of
the probe’s centre. This is to account for the flow contraction between the stator inlet plane and
the throat of the blade channel: the flow is going around the stator leading edges and then

. value is lower by almost

towards the maximum thickness of the blades. In this case, the CPprob

10% than that of the freestream calibration at the position of the side holes, so when the
freestream calibration characteristics are used to measure the flow, it will predict about a 10%

larger dynamic head than it is in the undisturbed flow.
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Figure 4.4 Channel with the probe near the side wall (a) and Cppmbe distributions around

the cylinder at varying boundary conditions (b)

For cases 4 and 5, shown in Figure 4.4, the probe is placed at 7.5% of pitch aside from one
of the walls, with Case 4 presenting the straight walls of the channel and Case 5 the contraction.

In Case 4 the probe is experiencing asymmetric pressure distribution on the sides, shown by
the blue line. As a result, if the freestream calibration coefficients were used, the probe readings
would result in a 7.2° flow incidence, despite the fact that the real undisturbed flow angle
throughout the channel would be still zero, as the flow is strictly vertical. This illustrates how
the probe readings could be affected by local flow asymmetry and flow redistribution, and how
the probe could give false angular measurements.

It is important to notice here, that the local flow distortion causes a shift of the stagnation
point on the cylinder surface aside from its strictly vertical location, which would be in the
centre of the channel. In Case 4 the stagnation point has shifted by 2.7° away from vertical
(Figure 4.5 (a). The remaining 4.5° in false angular readings is caused by the flow asymmetry
around the probe due to the difference in the flow around the probe near the wall and on its
other side. The dynamic head is 5% larger than that of the freestream.

Red lines in Figure 4.4 (b) show the C .. distribution for Case 5, in which the probe is near

the wall with contraction. When measured with side holes at the same angular position, the
dynamic head would be 10% larger than that of the freestream. The angle measurement error,

in this case, would be more than 10°, and the stagnation point is shifted by 5.9° (Figure 4.5 (b).
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@]

Case 4 Case 5
(a) (b)

Figure 4.5 C, o flow field around the cylinder in proximity to the sidewall for a

rectangular channel (a) and the one with the flow contraction downstream (b)

In Figure 4.5 the C, o distribution is shown around the probe placed near the wall. The

stagnation point is shifted towards the wall. More details on such flows are given in Mutlu
Sumer and Fredsoe (1999).

Figure 4.6 presents the same C oot distributions as in Figure 4.4, but now the lines are offset

by the angular position of the stagnation point, which was shown to be non-zero for Cases 4
and 5. This is to separate the incidence onto the probe from the effect of flow asymmetry around

the probe sides. Figure 4.6 (b) shows an expanded view of the Cppmbe curves around 42°, where

the side hole probes would be at zero probe incidence. The horizontal distance between the two
blue lines is about 1.9°, which can be explained as a residual asymmetry. The shift in angular
direction brings the lines towards each other, each of them by the value of stagnation point
offset. For Case 4, the total asymmetry in Figure 4.4 is 7.2° the stagnation point shift is 2.7°.
This results in a remaining offset of 1.8°. Therefore, the flow asymmetry around the probe has
a noticeable effect on the flow angle measurements.

The vertical offset between the two blue lines is 5%, and both lines are below the freestream
distribution. This will cause the probe to measure a 10% lower average C, value than it would

in a freestream calibration. The same differences but on a larger scale can be seen in Case 5.
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Figure 4.6 Cppmbe distributions around the cylinder in proximity to the sidewall for Cases

1, 4, 5 (lines offset along the horizontal axis so the stagnation point is at zero) (a) with

magnification near the side holes (b) and near the separation (c)

Figure 4.6 c¢) shows an expanded view of the Cppmbe curves around 90°. The position of peak

velocity (minimum Cppm . value) is shifted by around 5° for cases 4 and 5, and the gradients of

b

the curves differ from those of Case 1. If one of the side holes is placed in this angular position,
it will cause extra uncertainty to the probe readings. Therefore, it is important to keep track of
the actual probe orientation during data processing and treat such measurement points where
one of the probe holes is near the peak velocity with special care. Figure 4.6 (c) also shows a

delay in separation position by 5°.
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4.2 Probe in a constrained environment
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Figure 4.7 Deviation of angle (a) and flow pressure coefficient (b) measurements of the

probe in a rectangular channel in proximity to the side wall (channel width is

20 x probe diameter)

In Figure 4.7 (a) the flow angular measurement error of the probe is shown as a function of

distance away from the side wall for Case 4 and the error in measured pressure is shown in

Figure 4.7 (b). The angle measurement deviation grows parabolically when approaching the

wall; however, within six probe diameters away from the centre of the channel, this deviation

is within 1°, and for on-site measurements it can be accepted.

Proximity to the channel wall mainly causes the angular offset between the Copro

probe sides, which mainly affects the flow angle measurements. The absolute values of Cppm

lines for
be

be
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throughout the calculations used in Figure 4.7 (b) are more balanced for a slightly higher C o probe

value on the probe side near the channel wall,; CPprobe on the opposite side was lower in the same

manner shown in Figure 4.4 (b). As a result, for probe locations between the centre and 2
diameters away from the wall, the static pressure measurements varied within 2% of the
dynamic head and are less than the undisturbed flow values by 5-7%.

For total pressure, the calibration map of the cylindrical probe is such that it is mostly the
middle hole, which provides this measurement, especially when the probe is facing the flow.
At the middle hole, there are no major loss sources or flow disturbances, unless the probe is
measuring downstream of the stalled blade passage. Therefore, the probe measurements will
normally provide the value of the total pressure within the measurement uncertainty.

The present example does not include the probe interaction with vortical flow disturbances
such as blade wakes and separations from the suction side, nor does it include the opportunity
for the flow to redistribute into the neighbouring blade passages. If the channel is one of many
in the stator blade row, then increased resistance would cause flow redistribution to the
neighbouring channels. To account for these effects and the real geometry of the blade passage,
the next chapter presents a two-dimensional case of the cylindrical probe upstream and

downstream of the stator blade row.

4.3 Concluding remarks

This chapter set up the framework for the research of the probe measurements when placed
in a confined channel with a uniform or non-uniform flow field. The research addresses the
impact of the complex flow environment on the probe measurements. Even though the probe
immersion complicates the flow field further, it is the measurement uncertainty that has a
practical interest during the experimental campaign.

With this, the flow mechanisms affecting the measurement uncertainties of the probe were
illustrated. The probe’s presence in the flow could affect the flow parameters, which are then
measured by that probe. In addition, the flow field around it is no longer uniform as it would

be in a calibration tunnel.
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For an isolated channel, the probe’s blockage would cause a higher flow velocity. In a given
example, when the probe obstructs 5% of the channel and placed in the middle of the channel,
it measures a 7% larger dynamic head. In the case with flow contraction downstream of the
probe the measured dynamic head is larger by 10%.

Probe proximity to one of the side walls causes flow asymmetry around the probe, which
can cause an error in flow angle measurement due to extra acceleration between the probe and
the wall. The flow angle measurement error exceeds 7° for a considered passage. The deviation
in angular measurements grows parabolically when the probe is moving away from the centre
of the channel. The dynamic head is consistently higher by about 5-7% throughout the range
of studied locations.

Separation onset on the cylindrical surface of the probe is affected by the wall proximity,
therefore, at high probe incidence, when one of the measurement holes is placed near the
separation region, the probe readings can be largely affected by the change in separation
position. This becomes critical for non-nulling probes working in a wide range of incidences,

and the calibration range of such a probe should be narrowed down.



Chapter 5 Probe placed upstream of stators

In this chapter, the probe is placed upstream of a row of stator blades as shown in Figure 4.1
(a), in several circumferential and axial locations. The aim of this chapter is to understand the
key factors affecting the probe measurements in this environment and to discover whether and
how these measurements can be corrected to obtain a representative value of the undisturbed
flow.

First, a series of computational results will be presented at representative flow speeds and
flow angles for a set of probe locations in a quasi-two-dimensional setup. The flow parameters
such as flow angle and static pressures are compared with the local values of undisturbed flow
and possible corrections are proposed. Then, test simulations are shown for the full-span setup,
where the probe is immersed at different depths in a blade domain of a real compressor
geometry. Finally, a possible strategy for measurement corrections of different the flow

parameters metrics is discussed. A list of cases studied in this chapter is shown in Table 5.1.

Table 5.1 List of test cases in Chapter 5

Setup Locations Flow conditions
Quasi-2D 10 circumferential 3 incidences
2 axial planes 3 Mach numbers

Design point of the

Full-span 2 radial trajectories :
multistage compressor
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5.1 A flow around the probe upstream of the stator blade row

This section provides the results of CFD simulations of the probe upstream of a stator blade
row in quasi-two-dimensional setup. The end walls in this case were defined as free slip. Hub-
to-tip ratio was kept above 0.95. Full details were described earlier in Section 3.2.1. The design
inlet flow angle for this case is 45°. The raw measurements during the experiment are processed
in the following order (see Munivenkatareddy (2016) for reference): first, the yaw angle is
defined, and then the total pressure and the dynamic head which results in the static pressure.
The pitchwise range of probe locations was chosen as 10-90% of the pitch, where 0% and
100% are axially upstream of the leading edges. This range is sufficient to capture the
interaction of the probe with the surrounding blades.

The schematic of the probe head is shown in Figure 5.1 (a). The probe has three holes, and
the angle between the upstream flow and the central hole axis is the probe’s angle of attack.
One side of the probe is facing the pressure side of the blade channel, and the other is the
suction side. In this section the flow goes with design incidence for a given blade row, and the
probe is aligned along the flow with its middle hole. Figure 5.1 (b) illustrates this, showing

sample flow streamlines around the probe.

probe incidence
/

L—/ Stagnation point

)

Facing PS \\ \
W\

(a) (b)

Figure 5.1 Probe schematic (a) and streamlines around the probe upstream

of the stator blade
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In Figure 5.2 on the left-hand side, the Mach number contours around the probe at a range

of pitchwise locations are presented. The Cppm distributions around the probe are shown on

be

the right-hand side. In this chapter, Cppm is calculated with the local pressures of the

be

undisturbed flow at the location of the probe in the denominator as shown in (5.1.

C _ (P - Ps,local) 51
Pprobe (PO,local - Ps,local) ( ' )

Figure 5.2 shows the probe in three locations: near the suction side of the blade in Figure
5.2 (a), mid-pitch — (b) and near the pressure side — (c¢). On the right-hand side, the black lines

show the Cppm . calibration curve for the freestream jet for comparison, and parameters of the

b

jet are taken from the local parameters of the undisturbed flow at the location of the
measurement. The broken blue line represents the C, distribution for the side of the probe
facing the suction side of the blade, and the solid blue line is for the one facing the pressure
side of the neighbouring blade. The red dots show the readings of the three probe holes.

Here both blue lines are offset, moving the stagnation point to ¢ = 0, as in Figure 4.6. The
pressure coefficients go below the freestream calibration line in (a), which is explained by the
faster local flow near the suction side as a result of a potential field distribution around the
blade. When the pressures in the three holes are processed, the measured flow angle is 4.0°
away from the pitchwise averaged angle of the undisturbed flow, showing more swirl in the
circumferential direction. That means that for zero incidence of the bulk flow, the probe will
be measuring almost 4° incidence. The undisturbed flow at the same location has a 3.8°
incidence. The difference between the two is within the measurement uncertainty of real
experimental work.

At the mid-pitch location in Figure 5.2 (b) the magnitude of the pressure coefficient is
comparable to that of a calibration case. However, its gradient on the sides is slightly steeper,
and when the readings of the three holes are processed, they result in 1.5% higher measured
dynamic head, as is shown later in Figure 5.4. The lines on the probe sides go symmetrically

around the stagnation point.
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5.1 A flow around the probe upstream of the stator blade row

The same distributions are shown for the far-right location in Figure 5.2 (c) where the probe

is approaching the pressure side of the stator blade. The probe’s wake interacts with the leading

edge of the blade, so there is a distinctive asymmetry on the sides. Because of this interaction

the measured dynamic head is 24% lower than the average one at the inlet. The stagnation point

in this case is shifted by 1.8°.
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Figure 5.2 Mach number contours around the probe in proximity to blade suction side

(left) and distributions around the probe normalised by stagnation point (right) for the

probe near the suction side (a), mid-pitch (b) and near the pressure side of the blade (c)
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For the three sets of curves, the peak velocities on the probe sides are reached at separate
angular positions, which can be seen by comparing Figure 5.2 (a) and (b) for example, where
the minimum Cp values (or maximum velocity) are shown at the angular position of 75° and
70° respectively. This means that if one of the side holes is placed in this region due to high
probe incidence in the real flow, the probe will measure false values of the flow angle and the
dynamic head. Therefore, the probe orientation is crucial for low measurement uncertainties in
such a complicated flow field, and at a probe incidence larger than 20° the measurements could
no longer be reliably processed, even if the freestream calibration shows up to 25-30° incidence
range for stable measurements.

Case (c) in Figure 5.2 agrees with the experience of Xiang et al. (2016), where the authors
pointed out that the probe location near the pressure side causes the probe’s wake to join the
leading edge of a downstream blade, which is beneficial to overall losses associated with the
probe immersion. However, it is unclear whether such a flow topology is beneficial to the

measurement uncertainties.

5.2 Sensitivity analysis

When flow physics is presented, it is important to discuss the sensitivity of the probe
readings to its location as well as the flow conditions. The range of these parameters is given

in Table 5.2 together with some geometrical values, reproduced from Chapter 3.

Table 5.2 Flow conditions and geometrical parameters of the model

Parameter Value Unit
Pitchwise locations of the probe 10 —90 [% of pitch]
Axial distance between the probe
centre and the LE P l'and 2.5 [Of dprob]
Probe diameter to blade pitch 5 [%]

LE thickness to blade pitch 4 [%]
Incidence range -5-45 [deg]

Inlet Mach number 04-0.8
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5.2.1 Sensitivity to probe position

Circumferential location

Figure 5.3 shows a flow angle distribution along the circumference of the blade row for an
undisturbed flow with Mach number of 0.4 and zero incidence to the blades. Locations
upstream of the leading edges in the axial direction are at 0 and 1.0. The suction side of the
blade is on the left and the pressure side is on the right. The horizontal axis presents a pitchwise
direction. The schematic velocity diagrams are shown to define the meaning of positive and
negative values on the vertical axis of the plot. On this graph, a zero value on the vertical axis
is equal to the mass averaged flow angle at the inlet plane; the positive values mean that the
flow is directed more towards the circumferential direction, in line with the turbomachinery
theory, where the positive incidence means more increased flow turning in the blade passage.
The negative values on the plot represent a more axial-directed flow. The formula for Af; is as

follows:

AB1 = Piiocal - Pivra (5.2)

Figure 5.3 (b) shows the solid line as Figure 5.3 (a) together with the probe measurements
of the flow angle in solid circles. The empty circles are given for the angular position of the
stagnation point on the probe’s surface.

Measured values follow the general trend of the potential field. In proximity to the suction
side at 5% of pitch the probe measures more negative incidence compared to the undisturbed
local value. At 12% the values are within 0.5°. Between 10-80% of pitch the probe measures
increased incidence compared to the undisturbed flow. The peak error in this region is 1.3°.
When approaching the pressure side, the measurements have a notable shift in the trend
compared to the undisturbed flow field: measured values show more negative incidence. This
is due to probe wake interaction with the blade leading edge, as shown in Figure 5.2 c).

The angular position of the stagnation point presents the bulk flow direction around the
probe. It can be seen that a significant portion of the potential flow field distribution is captured
by the position of the stagnation point itself; however, the asymmetry on the probe’s sides
contributes up to a degree of difference. In addition, because of the flow asymmetry the offset
between the probe measurements and the stagnation point’s angular position is nonuniform

along the pitch.
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Figure 5.3 Flow angle distribution upstream of the stator at Mach 0.4 and zero blade

incidence and the probe measurements at the same axial plane (a) and vector orientation

schematic (b)

The difference in the angular position of the stagnation point and the measured angle shows
that the false angular readings are caused not just by the change in the bulk flow, as was
previously thought (see Coldrick et al., 2004a), but also by the flow asymmetry around the
probe. In their paper Coldrick et al. placed the probe only in the middle of the passage and
reported a similar difference of 0.8°; however, this difference is the result of two mechanisms
combined.

Figure 5.4 shows C, ow distribution along the pitch upstream of stators for undisturbed flow

compared to probe measurements shown in circles.

C — (P - Ps,ave) 53
Prow (PO,ave - Ps,ave) ( ' )




76 5.2 Sensitivity analysis

Zero on the vertical axis means that the local pressure coefficient of the flow (C, ) equals

flow

to the mass flow averaged one. Values lower than zero mean that the dynamic head is larger.
Intuitively, this chart has the same principle as C, distributions around the probe, where the
value of 1.0 means the total pressure of the flow and zero velocity, and the value of 0.0 is for
the freestream flow static pressure. Similar to Figure 5.3, the general potential field pattern is
captured well, with a 5% overestimation of the dynamic head at 12% of the pitch and a 5%
underestimation at 78% of the pitch. At 55% of the pitch, the measurement agrees within 1%
with the local flow value; however, both numbers give a 5% larger dynamic head than the

average flow due to the potential flow field effect upstream of the stator.
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~ \ ‘ ; ] ‘ —Undisturbed flow
o O O — e CFD measured
1 1 ; | : : ; : ;
SS i i 1 : ] ! ; C PS
0.2 ‘ ‘ ' ‘ | - ‘ ‘ ,

Pitch

Figure 5.4 C, ow distribution upstream of the stator and the probe measurements at the

same axial plane

Axial location

Figure 5.5 (a) shows the two axial locations where the probe was placed during the study.
Plane 1 is drawn at the probe axial location near the casing, which is at 13% of the stator chord
away from the blade leading edge, which is about 2.5 times the probe diameter. Plane 2 is
drawn to account for the bending of the holding stem under the aerodynamic force. This
bending leads to an anticipated axial move of the probe by up to 1.5% of the probe’s diameter
so that Plane 2 is positioned further downstream, at 1 probe diameter upstream of the stator
leading edges. Circumferential offset is applied to the readings in Plane 2 in a way that the
probe is shifted along the vector of the inlet metal angle, as shown in Figure 5.5 (a).

The pitchwise distribution of the flow angle is shown in Figure 5.5 (b).



Chapter 5 Probe placed upstream of stators 77

For these conditions, the flow angles vary between -5 and +12°, where ‘0’ means the mass-
flow averaged value at each axial location.

Parameters at Plane 2 in proximity to the blade’s leading edges have steeper gradients, as
shown in blue in Figure 5.5 (a). However, the probe ‘measurements’ do follow the trend in
both cases with a comparable level of an offset in the mid-pitch, where the ‘measured’ values
are higher by 2—4°. At Plane 2 the probe is immersed further downstream inside the channel,
so the probe’s wake interaction with stator leading edges is not seen at 10% and 90% of pitch,

and all the measured flow angles are off to one side from the undisturbed flow.

12 - - : : . -
e Plane 1 probe reading

9 1\ i S A ¢ Plane 2 probe reading

6 |----> S S S —Plane 1 undisturbed flow
& ' —Plane 2 undisturbed flow
<
<0

-3

-6

(b)

Figure 5.5 Schematic representation of the probe location (a) and pitchwise distribution

of the flow angle upstream of the stator in undisturbed flow compared to probe readings (b)

One of the questions during data processing of real experimental results is whether these
locally measured flow values should be compared/corrected to the local flow values, which can

then be processed towards the mean value by the flow field calculation, or instead, whether
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they can be corrected straight to the mean flow values following the shown trends. To answer
this, the next section provides similar plots of the flow angles and the C, coefficients for various

flow conditions.

5.2.2 Sensitivity to flow conditions

5.2.2.1 Flow angle

A range of +/- 5° of the upstream flow incidence was taken to cover both unseparated and
separated conditions in the blade channels. For the upstream measurements the downstream
separations do not cause a significant change in measured values. However, with increasing
incidence, the pressure gradient in the circumferential direction becomes steeper, and it is
important to understand whether this can affect the probe readings and possible corrections.
Figure 5.6 shows measured and undisturbed values of the flow angle and pressure coefficient
at a range of blade incidences. Here, a zero incidence means the design flow angle for a
particular blade row, and a positive incidence of ‘+5° means the positive incidence on the stator
blades, causing higher flow turning in the blade channels.

In proximity to the suction side of the blade, the probe measures a similar or lower incidence
compared to the undisturbed local value. In the case of a negative average flow incidence (-5°)
the measured values are lower in the pitch range between 0 and 20% from suction side. This is
because of the downstream effect of the flow around the blade suction side, as shown in Figure
5.7 (b).

For the positive incidence, the local flow angle varies between -5° and +7° compared to the
averaged flow, and the difference with the measured values is the largest among the three lines.
It is important to note that the interaction of the probe’s wake and the leading edge starts further
from the pressure side, so even when the probe is at 80% of the pitch, the flow angle
measurements ‘flip’ across the line of the undisturbed flow and show more of an axial flow
direction. This means that if a designer wants to have universal corrections insensitive to the
blade incidence, pitchwise probe locations after 75% of pitch should be avoided. Figure 5.6 (b)

shows the difference in pressure coefficient. In this case the trend is differs for according to the
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incidence case: for +5° the dynamic head is underestimated by up to 8%, whereas for -5° it is

overestimated by 2-7%.

Pitch
(b)

Figure 5.6 Pitchwise distribution of the flow angle upstream of the stator (a) and C, o

coefficient (b) for selected flow incidences
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Mach
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Figure 5.7 Mach number contours around the probe upstream of the stator blade row: (a)

probe location at 10% of pitch and +5° flow incidence and (b) -5°; (c¢) probe location at

90% of the pitch for +5°, and (d) -5°

Flow Mach number contours are presented in Figure 5.7 for two probe locations and two
incidences. The case of positive incidence with the probe near the suction side is shown in
Figure 5.7 (a), whereas Figure 5.7 (b) is for the negative incidence; c) and d) are for two

incidences when the probe is near the pressure side. In Figure 5.7 (a) the probe blockage in
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combination with the flow direction causes additional acceleration between the probe and the
suction side and also causes higher diffusion towards the trailing edge of the blade. At negative
incidence a downstream part of the suction side acts as an asymmetrical contraction to the flow
field around the probe, similar to the case presented in Chapter 4. This is why the green points
go below the green line at 12% of the pitch in Figure 5.6 (a) and then at between 20 and 90%
of pitch the points go above the line. For zero incidence, in the range of 12—-85% the points are
also above the line, and for the case of +5° the points are above the line between approximately
10 and 60% of the pitch.

Figure 5.7 (c) shows the flow around the probe in proximity to the blade leading edge and
its pressure side at a positive bulk flow incidence of +5°. The probe wake in this case is
significantly expanded and flows around the leading edge of the blade from both pressure and
suction sides. For comparison, in case Figure 5.7 (d) with negative bulk flow incidence the
wake is compressed and goes around the leading edge under the pressure side only. Probe wake
interaction with the blade leading edge explains why in Figure 5.6 (a) the shift in trend between
overpredicting and underpredicting the local flow incidence happens at varying pitches
depending on the average flow direction: for positive incidence this effect starts at about 70%

of the pitch, whereas for negative incidence the shift is not yet seen at 88%.

5.2.2.2 Flow Mach number

The flow field is further complicated when high-speed subsonic flows are presented in the
field. Flow angles at various Mach numbers are shown in Figure 5.8 (a) and the Cp values are
in Figure 5.8 (b). The undisturbed local pressure values are shown by lines, and probe readings
by symbols. For all the flow conditions of interest, the measured flow angles are consistent
with the undisturbed flow within 2°, and the shape of the trends is similar for all the lines. In
fact, the three series of measured values are closer to each other than the three lines of the
undisturbed flow. In addition, the magnitudes of flow angle variations are similar: within £5°
from the averaged angle. The main difference is at the ends of the lines, near the blade walls:
the points cross the lines at multiple pitch positions as a result of changing potential field, so

that for a Mach number of 0.8 the measured values are just slightly above the undisturbed flow
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with no effect on the readings from the pressure side of the blade (within the studied range of

locations).

Cp flow

Figure 5.8 Pitchwise distribution of the flow angle (a) and C, ow (b) upstream of the

stator for a range of flow Mach numbers

It can be seen that for all operating conditions the difference between the measured flow
angle and that of the undisturbed flow at the point of measurement follows the same trend of
overestimating values in the middle of the passage. This can be used to develop a correction
procedure for measured values which will be independent of the inlet flow conditions. Then

the local values can be transferred to the representative pitchwise averaged value with the use
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of CFD, and since the flow distribution upstream of stators is mainly a potential effect, the
CFD gives reliable distribution.

Measured values of the C, shown in Figure 5.8 (b) rise in line with the Mach number as it
increases, which means that the measured flow speed will be lower than that in the undisturbed
flow. The values also become more uniform along the pitch, which does not follow the
undisturbed flow field pattern. The changes in Cp distribution are the result of reaching critical
flow conditions around the cylinder (Zdravkovich 1997): it is known that when the freestream
Mach number upstream of the cylinder approaches the value of 0.7, the peak velocity on its
surface reaches the speed of sound and the probe blockage grows nonlinearly. Upstream of the
blade passage, these transonic flow regions significantly increase the blockage effect from the
probe, and the flow is close to the choked conditions. This also causes more significant flow
redistribution to the neighbouring channels.

Figure 5.9 illustrates the difference in blockage between subcritical (Mach 0.4) and critical
(Mach 0.7) cases. In this figure, red means that in that location the undisturbed flow is faster
than the one with the immersed probe, and the difference exceeds 30% of the freestream inlet
Mach number. The coarseness of the plots is caused by interpolation between two meshes.
From the CFD post-processing, in the second case the probe wake is 15% wider and the Mach
number is more than 30% lower than in the undisturbed case compared to 10—15% for the low-
speed case. Similar differences can be seen near the suction side of the blade at the location of

peak flow velocity.
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Figure 5.9 Mach number differences between cases with and without the probe at Mach

0.4 (a) and Mach 0.7 (b)

In Figure 5.10 the C o probe distributions are shown for the subcritical (blue line) and critical

(red line) upstream flow conditions: Mach 0.4 and 0.7 respectively. The two black lines are
shown as a freestream calibration references at local undisturbed values of the Mach number
at the location of the measurement. Figure 5.10 (a) is for the probe near the suction side of the

blade and Figure 5.10 (b) is for the central position. The Cppmbe values are also calculated for

the local parameters of the flow.

When approaching a critical Mach number, the C, distribution line goes above the one for
subcritical conditions. However, this effect is accounted for during calibration, and the two
black lines are shown to prove that. What is not captured during calibration is the increasing
probe blockage effect, especially at the centre of the passage. The three pressure readings will
result in the measured dynamic head being 10-20% lower than to the undisturbed local value
(see Figure 5.8 (b)). A series of calculations near the critical Mach number have shown that the
deviation of the measured values from the undisturbed ones grows parabolically after Mach

0.6.
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Figure 5.10 Cp distribution around the probe at selected Mach numbers for the probe at
12 % (a) and 54% (b) of the pitch

5.3 Correction for the presence of the probe

In the previous section, CFD-measured values, as well as the distributions of the undisturbed
flow were compared against the pitchwise averaged flow parameters (zero on the vertical axis
of the figures). For the locations near the middle of the passage, it was shown that most of the

difference in the averaged flow is caused by the flow field distribution around the blades. The
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aim of this section is to account for the presence of the probe in the flow field when measuring
local flow parameter as it would be in the undisturbed flow.

As a result of the whole set of simulations, Figure 5.11 shows the differences between the
probe measurements, simulated in CFD, and the local values of the flow for the range of
operating conditions from Table 5.2. In Figure 5.11 the vertical axis shows the difference
between the local undisturbed flow and the CFD-measured one, so zero on the vertical axis
means an undisturbed flow value. The colour and symbol scheme on the figure covers nine
operating conditions: three incidence angles at three Mach numbers each.

Between 0.2 and 0.7, the differences between the measured and local flow angles fall within
a 2° range. Therefore, within this region of locations, the corrections for the flow angle
measurements can be applied independently from the flow conditions. Away from this region,
the probe interaction with the walls becomes significant and the readings become sensitive to
the upstream flow conditions, so the corrections can no longer be independent from operating
conditions.

The correction of the probe readings to the local flow values can be less sensitive to the flow
conditions when the probe is near the centre of the passage, and a simple parabolic correction
curve can reduce the probe reading uncertainties to within a + 1° range. The approximate

correction function for a given set of conditions and geometry could be written as follows:

Where Apcorr 1s a correction value to be subtracted the measurement to obtain a local value
of the undisturbed flow; @1is a relative circumferential position of the probe from 0 to 1. C>, C;

and Cy are the correction line coefficients. For the line shown in Figure 5.11 the coefficients

are -7.1, 7.3 and -0.1 respectively.
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Figure 5.11 Flow angle differences between local values of the undisturbed flow and the
probe readings at the same locations (zero on the vertical axis means the measured value

equals the undisturbed one)

The range of 20—70% of pitch is equivalent to a distance from the blade wall of four probe
diameters from the suction side, and six from the pressure side, which is two-to-three times
bigger than the sensitivity range reported by Lee and Yoon (1999). The main reason is in the
interaction of the vortical structure—in this case the probe wake—with the curvilinear surfaces
of the downstream blade, which was not considered by Lee and Yoon in their setup.

The difference between the measured and local values of C, ow is more case-dependent.

Figure 5.12 (a) is a result of processing Figure 5.6 (b), and Figure 5.12 (b) is a result of
processing Figure 5.8 (b). The graph shows the difference between the measured value of the

C, o and the undisturbed flow. The differences are shown for a pitchwise location of 0.375

as an example. In Figure 5.12 (a) the differences are shown as a function of bulk flow incidence
upstream of the stator blades and in Figure 5.12 (b) these differences are shown for varying
upstream flow Mach number. Equation 5.3 defines the difference between measured and local

Cp . Equations 5.4 and 5.5 represent examples of the correction curves for a particular
probe

circumferential location used during this work. During experimental data processing, the
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coefficients for Equations (5.5(5.8 were stored in the three-dimensional matrix for the
circumferential locations of the probe, flow incidence, and upstream Mach number. When the
corrections are calculated, the resultant local value of the flow can be obtained according to

Equation 5.6.
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Figure 5.12 C, o differences between local values of the undisturbed flow and the

probe readings at the same locations for the three incidences (a) and 0.375 of the pitch with

increasing Mach number at zero incidence (b)
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ACp0375) = Cpmeasured) = Cp(iocan (5.5)

ACp,(0.375) = 0.00105 - i? + 0.011-i +0.01 i € (=5;5) (5.6)
ACp,,.(0375) = 2.6 Ma? — 2.6 - Ma + 0.65 Ma € (0.5;0.8) (5.7)
Cpﬂow(local) = Cpameasurea) ~ Cp; — Cppyq (5.8)

The correction of static pressures requires the knowledge of the flow angle at the inlet and
the estimation of the Mach number. The flow angle is the first parameter obtained during data
processing, and the correction for the angle is based on the probe’s location only, so this data
becomes available prior to pressure corrections.

Estimation of the flow Mach number can be based on the multistage CFD simulation of the
compressor. This method was used in the current project and the simulated and measured

values of the Mach number gave the uncertainty of the C, o values to within 2%. During a

measurement campaign, the Mach number can be iterated: first, raw measured pressures are
used to obtain a first guess of the Mach number, then the Mach number correction is used to

obtain a corrected value of the C, o based on the updated Mach number that is calculated.

This routine is less reliable as for some probe locations it tends to diverge, so a CFD simulation
at the operating point of interest was found to be convenient.

Next, the difference between measured and local values will be discussed. This is done in
the same sequence as the raw data of three-hole pressure probe readings is processed: first, the
yaw angle, then the stagnation pressure and the dynamic head.

Flow angle measurements follow the general trend of the potential field upstream of the
stator blades. It was found that the differences between the readings and the local flow angles
at the probe location are less dependent on the flow condition, and all the points fall into the
narrow region of £1°. When comparing against the averaged value, the difference can reach up
to 10°. Therefore, processing the measured values of the flow angles as local ones is more
universal. The parabolic correction curve was described in Equation 5.2. In that case for the
20-70% of pitch, a measurement uncertainty of within +1° from the local value of the flow
angle can be expected. This is found to be the case for all the probe locations and flow regimes

studied.



90 5.4 Measurement correction procedure

After correcting the reading to the local flow value, the latter should then be transformed to
a representative pitchwise average number. Since the local flow distribution upstream of the
stator is mainly caused by the potential field, the correction from local to mean flow value can
be done by CFD simulation in the same way as coloured lines refer to the zero value in Figure
5.8 or similar plots.

Total pressure readings in front of the stator blades can be measured throughout the whole
range of conditions studied. The spread of the measured values was well within 0.1% of the
dynamic head. This can be explained by the uniform upstream total pressure due to the
averaging downstream of the rotating blades. In addition, the middle hole of the three-hole
pneumatic probe, which is mainly responsible for the total pressure measurement, is located
upstream of all the loss sources of the stator blade row, therefore the impact of probe location
is comparatively low.

Static pressure readings are sensitive to the flow angle and Mach number. A 5° incidence
can cause the pressure measurements to deviate within £5% from the local value, and if the
uncertainty in the flow angle is +1°, after the correction of the flow angle the measured pressure
uncertainty will be within +1% of the dynamic head after the correction.

For a flow Mach number lower than 0.6, the measured values follow the general trend of
the potential field. At higher flow speeds the probe blockage significantly grows and affects
not just the blade channel where the probe is immersed, but also the neighbouring channels.
The dynamic head, therefore, is underestimated by more than 30%. Under these conditions, the

differences are more uniform along with the pitch.

5.4 Measurement correction procedure

A schematic representation of the proposed measurement corrections procedure is shown in
Figure 5.13. It has two steps: in the first, the measured value from the probe reading is
converted to the local value of the undisturbed flow at the probe location. The second step is
to convert the local value of the flow into a representative pitchwise-averaged flow parameter.

In Figure 5.13 this procedure is shown for the probe location of 12.5% of the pitch.
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Figure 5.13 Schematic of the measurement corrections: (1) correcting measured value to
the local value of the undisturbed flow, (2) calculating representative

pitchwise-average value

The procedure relies on the knowledge of two flow fields: the one around the probe at
location and flow conditions of interest, and the undisturbed flow ficld at the measurement
plane in a real (in this case multistage) simulation at the right operating point. The former can
be simulated for a range of locations and flow conditions expected during an experiment in a
two-dimensional simplified setup, whereas the latter can be obtained from the multistage
simulations used in the design process. The complete procedure is shown in Figure 5.14 with
first and second steps expanded into bigger blocks. The routine for measurement corrections

of the multistage axial compressor can be performed as follows:

1. Calculate a two-dimensional flow field at a location of measurements both with and
without immersed probe. Cover the anticipated range of probe locations and flow
conditions. In the presented research the ranges are significantly expanded to gain
physical understanding of the processes and the limitations of the method. To do this
a matrix of 10 locations by 9 flow conditions with some intermediate points for
refined interpolation was studied for each measurement plane. For the real

applications the number of simulations can be reduced.
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5.4 Measurement correction procedure

Build a matrix of correction coefficients for Equations (5.4(5.8. For yaw angle
measurement, the correction for circumferential position only is sufficient to obtain
the remaining uncertainty of = 1°. For static pressure measurements a three-
dimensional matrix should be calculated: for each probe location, corrections for
inlet flow incidence and then inlet flow Mach number are calculated. For all
corrections, second-order, best-fit approximations were used.

Define the probe location along the circumference. Calculate the difference between
the measured and the undisturbed flow angles using equation 5.2 and coefficients
from the previous step. Calculated values of corrections are then added to the
measured values. The resultant value represents the local flow angle value of the
undisturbed flow at the location of the probe. This operation is illustrated as number
1 in Figure 5.13.

Use a representative multistage CFD simulation of the compressor at the operating
point of interest to obtain circumferential distributions of the flow angle, as well as
total and static pressures at selected spans at the measurement plane .

Calculate the difference between the pitchwise averaged value of the flow angle and
the local one at the position of the probe. Add this difference to the corrected
measured local flow angle from Step 3. This operation is illustrated as number 2 in
Figure 5.13, where the black line represents the circumferential distribution, and zero
at vertical axis is the average value. Now the pitchwise averaged flow angle value
can be used in the design system; it can also be used to calculate corrections of static
pressure measurements.

For static pressure measurement corrections, for a known probe location the
corrections to the static pressure can be calculated using equations (5.5(5.8 using
coefficients from Step 2 and known pitch position. First, the correction for the inlet
flow incidence is applied, and then for the Mach number.

For Mach number corrections, an initial guess of an undisturbed Mach number is
needed. In the current research, this was obtained from the representative multistage
compressor CFD simulation. Otherwise, during experiment this guess can be
calculated from the raw measured static and total pressures. For cases when the inlet

Mach number is below 0.6, corrections for the Mach number can be omitted.
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8. Check if the probe is at the location or flow conditions of high uncertainty. For
locations beyond the recommended range (in this work it is 20-70% of the pitch),

the data should be treated with care.
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Figure 5.14 Corrections procedure for the probe measurements

This method is valid when probe blockage does not cause major radial redistributions of the
flow: if probe blockage values are in the order of 5% of the blade pitch, two-dimensional
corrections can be used.

The procedure was found optimal for experiments in multistage axial compressors designed
with a repeating stage concept and for spanwise traversing at variable pitch locations of the
probe. In this case, the number of 2D simulations in Step 1 of the method to cover the range of
real flow conditions and probe locations is significantly smaller than 3D simulations of the full-

span blade passages with various immersions and pitch locations of the probe.
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If only a few individually designed stages are traversed at one or two radial lines, it might
be more effective to simulate specific probe positions and flow conditions at full-span setup

without the need for generalisation.

5.5 Measurements along the span

This section compares the circumferentially averaged and local parameters of the
undisturbed flow at probe locations with the values measured by the probe moving along the
radial trajectory at a given measurement section. To do this, several representative positions at
mid-span, near the hub and near the casing, were simulated in a full three-dimensional setup.
The actual probe and the stem were simulated inside the stator domain at the known pitchwise
and axial position and immersion. The boundary conditions were taken from multistage
compressor simulations.

Figure 5.15 shows the view on Stator 1 from the upstream with the probe placed at one of
the locations of the real traverse, and the radial trajectory is shown in the broken red line.
Similarly, the broken blue line shows another traversing trajectory for the second probe. The
relative position of the probe is shifting towards the suction side when immersing downwards,
so for example, when the probe enters the flow path near the casing at 34% of pitch (counting
from the suction side), it reaches the hub at around 24% of the pitch. This is due to the blade
twist according to the designed swirl distribution in the stage. At each probe location, the raw
simulated probe measurements are shown first, then the correlations from section 5.3 are used
to convert the measured values into the local ones, then the flow field from the three-
dimensional setup is used to obtain pitchwise averaged value. The total pressures were
processed without corrections, and the static pressure corrections were applied in the same way

as the flow angle.
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Radial
trajectories

Figure 5.15 A probe simulated upstream of the stator domain, immersed at 90% of the

span at a pitchwise position of the real probe.

Figure 5.16 (a) shows the spanwise distribution of the flow angle in terms of blade incidence.
Zero on the horizontal axis means zero incidence into the blade row at a given span. The black
solid line in Figure 5.16 (a) represents the circumferentially averaged value at each span
location. The broken blue and red lines are the local values of the undisturbed flow from 3D
CFD setup where the colours correspond to the trajectories from Figure 5.15. Two sample
measurements simulated with the immersed probe are shown in dots for the location at midspan
and pitchwise locations of 29% and 71%, counting from the pressure side.

In Figure 5.16 (b) the two-dimensional distribution along the pitch is shown for the full-
span setup at mid-span slice. The black line here represents the local undisturbed flow value,
and the points give the readings of the simulated immersed probe.

For 29% of pitch, the measured value is 1.42° larger than the averaged undisturbed value,
whereas local undisturbed value is 0.32° lower than the averaged one. When applying Equation
5.2 for a given pitch, the correction value is 1.62°, meaning that the corrected local value would
be 0.12° higher than the undisturbed one:

1.42°-1.62°=-0.2°; -0.2°-(-0.32°)=0.12°
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For the blue points the difference is: -3.4° for the measured value compared to the averaged,
and -5.03° - for the local. The amount of correction from Equation 5.2 is 1.72° which when
applied to -3.4° results in -5.12°, or 0.09° lower than the local value. This shows how the
corrections from Equation 5.2 can be applied to obtain local undisturbed flow angle from the
measurements. It is important to note that Figure 5.16 (b) is built for a full three-dimensional
setup, but the corrections are calculated from the two-dimensional cases summarised in Section

5.3 and these corrections improved the uncertainty from 1.7° down to £0.1°.
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Figure 5.16 Spanwise distribution of the flow angle at given trajectories and pitchwise
averaged (a) and pitchwise flow angle distribution at middle span and the probe readings at

two traverse locations (b)

Figure 5.17 (a) shows the pressure measurements upstream of the stator for the same
trajectories and two spanwise locations of the probe. Again, the broken lines show the local

values of the undisturbed flow and the points of the same colour show the measurements of the
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simulated immersed probe at given locations. The black line shows the pitchwise averaged

value. Zero value at the horizontal axis is equal to the C, ow value of the flow at the mid-span.
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Figure 5.17 Pressure upstream of the stator at two radial traversing trajectories and the
circumferentially averaged values, together with two sample measurements from 3D CFD
(a), and circumferential distributions for two given spanwise locations: 50% span (b) and

14% span (c)

The two radial positions of the measurements are now shown for 14% and 50% of the span.
This is to illustrate the difference in measurement corrections when reaching the critical Mach
number: at the midspan the value is 0.652 and at the 14% span it is 0.712. Figure 5.17 (b) and

(c) show the circumferential distributions of the C, ow values at each given span and the probe

measurements at the same span and selected locations along the pitch. Zero on the vertical axis

equals pitchwise averaged C, at the given span.
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The correction procedure from Section 5.4 can now be applied for the C, values of the flow.
As shown in Figure 5.16 (a), the average flow incidence at the measurement plane is 0° at mid-
span and 1.6° for 14% of the span. Table 5.3 provides correction coefficients for Equations
5.4-5.5 at given pitch locations and flow conditions. Table 5.4 compares raw and corrected
values with the undisturbed ones. Mach number values along the span are taken from the
multistage simulation—the same conditions that were used for the full span simulation with
the immersed probe. The corrections are then subtracted from the measured values as shown

in Equation 5.6.

Table 5.3 Coefficients for Equations 5.4-5.5 at given pitch locations of the probe

Locations Corrections for incidence Corrections for Mach
Coi Cri Coi ACppmbe Couma | Cima | Coma ACppmbe

Traverse #1  |-0.0008 | 0.0088 | 0.014 6.05 |-6.85 |1.92

50% of span 0.0140 0.0336
14% of span 0.0260 0.1098
Traverse #2 0.00001 | 0.0059 | 0.0011 291 -3.58 | 1.11

50% of span 0.0011 0.0024
14% of span 0.0104 0.0265

Table 5.4 C, o values of undisturbed flow and the measured values

Span 50% 14%
Pitch 29% | 71% 25% | 76%
Averaged value 0 -0.043
Local undisturbed -0.115 -0.033 -0.196 -0.037
Measured -0.082 -0.031 -0.069 -0.022
ACppmbefor incidence 0.014 0.001 0.026 0.010
ACppmbefor Mach 0.034 0.002 0.110 0.027
Corrected value of C, -0.130 -0.034 -0.205 -0.059
Difference between -0.015 -0.001 -0.09 -0.022
the measured

corrected and

undisturbed values

At the midspan and subcritical Mach number, the measured C, ow is 3.3% higher than the

local value, meaning that the predicted dynamic head will be 3.3% lower. At the same time,
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the local C, o is 11.5% lower than the pitchwise average. For 71% of the pitch the measured

value is 0.4% higher than the local undisturbed one, which, in turn is higher than the pitchwise
average by 3.5% of the dynamic head.

For the Mach number of 0.712 and 26% of pitch (the pitch is now corrected following the
radial line of the probe trajectory), the probe measures a value close to the average one, whereas
the local undisturbed value is 19.3% lower. For 67% of the pitch the differences are still within
4%, because in Figure 5.17 (c) the distribution line of undisturbed flow values crosses zero and
the measured values were found to be in proximity to the ones in the undisturbed flow. As a
result, the corrected values are within 2.2% of the dynamic head from the local ones, compared
to up to 13% difference without correction. The highest uncertainty is for the 14% span and
67% pitch.

Local C, o values are then transferred to the averaged ones using the local undisturbed flow

value, shown as black lines in Figure 5.17 (b) and (c). For each circumferential position the
value on the black line is subtracted from the local value of the flow, which in case of the
undisturbed flow will transfer all the points along the circumference down to the horizontal
line at zero on the vertical axis. Since the operation is linear, any error in calculation of the
corrected measured value will be translated into the error in the pitchwise averaged one.
Figure 5.16 and Figure 5.17 show the measured values only. In Figure 5.18 the measured
and corrected values are shown for multiple points along the span. Figure 5.18 (a) and (c¢) show
the same distributions as Figure 5.16 and Figure 5.17 with more points on them. Figure 5.18

(b) is the total pressure distribution shown in the form of C, o coefficient where 1.0 at the

horizontal axis means the total pressure at the midspan.

As a result, measured flow angles, which were up to 5° away from the pitchwise averaged
were corrected to lie within 1° of the pitchwise averaged values. The total pressure was not
corrected, and it proved to be within a range of 1% of the dynamic head away from the

pitchwise averaged values.
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Figure 5.18 Measured raw and corrected values along the span at two traversing

trajectories: flow angle (a), stagnation pressure coefficient (b) and static pressure

coefficient (c)

The measured static pressures, if considered without corrections, would show a negative or

zero pressure gradient along the span, which is particularly well seen with red dots at the bottom
half of the span in Figure 5.18 (c¢). This contradicts the nature of the flow: the swirl downstream
of a rotor implies a strong positive pressure gradient to satisfy radial equilibrium. When
corrected, both blue and red dots align with the line of the undisturbed flow within 2.5% of the
dynamic head at mid-span. However, the applied corrections were found to be very sensitive
to the fine position of the probe and the real geometry of the channel, so when similar

correlations were used for other blade channels, the uncertainty of the pressure readings rose
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to 5%, which is still less than that of the raw data. Therefore, for static pressure corrections,
every blade row operating near the critical conditions must be simulated at given flow
conditions to obtain the right correction value. The example in Figure 5.16-Figure 5.18 shows
how the correction procedure can be used to give sensible results even in the constrained

environment of real gas turbine engines.

5.6 Concluding remarks

In this Chapter, the mechanisms affecting the probe measurements were explored. When the
probe is immersed upstream of the stator, it measures the local parameters of the distorted flow
in an environment different from the probe calibration facility.

The probe acts as a blockage to the flow; in particular it changes the flow direction and
causes the flow to redistribute to the neighbouring channels. When the probe is in the middle
of the pitch, for the case studied, the bulk flow around it has a 2—3° higher flow angle than in
the undisturbed flow.

The difference between the calibration and real flow environments, referred to here as a
flow asymmetry around the probe, causes a 1-2° change in the measured angle when the three
pressure readings are processed with the freestream calibration coefficients. For the middle of
the passage, this effect brings the measured results closer to the ones of the undisturbed flow.
The side holes of the probe are affected the most. This limits the sensitivity range of the probe
to £20° compared to £25-30° at freestream calibration.

Proximity to the blade surface causes extra acceleration near the probe surface and shifts the
separation point further down its circumference. These effects lead to increased uncertainties
of the measured flow angle and pressure, especially at high blade incidences. For example,
when the probe is placed near the pressure side of the blade, its wake can interact differently
with the leading edge of the blade depending on the angle of the upstream flow. The correction
for these effects is limited by the uncertainties in CFD modelling of the large vortical structures
around and downstream of the probe.

The low measurement uncertainty region is 20-70% of the pitch, and the parabolic
correction can be applied to the flow angle measurement to obtain a local parameter of the

undisturbed flow. When applied, the difference between measured and local flow angles was
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reduced to £1°. Static pressure measurements need to be corrected for the probe’s position, the
inlet flow angle, and the Mach number. The initial difference with the undisturbed values can
be more than 20% of the dynamic head. When the corrections are applied, for subcritical flows

the uncertainty is reduced to +5%.



Chapter 6 Probe placed downstream of stators

In this chapter, measurements downstream of stator blade rows are considered. In the first
part the flow features affecting the probe measurements are discussed. Then a set of quasi-two-
dimensional simulations are presented to understand at what probe locations along the
circumference the measurements can be trusted and corrected if necessary, and to understand
the key mechanisms affecting the measurement uncertainties. This is followed by full-span
simulations of the probe downstream of Stator 1. It will be shown that even in presence of large
corner separation zones in the stator, the measurements in a wide region at the middle of the
blade channel can have low uncertainties.

The list of the test cases studied in Chapter 6 is given in Table 6.1. For simplicity, only one
radial traverse is shown in this chapter, however the findings are supported by full-span

calculations with the probe at all the planes of the real measurements.

Table 6.1 List of test cases in Chapter 6

Blade row Locations Flow conditions
39 downstream 5 circumferencial 3 incidences
Quasi-2D 3 Mach numbers (9 total)
31 downstream 1 radla.l trajectories 1 operating point of the
5 locations along the span compressor

6.1 Differences with measurements upstream of stators

When the probe is immersed downstream of a stator blade row of a multistage compressor,
there are several fundamental differences to the measurements upstream of stators that make it

hard to obtain reliable readings and make use of this data.
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First, the probe upstream of the stator sees circumferentially averaged flow in front of it. In
this case, for steady flow measurement total pressures and flow angles have constant values
along the circumference of the stator. Static pressure distribution reflects the potential pressure
field of the downstream blades. Downstream of the stator, the flow before the probe is not
circumferentially averaged, and the total pressure and flow angle will not be uniform. However,
the static pressure distribution will be uniform, except in blade wake regions.

Second, the flow upstream of stators is dominated by potential flow field effects and the
rotor wakes, and leakage flows are effectively time averaged, whereas downstream of stators
there are still potential field effects. But it is the vortical structures that play a significant role
in the flow field, and the probe interaction with the boundary layers, separation zones and blade
wakes introduces further complications and uncertainties in measurements. The reliability of
CFD modelling of the viscous effects is also less robust than that of the potential field, so a
case-to-case comparison between the real measurements and the CFD at each particular probe
location and operating point can be less accurate.

In addition, for a multistage compressor, the limitations in space make circumferential
traversing downstream of stators difficult, and this process is commonly used for laboratory-
scale research compressors. Even if it was technically achievable, the flow parameters
measured in proximity to the blade wakes cannot be treated as undisturbed flow values, which
will limit the practical use of this data. Moreover, for industrial gas turbines tested on site,
milling a wide circumferential slot in proximity to stator blade roots raises serious concerns
about structural integrity and the lifecycle of the casing during further engine operation after

the tests.

6.2 Two-dimensional setup

Figure 6.1 (a) shows a typical flow in a stator blade channel. The red line shows the axial
plane where the probe is immersed, which is at 10% of the blade chord. Figure 6.1 (b) and c)
show respectively the flow angle distribution along the circumferential direction and the

distributions of C

P —a measure of local total pressure divided by the pitchwise average:
flowotal
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(PO — Ps ave)
C = —_— 6.1
Pflowtotal (Po,ave—Ps,ave) (1

The flow is moving more axially near the suction side and more in a circumferential
direction closer to the pressure side. The dynamic head of the flow can be considered equal to

P flowgg gy 35 the static pressure distribution is within 3% uniform along the circumference, and
ota

the flow speed is the square root of the dynamic head. The flow speed is uniform along the
pitch with slightly higher values near the suction side; however, the main flow feature here is
the drop in dynamic head in blade wakes. Similar to the figures in Chapter 4, the measuring

points on these graphs are CFD-measured and the line represents the undisturbed flow values.
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Figure 6.1 Typical contours of Mach number in stationary blade row (a) and

circumferential distribution of the flow angle (b) and the C, l value (c) downstream

flowtota

at a distance of 12.5% of the pitch downstream of the blade row



106 6.2 Two-dimensional setup

Figure 6.2 shows the streamlines (left-hand side) in the channel and around the probe, and

the Cppm distributions around it (right-hand side). Here, the probe is oriented along the

be
designed flow direction. The streamlines show that the probe’s blockage interacts with the
upstream flow, causing the streamlines to deflect. Near the suction side, the additional blockage
causes most of the flow to go around the probe towards the pressure side, which reduces the
local flow angle compared to the undisturbed case. When the probe is approaching the pressure
side, the flow around it is being pushed towards the wake region, and at some point, the local
flow will be deflected towards the circumferential direction (see Figure 6.2 (¢) left).

The black lines in Figure 6.2 on the right-hand side represent Cppm . distribution at the

b

freestream calibration with the same Mach number as in the undisturbed flow at the location
of the probe. This line is given here for reference, so the reader can visually compare the actual
pressure distribution around the probe with the one from the freestream jet of equivalent

averaged velocity. All three C o probe distributions show extra velocity on sides compared to the

calibration curve based on local parameters. What is more important, is that the reading of the
central hole p> somehow exceeds the value of 1.0, which means that the total pressure will be
measured larger than the average one. This is due to the fact that in the core subsonic flow there
are no major loss sources and the local total pressure downstream of the stator will be close to
the values upstream, whereas the averaged total pressure will have to include the wake region,
therefore it will be somewhat lower. Using the total pressure upstream of the blade row for
reference can therefore provide values less biased by the size of the wakes and the probe

position in proximity to them.
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Figure 6.2 Streamlines around the probe downstream of stator blades (left) and Copro
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distributions around the probe (right) for the probe near the suction side (a), mid-pitch (b)

and near the pressure side of the blade (c)

Figure 6.3 shows the flow angle distribution along the pitch for the undisturbed flow as a

solid line and the probe measurements at given locations in black dots. Zero at the vertical axis

means the mass flow averaged value, and the positive values mean more axial flow. Near the

suction side, the undisturbed flow is more axial until 5% of the pitch where the wake effects

take place. However, the probe deflects the flow in the circumferential direction; therefore, it

measures less axial flow, or in turbomachinery terms the probe will be measuring extra
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deviation downstream of the blade passage. In proximity to the pressure side the same happens
due to the flow being pushed towards the wake. However, in the whole range excluding the

point at 95% of the span, the measured angle is within +1° from the mass flow averaged one.
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Figure 6.3 Flow angle distribution downstream of the stator and the probe

measurements at the same axial plane

The pitchwise pressure distribution downstream of stators is largely dependent on the size
of the separation zones, therefore it is preferable for the measurements to be transferred straight
to the pitchwise averaged values directly, without using CFD simulations. Calculations at
selected flow conditions are provided in the next sections to assess the validity of this approach.

Measured and undisturbed values of the total pressure are shown in Figure 6.4. Here, a value
of 1.00 means the total pressure of the undisturbed flow upstream of the stator. The solid line
shows an undisturbed flow field with the dots as the probe measurements. The broken line at
0.981 is the mass flow averaged total pressure downstream of the stator. Apart from the probe
location of 15% of the pitch, the rest of the measurements show the values within 0.5% of the
dynamic head away from both local and inlet averaged total pressures. However, the
conversion directly into the mean value would simplify the data processing and the total
pressure away from the blade walls can be treated as the total pressure of the core flow and
expected to be equal to that at the blade inlet. This can be used as a measure of consistency of

the experimental data during the real testing: if the measured total pressure downstream of
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stator does not agree with the one measured upstream, this can be a signal that the probe is

affected by the vortical structures, and the measurements at this location cannot be trusted.
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Figure 6.4 Total pressure distribution downstream of the stator and the probe

measurements at the same axial plane

The values of C, o 35 representative of the static pressure are shown in Figure 6.5. Here, a

value of 0.0 means the averaged C, downstream of the stator, and positive values mean higher
pressure and lower dynamic head. The measured values follow the trend with a 2—4%
overestimation of the dynamic head. In this case the difference in the averaged value reaches
up to 7% and conversion directly to the mean value can be problematic.

Considering that the probe-diameter-to-pitch ratio is about 5%, then the overestimation of
the dynamic head is comparable to the probe blockage, although the mechanism of such a
difference is not straightforward. As was shown in a simplified case in Chapter 4, when the
probe is immersed in a channel with solid walls, it causes a blockage and results in a faster
speed around the probe. For a set of geometrical parameters identical to the case of a
downstream probe, the blockage should cause an increase in dynamic head by 7-8%. Probe

interaction with the complex flow field reduced this difference down to 4%.
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® CFD measured

Figure 6.5 C, o distribution downstream of the stator and the probe measurements at

the same plane

This difference is illustrated in Figure 6.6 in terms of a delta in the Mach number of the

undisturbed flow and the one with the probe:
AMCI = Maundisturbed_ Maprobe (62)

Red indicates values when the undisturbed flow is faster than the one with the probe. The
light blue colour in the blade channel of interest shows that there is about a 0.0125 difference
in the Mach number, which means about 3% of the undisturbed flow Mach number downstream
of the stator. With an increasing Mach number, the probe blockage is expected to grow; the
probe will be measuring higher static pressure, and the readings will be more uniform across

the pitch, similar to the observations in Chapter 5, Figure 5.9.
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Figure 6.6 Difference in Mach number across the blade channel without and with the
probe. Red indicates faster speed in the undisturbed flow compared

to the one with the probe

In summary, for the measurements downstream of stators at design flow conditions the
measurements of the flow angle along the pitch fall into one line with a £1° offset from the
mass flow averaged value. The total pressure measurements in the core flow give the numbers
very close to the inlet total pressure and the dynamic head is overestimated by the values of 1—
3%, which is comparable to the area blockage of the probe. In the next section the flow in the

blade row will be studied at a high incidence

6.3 Probe placed in separated flows

In previous sections of the chapter, the flow downstream of stators was investigated at the
design operating point with no major separations on the suction side. Figure 6.7 shows the flow
angle distributions in the same way as in Figure 6.3, but for the operating conditions with the
presence of a separation zone on the suction side. This was achieved by applying boundary
conditions with a 7° incidence at the stator inlet. To understand the reasons for the measurement
deviations, Figure 6.8 shows all three pressure readings of the probe independently. The
measurement at 15% of pitch is omitted from the consideration due to its unrealistic value —

all three pressure holes are placed in the separation region and all three points measure values
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within 10% of the dynamic head; the measured angle is more than 30° away from the
undisturbed value. At a 35% pitch the measured angle is 2° more than in the undisturbed flow,
and this point does not follow the general trend. The value from the middle hole, P>, which
would normally be close to the total pressure, is falling towards the other two readings when
approaching the suction side. This means that the probe is placed in the separation region and
the pressure around it essentially equals the static pressure in the field. At 35%, the P> reading

is already lower than the average inlet total pressure by 20% of the dynamic head.
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Figure 6.7 Flow angle distribution downstream of the stator and the probe
measurements at the same axial plane for the case of flow separation

on the blade suction side
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Figure 6.8 Pressure readings on three holes of the cylindrical probe
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In a real measurement environment of a multistage axial compressor, the probe’s pitchwise
position will vary while the probe moves along the span, so for an experimental engineer the
readings of the central hole, p>, can be used to judge the reliability of the data. If the measured
value is lower than the stator upstream total pressure by more than the anticipated total pressure

loss in the core flow, then the measurements are likely to be of high uncertainty.
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Figure 6.9 Pitchwise distribution of the total pressure downstream of the stator in the

case of flow separation on the blade suction side

Figure 6.9 shows the total pressure distribution along the pitch between the two stator
blades. Only two readings—55% and 75% of the pitch—show values close to the inlet total
pressure and the values follow the general trend of the undisturbed flow. It is important to note
that, while measuring a significantly lower total pressure at 35% and 95% of the pitch due to
probe interaction with the wake, the measured angle errors are similar to those in the freestream
(£2°). A series of calculations have shown, however, that the measured angle in such regions
is highly uncertain, as all three pressure readings can be close to each other and the error can
exceed tens of degrees.

CFD-measured C, values of the flow are shown in Figure 6.10 with the solid line to represent
an undisturbed flow and the points are the probe measurements processed with the freestream
calibration coefficients. Overall, the values show a 6-10% larger dynamic head than the
undisturbed flow. As shown in Figure 6.8 when the probe is inside the separation region, all

three holes measure the pressure close to the static pressure in the channel. However, due to
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the presence of the probe, the static pressure in such a channel with and without the probe will
be different and, for example, the measured pressure at 35% of the pitch is more than 20%

lower than the undisturbed value.

0.08 ; . ‘ :
® CFD measured
0.04 —VUndisturbed ﬂow/
0.0 R
S ‘ ‘ | .
S ! : ! : ; ! ! ! :
O -0.04 oo Foomees e e Sl il i A
oxi L b
-0.08 e R A A e ||
SS | e ‘ ‘ ‘ ‘ PS
-0.12

Figure 6.10 C, o distribution downstream of the stator and the measurements at the

same plane in the case of flow separation on the blade suction side

When measurements were taken in the separated flow downstream of stators, the readings
could no longer be used for comparisons against CFD calculations, or to make any decisions
regarding compressor design. Two questions arise: first, how the measurements in the
separation zone can be identified during the experimental campaign, and second, what would
happen in a three-dimensional flow when the probe is away from the separation, but the stem

interacts with it?

6.4 Measured and local undisturbed flow parameters

As a result of the simulations at representative probe locations and flow conditions, Figure
6.11 shows the differences between CFD-measured and local values of the flow. Now the
vertical axis shows the difference between the average flow value and the ‘measured’ one, so
zero on the vertical axis means averaged flow. The probe measurements downstream of the
stator are within a comparable distance from both the local values and the average ones. For

example, measured flow angles are within 1-2° away from both local and averaged values.
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The range within which the measurements are least affected by interaction with the blade
walls, lies between 30% and 80% of the pitch, which is slightly different from the upstream
measurements studied in Chapter 5. This is because of the stronger vortical structures on the
suction side, which are not seen when the probe is measuring upstream.

The major contribution to the measurement uncertainty is the interaction with the wake
region when the probe is either near the suction side or the pressure side of the blade. In both
cases one of the side holes is measuring pressures far away from its freestream calibration
performance so that the resulting measured flow parameters become unrealistic; the error could
exceed tens of degrees in the flow angle and reach up to 100% of the dynamic head. This
becomes especially critical when the flow conditions are close to separation on the suction side
because the presence of the probe can change the flow pattern from stalled in the undisturbed
case to unstalled with the probe.

Flow angle measurements follow the general trend of the flow field downstream of stators.
In Figure 6.11 (a) such conditions are at a high positive incidence of the blade row (triangles
for all three Mach numbers) and high outlet Mach numbers (all red symbols). For other flow
conditions, measurements between 30 and 80% of the pitch can be referred to as the
representative average value within a £1° uncertainty.

Total pressure measurements downstream of the stator blades can be performed in the same
region at the mid-pitch, and the measured values will be close to that upstream of the blades.
This is due to minimal pressure losses occurring in the core flow. When the probe is
approaching either side of the blade passage, its readings become unreliable due to one of the
holes being largely affected by the separated flow, so even if full two-dimensional traversing
in both pitchwise and spanwise directions was technically possible, it would not be physically
correct to integrate the measured values into a representative total pressure loss coefficient.
Therefore, the spanwise traversing downstream of the stator cannot be used to measure mass-
flow-averaged stator losses. Instead, it can only be used as a measure of the flow conditions at
the point of the measurement, and if the measured total pressure is within 1% of the upstream
value, then all three probe holes are placed in the unseparated flow with no major loss sources
present at a given blade passage, so the other two flow metrics, namely the flow angle and the

static pressure, can be trusted within acceptable uncertainty.
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Figure 6.11 Probe measured values along the pitch: the flow angle (a), total pressure (b)

compared with the average flow values downstream of the stator and the static pressure (c),

compared with the local value of the flow

Static pressure readings are also sensitive to the flow conditions in the passage. The static

pressure measurements become unreliable at a high incidence, where the given blade passage
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is stalling. However, for the unseparated flow conditions, the measured static pressure results
in about a 3—10% larger dynamic head, most of which can be explained by the probe blockage
(probe diameter in this case is 5% of the passage width at the outlet). Providing that in a given
stator blade row the real value of the blockage can be estimated with the use of a CFD, the
measurement uncertainty can be reduced from up to 12% down to below 2%. This is an
important improvement, since with the reduced uncertainty the designer can estimate the

velocity of the core flow and therefore estimate the blockage in the passage.

6.5 Measurements along the span

In this section, a full-span case is modelled for Stator 1 to estimate the measurement
uncertainty in the constrained environment of the multistage compressor. The flow pattern
considered in this section is shown in Figure 6.12 and has major corner separations between
the casing and suction side, as well as between the hub and the suction side. The probe is
moving radially down and in Figure 6.12 is shown measuring at 10% of the span. The stator at
this stage is shrouded, so the end wall at the bottom is stationary. The main question is
regarding the accuracy of the probe readings along the span if such separations occur. This is
especially important for the old designs of the compressor blades, where the three-dimensional
effects—in particular the corner separations—were not specifically addressed, so in some
cases, the blade rows could work along the compressor operating line with moderate corner
separation zones.

For the two-dimensional simulations in the previous section, the probe was considered as a
cylinder of infinite length going throughout the computational domain, and the calibration
coefficients were obtained from Chapter 4 without the tip flow effects. In this section, for the
full-span simulations, the probe calibration coefficients do account for the flow around the

probe tip.
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Figure 6.12 A simulation of the probe and the stem downstream of the stator blade row

experiencing corner separations

In one of the traversing positions, at 15% of the pitch counting from the suction side, the
probe starts near the blade suction side at the casing and reaches the hub at the middle of the
passage. On its way it passes the corner separation near the casing, which extends for about
15-20% of the span, then it moves through the core flow, and near the hub it approaches the
separation region without entering it. Nevertheless, the probe readings could be affected
considerably. The hub separation is more extended in the blade-to-blade and less in the
spanwise, compared to the tip corner.

Figure 6.13 shows the measured and corrected values for the traverse along the span with
the static pressure corrected according to Section 5.4, and flow angles corrected in a similar
way but directly to the pitchwise averaged values without conversion to the local ones. The red
line shows the local properties of the undisturbed flow along the probe’s traversing path, and
the black solid dots show the probe readings at several locations along the span. The black
empty dots show the corrected values of the reading, and the black line is for the pitchwise
average flow parameter from the CFD.

Figure 6.13 (a) shows the flow angle measurements. For simplicity, only three points are
shown at 80% of the span and above to show the general trend. At 80% of the span the angular
reading shows more than a 10° offset from the flow value, which is not realistic. The reason
for such deviated readings was shown earlier in Figure 6.8, where at least one of the three

pressure tappings reached the separated region and the data processing algorithm resulted in a
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large error. This can be further supported by Figure 6.13 (b) in which the total pressure
measurements are shown. At 80% of the span, the measured total pressure is lower by 40% of
the reference dynamic head at midspan than both the undisturbed and averaged values at this
location. This means that at least one side hole and the middle one are placed in the region of

separated flow.
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Figure 6.13 Probe measurements along the span: stator exit flow angle (a), total pressure

(b) and static pressure (c)
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Interestingly, when the probe is placed closer to the casing—at 90% of the span—the angle
measurements are within 3—5° of the average, and at 95% it is essentially equal to the local
flow value. Without a further understanding of the reasons behind such a good agreement, the
researcher could take these results as reliable and proceed with further comparison against the
design intent. However, the total pressures in Figure 6.13 (b) are about 30-40% away from the
undisturbed flow value. This tells us that the probe is likely to be within the separated region
and that the close-to-expected measured angles are a sequence of three fault readings.

Below 80% of the span, both flow angle and total pressure follow the general trend, and the
values are close to the pitchwise average with not much circumferential non-uniformity in the
middle of the passage, where the traverse is placed. For the locations below 10% of the span,
both readings deviate by more than 5° and 10% of the dynamic head in both total and static
pressures. This is due to the interaction of the probe and the hub corner separation as shown in
Figure 6.12. These findings agree with Lopes et.al. (2022) that the presence of the probe
modifies the pitchwise distribution of aerodynamic quantities at the endwall locations.

Figure 6.13 (c) shows the static pressure distributions along the span. The empty dots here
show the measurements corrected to the local measured values. The second step — correction
from local values (the red line) to the averaged ones (black line) — can be done using full
multistage simulation. With the applied corrections the measured values are shifted towards
the local values of the flow. Above 20% of the span, the agreement with local values is within
+2% of the reference dynamic head. Near the hub, the flow redistribution due to the probe
immersion causes an additional increase in the flow speed, therefore indicating that the

assumption of two-dimensional probe blockage is not valid near the hub wall.

6.6 Applications to industrial testing

The mechanisms affecting the probe measurements downstream of stators were studied in
previous sections and the limitations for such measurements were set. The probe placed
downstream of the stator blade row can provide reliable measurements of the local flow under
certain conditions. Apart from the wake region, the core flow is rather uniform in a pitchwise

direction, and the probe measurements follow the trend of the core flow within 1° for the flow
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angle, and 0.5% of the dynamic head for the total pressure. The static pressure would be
measured to include up to 10% of errors, most of which can be explained by the probe and
stem blockage, seen earlier in Chapter 4. However, in proximity to the walls, or when the probe
is interacting with the separation zone on the blade suction side, the measurements can
significantly differ, especially when one of the probe holes is placed in the separated region.

When the corrections were applied to the full span setup, the difference with the undisturbed
flow values were found to be well within 1° for the flow angle and well within 2% for the static
pressure.

As a result of this Chapter, Figure 6.14 shows the region where the spanwise traversing
could be used to measure the real flow downstream of stators. Figure 6.14 (a) shows the
simulation of the probe immersed downstream of Stator 1 at near-stall conditions with
distinctive corner separations at both end walls. Figure 6.14 (b) is a schematic representation
of the low-uncertainty region.

Near the end walls this area is limited by the presence of corner separations. Even if the
probe is not placed in the separated region itself, but next to it, the amount of blockage it
introduces causes significant distortion of the separated region. This causes large uncertainties
of the measurements, the correction of which is more design- and operating-point- dependent
than the freestream correction. Near the blade walls, the range is limited by the possibility of
linear correction towards the representative average values. When approaching the suction side,
the interaction with blade wake and separated flow on the blade suction side can lead to a non-
linear correction. Simulations show that starting at 15% of the pitch the measurements can be
corrected and starting from 35% the values of the flow angle can be treated as circumferentially
averaged within £1° uncertainty.

Total pressures after 35% of the pitch are measured within 0.5% away from the stator inlet
value at a given radius, which does not include pressure losses in the stator. The value of the
total pressure therefore can be used as a signal of whether the other two flow metrics—the flow
angle and static pressure—can be considered at all. When approaching the pressure side, the
interaction between the probe and the blade wake becomes critical after 75-80% of the pitch,

when the core flow is pushed towards the low-pressure region of the wake.
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shroud
hub
Trustable region corner separations
(a) (b)

Figure 6.14 Schematic representation of the low-uncertainty region for spanwise

traversing downstream of stators with the flow structures (a) and reference dimensions (b)

Another important question of this chapter is how the experimental engineer can identify
the high-uncertainty region. When the probe is approaching the separation region on the suction
side of the blade, normally the pressure in the side tapping facing the separation will drift from
what would be in the clean flow. This will result in unrealistic values of the measured flow
angle; the difference between this and the design value could exceed tens of degrees. At the
same time, the measured total pressure can still be within a few percent away from the one in
the undisturbed flow since the middle tapping can still be unaffected by the blade separation
zone. In this case, the measured flow angle becomes unrealistic, but the total pressure does not.

The opposite can happen when the probe is fully immersed into the separation region, which
in turn can differ from the same region of the undisturbed flow. When the probe is fully placed
in such a region, the flow angle can have realistic values within a few degrees away from the
design values, because the pressure difference on the side holes, which define the angle, will
be small. This is because both tappings can measure static pressure in a separated region.
Therefore, the measured flow angle will effectively be equal to the angular orientation of the

probe. However, the total pressure in this case would be significantly lower than in the core
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flow, as the middle tapping will also be measuring the pressure close to static in the separation
region.

Therefore, it is important that during the spanwise traversing downstream of the stators both
the flow angle and the total pressure are monitored and also that these parameters are compared
with multistage CFD simulations to assess the adequacy of the experimentally measured
values.

Using fine spatial resolution for traversing will help find the boundary of an uncertain region

accurately. This enables the maximum sized certain region to be used.

6.7 Concluding remarks

In this chapter the mechanisms affecting the probe measurements downstream of the blade
passage were explored. The key difference with measurements upstream of stators is the
presence of large vortical structures such as blade wakes and separation zones. When the probe
is in proximity to such zones, it significantly changes the flow field in the passage and the
measurements can no longer be trusted.

Based on the identified limitations, the low-uncertainty region was described for the
measurements downstream of the stator. Within this region the uncertainties associated with
the probe immersion were reduced to +1° for the flow angle, as well as +£0.5% and £2% of the
reference dynamic head for total and static pressure correspondingly. It was also shown how
the processing of all three measured parameters together can allow the experimental engineer

to identify the high-uncertainty region during the measurement process on site.
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Chapter 7 Processing of the real measurements

During spanwise traversing of a multistage industrial compressor, when the raw probe
readings are being processed with the freestream calibration coefficients only, the results can
be misleading to the designer due to the uncertainties caused by the interaction between the
probe and blade potential fields. Therefore, it is important to establish the procedures to correct
these measurements and to evaluate the measured data, so that the latter can be reliably used
for compressor assessment.

This chapter addresses two questions: how the measurement corrections can be applied to
the real experimental results taken from the multistage axial compressor in the most reliable
way, and how this data can be cross-checked for consistency during the experimental
campaign. A set of real experimental data sets processed in this chapter is given in Table 7.1.
Correction challenges are presented for stator upstream cases only. Stator 8 downstream
measurement is only used at the mid-span for analysis of physical consistency of the difference

between the measurements and CFD simulation.

Table 7.1 List of test cases in Chapter 7

Blade row | Locations | Flow conditions

S9 upstream éiﬁdsigllgaj ectory Compressor design OP
S1 upstream éiﬁdsigllgaj ectory Compressor design OP
S3 upstream llilﬁlldsigilgaj ectory Compressor design OP

The consistency of the measurements is verified against fundamental physical principles,
such as conservation of mass, radial equilibrium and added work. For this, the measured values
are processed into an integrated mass flow and velocity components. It is shown below that the
uncorrected measurements show a significant variation in calculated mass flow along the

measurement sections in a range of £15%. When the measurements are corrected based on the
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flow conditions and probe location for every section, the variability of the results falls to within

+4% of the inlet value.

7.1 Measurement correction procedure

For a compressor designer, the most convenient representation of a compressor’s detailed
performance is the pitchwise-averaged flow parameter distributions along the span. Such
distributions can be compared against the mean line design values and one- or two-dimensional
design code results. Same spanwise distributions are common in multistage CFD practice, and
therefore this is a convenient way to compare the measurements with other parameters in the
design system.

Therefore, this section aims to address two questions: how the real measured results can be
translated to the local values of the undisturbed flow at the location of the probe head, and then

how these corrected values can be translated to pitchwise averaged ones.
7.1.1 Probe location inside the compressor

As shown in Section 3.1, the traverse can only move in the radial direction, so it is not
possible to adjust the pitchwise position between the blades to account for the blade twist and
three-dimensional design when the probe moves along the span.

Figure 7.1 shows the two cases that are considered here. The simple case in Figure 7.1 (a)
is for the typical rear stage of the industrial compressor with no adjustments for the three-
dimensional flow. It has a uniform blade profile along the span, and a hub-to-tip ratio of 0.8,
so that when the probe is immersed, it stays at the same pitchwise position with an almost-
uniform probe-to-pitch ratio. Therefore, a single correction is required for the flow angle, based
on the relative pitch location of the probe. In addition, a typical Mach number for such a stage
would be subcritical for the cylindrical probe, and the pressure corrections can include only
two variables: the location and the flow inlet angle.

Figure 7.1 (b) shows the probe trajectory upstream of the first stator, taken from the real

experimental setup. This case is further complicated along the span by the probe varying
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pitchwise location, variable probe-to-pitch ratio, and a supercritical flow Mach number at the
bottom half of the passage.

These locations have already been explored in Chapter 5; the actual measured values from
the compressor will now be processed as an example of the correction procedure. The probe
enters the flow path near the casing at 45% of the pitch (counting from the suction side), and it
reaches the hub at around 25% of the pitch. The stator blades have a two-dimensional twist
without any lean or sweep, so the probe location for measurement corrections can be linearly

interpolated between the casing and the hub.
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Figure 7.1 A typical traversing location upstream of the stator blade row for the middle

and rear stages (a) and the frontal stages (b)

The basic correction procedure will be given for the simple case in Figure 7.1 (a) with further
adjustments provided for Figure 7.1 (b). For both cases, full three-dimensional CFD
simulations of the probe and the stem at the real locations upstream of stators were performed.

The two-step measurement correction procedure was described in Chapter 5. The first step
accounts for the interaction of the probe and the blade flow fields. The second step accounts
for the potential flow field of the blade channel to obtain representative pitchwise averaged
values of the flow. The correction from local to pitchwise averaged values was done with the

use of multistage CFD simulation at the operating point of interest.
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7.1.2 Correcting the flow angle measurements

Figure 7.2 (a) shows the photo of the traversing hole, from which the experimental data will
be presented. Figure 7.2 (b) is a reminder of the flow angle correction line from Chapter 5
which shows that the angle measurements can be universally corrected in the whole range of
studied conditions and that the correction based only on the probe’s pitchwise location can
reduce uncertainty down to +1° from the local value of the undisturbed flow. For this case, the
pitchwise location of the probe is uniform along the span and equals 54% of the pitch counting
from the suction side of the blade, so the expected correction should be +1.5° from the value

of the undisturbed flow field.
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Figure 7.2 Location of the traversing hole upstream of Stator 9 (a) and a correction

value for the measured flow angle based on the pitchwise location of the probe

Figure 7.3 (a) shows the spanwise distribution of the measured flow angles in terms of the

blade incidence along the span:
i = Pivlade - Pimra (7.1)

where both values are taken for a given span position.
Solid black circles stand for the raw measured values, which means the value is calculated
by processing the three pressure readings of the probe holes with the freestream calibration

coefficients. The measurements indicate an extra incidence of 1.4° uniformly along the span
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compared to the CFD simulation. Now the correction procedure can be applied to these values
based on the experience gained in Chapter 5.

Figure 7.3 (b) shows the local flow angles in the potential field of the undisturbed flow in a
solid line and the readings of the simulated probe when placed at a given pitchwise position.
This line is extrapolated from Figure 5.6 for the blade row incidence of -2.5°, since this blade
row was originally taken as a model for sensitivity study in Chapters 5 and 6. The blade is
radially uniform, so the probe’s pitchwise location is constant along the span, and the stator
incidence varies along the span within +1°. Therefore, a single-value correction can be applied

uniformly for all the data points along the span.
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Figure 7.3 Spanwise flow angle distribution with corrections (a) and the results of

potential flow field simulation together with simulated probe measurements (b)
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In Figure 7.3 (b) for the position of 54% of the pitch, the flow angle of the undisturbed flow
would be -2.2° from the pitchwise averaged value. Therefore, if an experimental engineer were
to treat the real probe measurements from Figure 7.3 (a) as the local ones, he would have to
shift the solid circles in Figure 7.3 (a) by almost 2° to the right (see the grey circles). This
would mean 3.6° of extra incidence to the stators which, as will be shown later, would raise
questions regarding the consistency of such measurements. However, when the reading is
corrected to the presence of the probe (Figure 7.2 (b) the resulting value is shifted by 0.8°
towards the positive incidence. After corrections, the experiment shows a 2.2° positive
incidence compared to the multistage compressor simulation, which is further away from the

multistage CFD. The viability of such a difference will be examined in the next section.

7.1.3 Correcting the pressure measurements

Figure 7.4 shows the raw measurements of the total and static pressures along the span
upstream of Stator 9 compared to a multistage CFD simulation. In Figure 7.4 (b), between 20%
and 70% of the span—the agreement for the two data sets of the total pressure—is well within
the uncertainty of the measurements. The difference becomes significant in the top 30% of the
span, which indicates a significant difference in the tip flow. This can be caused by the
geometrical uncertainty (different radial gaps) or the modelling errors in the tip vortex flows.

In Figure 7.4 (a) the broken line shows the undisturbed local value of the flow; black solid
circles show the raw measurements, and black triangles show the simulated probe
measurements a from full-span CFD setup.

The gradient of the broken line is similar to that of the measurements and, the offset between
the two sets is explained by the potential flow field distribution upstream of the blade row.
However, CFD-measured values shown in triangles show a slightly different slope and at 20%
of the span the difference increase up to 10%. This difference in the gradient is then translated

into the representative pitchwise average values, shown in Figure 7.6.
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Figure 7.4 Total (b) and static (a) pressure measurements (raw) compared to the

simulation results downstream of Rotor 9

Similar to Figure 7.3 (b), Figure 7.5 shows circumferential static pressure distribution at the
location of the probe, where the dynamic head is over 25% larger than the pitchwise averaged
and about 7% larger than the undisturbed local value. Since the circumferential position of the
probe is uniform along the span, the broken line and solid points distribution should be parallel
to each other in Figure 7.4 (a), and the gradients of both lines represent the static pressure

gradient downstream of the rotor that follows the radial equilibrium condition.
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Figure 7.5 Static pressure distribution along the pitch and the simulated

probe measurements

In Figure 7.6 only the static pressures are shown with the solid circles to represent the raw
measured data, processed with freestream calibration coefficients, and the solid triangles show
the simulated probe measurements at the boundary conditions taken from multistage
simulation.

It can be seen that the gradient in CFD-measured pressures agrees with the pitchwise
averaged profile, and the offset between the two is constant along the span. However, the
measured values show differing gradients; when corrected, they do agree with the multistage
CFD results at around 80% of the span, but then the measured pressures have a higher gradient

towards the hub.
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Figure 7.6 Static pressure measurements before and after corrections
7.1.4 Correcting the pressure measurements for frontal stages

At the traversing location shown in Figure 7.1 (b), typical for the frontal stages, the flow
behaviour is more complicated. For the hub-to-tip ratio of 0.5 the geometrical blockage near
the hub is twice as much as near the casing, and due to the blade twist the pitchwise location
of the probe can shift by more than 10% of the pitch. On top of that, in the hub section
downstream of Rotor 1 the flow reaches a supercritical Mach number of 0.7.

In Figure 7.7 the procedure from Section 5.4 is applied to the real measurements in two
compressor stages of the same architecture: Stages 1 and 3. The flow speed is below critical in

Stage 3 (Figure 7.7 (a)) and supercritical at the hub of Stage 1 (Figure 7.7 (b)). In Figure 7.7
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7.1 Measurement correction procedure

(a) measured pressures agree with the undisturbed values, and after correction they show a

good agreement with the distribution of pitchwise averaged pressures.

In Figure 7.7 (b) the measurements show negative pressure gradient along the span. This is

due to the difference in the probe blockage effect for sub-critical and critical flows; the

measured Mach number is over 10% higher at a 90% span, and only 7% higher at the mid-

span, so the pressure gradient along the span is not the same for the simulation and the

measurements. This is because near the critical Mach number the correction to the measured

pressure from Equation 5.4 that accounts for the Mach number is larger than for the subcritical

flow. And for given conditions, the measurements become closer to the averaged values when

the Mach number increases. The pressure gradient for the corrected values is positive and

correlates with the trend of the multistage CFD.
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Figure 7.7 Static pressure measurements along the span for the subcritical Stator 3 (a)

and supercritical Stator 1 (b)

As mentioned in Chapter 3, in the compressor of interest, the frontal stages have a designed

swirl distribution close to the constant reaction along the span. This results in relatively uniform
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pressure distribution downstream of the rotor, achieved by a certain distribution of the flow
angle and velocity. Such distribution can be seen, for example, in Figure 7.7 (a), where for the
mid-span sections the pressure profile is almost uniform. The same design approach was used
for the first stage in Figure 7.7 (b), although both measurements and CFD results show a non-

zero gradient throughout the span.

7.2 Consistency of the measurements

Independent validation of the experimental results is one of the most important steps in the
data processing routine. Before validation, the measured values need to be processed to obtain
lower-order compressor parameters, such as velocity components, mass flow, work input and
spanwise gradients of the parameters. This data can then be examined for consistency; for
example, the mass flow conservation along the compressor should have the same value, but in
addition this data can be compared with other independent sources of information, such as
overall gas turbine performance or pressure measurements on the casing. When the
measurement corrections are applied, the corrected data should follow the consistency
considerations better than without such corrections.

Figure 7.8 shows the process diagram for the experimental data processing, which is
discussed below in this section. First, the two measured pressures can be converted to the flow
Mach number, and together with the flow temperature, it results in the absolute flow velocity.
Combined with the flow angle and known rotor linear velocity U, the velocity diagram can be
built. The velocity can also be split into the circumferential and axial components. The density
is a result of measured pressure and temperature.

The axial velocity combined with the density and the frontal area of the blade passage
provides the integrated mass flow at each measurement location.

The circumferential velocity and the static pressure gradient are the greatest contributors to
the radial equilibrium between the blade rows. For the middle and rear stages this condition
can be one of the ways to examine consistency. The difference in circumferential components
of the absolute velocity upstream and downstream of the rotor together with the rotor linear
velocity results in the stage work input, or Euler work. This can be compared with the total

pressure rise in the rotor.



136 7.2 Consistency of the measurements

If the difference in flow angle and circumferential velocity is observed between the two data
sources—experimental and computational—the difference in static pressure gradient should be
seen as a sequence of the radial equilibrium equation. This is discussed in the second part of
the section. Near the wall, a local change in the radial pressure gradient can be caused by
significant radial velocities due to the endwall blockage. However, in the core flow the radial
component is within 1% of the axial velocity, and in the current method the radial velocity is
omitted from consideration. In the end, the differences in flow angles should mean differing
Euler work and stage loadings, and this can be verified against the pressure distributions along

the compressor.

Measurements
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Figure 7.8 Data processing diagram for the measurement results

Sometimes, a comparison with multistage CFD results was found to be convenient early in
the process, as it allowed the measured and modelled parameters to be visually overlapped in
one graph and the difference to be quickly observed. If the difference was found to be too large,
the raw experimental data was examined, and some of the traversing results had to be scrapped.
However, in most of the cases, even significant deviations in the experimental results were first

corrected for the presence of the probe, and then the remaining differences were found to be
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consistent with each other. Later in this section the multistage CFD results will be shown for

reference.

7.2.1 Mass flow conservation

The integral mass flow, calculated according to Figure 7.8, can now be discussed. In current
calculations the temperature was taken from CFD for the reasons explained later in this section.
When the density and the axial velocity are known, the mass flux can be calculated along the
span which, for the known swept area, can be integrated into the total mass flow. The mass
flow conservation along the measurement sections can then be examined to estimate the
adequacy of the measurement results.

Figure 7.9 shows the axial Mach number distribution upstream of Stator 9 for the CFD
simulations and the measurements. The axial component of the Mach number is already
processed with the input of the flow angle and total and static pressures, and only the
temperature value is required for it to be processed into the axial velocity. Therefore, the
spanwise distribution of the axial Mach number can reflect all the changes to the integrated
mass flow introduced by the measurement corrections and at the same time, it is still a non-
dimensional metric, which can make sense to the reader.

The difference in the axial Mach number between raw measurements and the CFD pitchwise
average for the range of 20—80% of the span is within 5-12%. When processed into the mass

flow, it causes an 8.5% higher mass flow than that measured at the compressor inlet.
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Figure 7.9 Axial Mach number distribution upstream of Stator 9

When the corrections to the potential field were applied, the resulting profile laid
significantly closer to the CFD profile, and the integrated mass flow was reduced to 3.1% above
the inlet one. When the corrections for the probe presence were introduced, the resulting profile
overlapped with the computational one, although with some differences in shape. As a result,
the mass flow became 0.8% less than at the inlet. As shown later in this section, the
measurement uncertainties and the calculation method cannot provide a total mass flow
uncertainty better than +£4%. But the improvement is still observable.

A fuller picture of the effect of measurement corrections can be seen in Figure 7.10 for Stage
1. Here, the region below 30% was not measured to the setup problems of the initial traversing
gear, and the extrapolation of the measured profile down to the hub will be discussed separately
later in this section. The first two plots, (a) and (b), in Figure 7.10 show the corrected flow
angle and static pressure, which were shown earlier in Figure 7.3 and Figure 7.7. The second
row of that figure—(¢), (d) and (e)}—shows the Mach number and its axial and circumferential
components so that the reader can follow how the applied corrections affected each of the

components of the velocity diagrams.
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Figure 7.10 Measured and CFD distributions along the span downstream of Rotor 1: flow

angle (a), pressure (b), Mach number (c), axial (d) and circumferential (¢) components of the
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When the pressure profile was corrected, as shown in Figure 7.10 (b) both the pressure and

Mach number gradients along the span fell in line with the CFD results, although with some
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offset. The improvement in mass flow, which is mainly the consequence of the axial Mach
number distribution, is from over +15% without correction down to +2.7% after the correction.

Figure 7.10 (e) shows the circumferential component of the Mach number, which reflects
the flow swirl, and therefore the work added in the stage. Without the correction the expected
Euler work—which will be calculated in the next section—would be more than 12% larger
than that of a CFD, and after correction it reduced to 3.5%. The remaining difference will be
compared to the total pressure rise in the first stage, which is done later in the section. Similar
to the Mach number comparison, the biggest difference and the biggest correction in the
circumferential component is obtained near the casing.

For all the measurement sections same correction procedure was applied and the joint results
are shown in Figure 7.11. Before the corrections, the spread of the values exceeded +£15% from
the inlet value, which leaves significant concerns regarding the accuracy of the measured data
in general. After the corrections the values still fall within +4% of the inlet value, which is still
excessive for laboratory standards. However, for industrial testing, this can be explained by the
sensitivity to the measured flow angle, pressure and required extrapolation of the spanwise

profile in proximity to the end walls.
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Figure 7.11 Integrated mass flow measurements along the compressor before and after

corrections

For on-site experimental work at a real gas turbine engine, the precision of such mass flow

calculations can be rather low due to many uncertainties in the process. The purpose of this
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section, therefore, was to show that the main uncertainties are caused by the flow angle and the
pressure measurements, so that when the measurement corrections are applied, they bring a
sensible change to the overall result, and the measured mass flow value moves towards the
values defined by the conservation laws. In the next section, the uncertainties in such mass

flow calculations will be discussed.
7.2.2 Sensitivity to the uncertainties in mass flow calculations

In this research, the mass flow calculations between the blade rows are used only for
qualitative purposes, i.e. to show whether the corrected data brings any improvement towards
the mass flow conservation. In this section, the sensitivity of such mass flow calculations is
discussed, focusing on measurement uncertainties, uncertainties due to reconstruction of the
flow field in the unmeasured regions and due to the use of CFD as a source of the local flow
temperature.

Flow angle and pressure measurements

Following the discussion in Chapter 5, the measurement uncertainty caused by the potential
field and the presence of the probe can be reduced to +1° for the flow angle—down to £5% of
the dynamic head—for the pressure. Figure 7.12 shows how the change in the flow angle and
the pressure will affect the axial Mach number distributions. Here, the set of computational
experiments was carried out, so this is the CFD line which is varied against unchanged
measured values. In Figure 7.12 (a) the solid line represents baseline CFD results for the section
of interest, and the broken lines are for +1° and -1° of uncertainty. If the angle is wrongly
measured by 1° towards the axial flow, the integrated mass flow will be larger by 1.9%. If the
error in measurement shows more swirled flow, the mass flow will be lower by a similar
amount. In both cases, the uncertainty in the mass flow due to the flow angle is lower than that

of the mass flow calculated with the initially measured values.
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Figure 7.12 Sensitivity to =1° uncertainty in the flow angle (a) and +5% uncertainty in

pressure measurement (b)

In Figure 7.12 (b) the sensitivity to the uncertainty in pressure measurements is shown. The
pressure affects the mass flow in two ways: calculating the flow Mach number and calculating
the air density. As a result, when the pressure measurement is higher by 5% of the dynamic
head, it causes a 2.6% reduction in the mass flow. This sensitivity is not uniform along the
compressor as it would be a function of the absolute Mach number together with the absolute
value of the pressure, but for now, it is sufficient for a basic correlation.

The uncertainties in the angle and pressure measurements can be linearly combined as they
independently affect the direction of the absolute velocity vector and its length. As a result,
when the measurements are corrected for the presence of the probe in the blade passage, the
remaining uncertainty of such corrections can cause an uncertainty of up to 4.5% in the
integrated mass flow. Therefore, the spread of £4% shown in Figure 7.11 can be explained by
the uncertainties in these two values only, and further improvement of the measurement

techniques will be required if this spread is to be reduced. For the sections downstream of the
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stator, the sensitivity to the flow angle is less, since the flow is more axial, and the main factor
is the correctness of the pressure measurement.

Temperature

Temperature measurements in real gas turbines are limited due to several uncertainties, such
as the heat sink to the traversing gear, radiation to the turbine casing, and temperature
redistribution along the casing of the multistage compressor. The initial probe design allowed
for temperature measurements; however, due to the setup problems with the traversing gear
during the initial testing, the measurements were taken in only a few sections along the
compressor, so the data is not sufficient for any suitable consistency checks. This raised the
necessity of using the temperature from CFD simulations for the mass flow calculations.

At the same time, the compressor exit temperature was independently measured throughout
the experiments, and the agreement with the modelling results stayed within 2% of the total
temperature rise. This brings the assumption that even if, for a particular stage, the efficiency
and the loading were mis-predicted by a large amount due to the differences in stage matching,
the overall distribution along the stages was still balanced in a multistage environment.
Therefore, the temperatures from CFD calculations can still be used during the experimental
data processing for inter-blade-row measurements, and the uncertainty caused by such use will
not be critical.

Assume, for example, that in a particular stage the temperature predicted by CFD is different
from reality by 10% of the stage pressure rise. This would mean either a change in the Euler
work or stage efficiency by a comparable 10%. For a stage temperature rise in a range of 20—
40 K, this would mean a 2—4 K difference. With the temperature in the middle stages around
400 Kelvin, this would mean a 0.5-1% change in calculated air density and 0.25-0.5% in air
velocity. The effect of the temperature on the density and velocity is the opposite: The higher
temperature causes a higher flow speed for a given Mach number, but at the same time, this
means linearly reduced air density. This illustrates that even for the significant miss-prediction
of the air temperature by CFD, its effect on the overall uncertainty in the mass flow calculations
between the blade rows will be less than 0.25-0.5%, which is significantly lower than the effect

of the probe blockage on the flow angle and pressure measurements.
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Extrapolation in the unmeasured region

Due to the risk of probe damage, the last 5-10% of the span was not measured for all the
sections. In the frontal stages, the immersion was limited by the initial setup, and sometimes
the measurements had to stop at 30-40% of the span. For the latter cases, the calculations of
the integral mass flow were not carried out, although the measurements were still corrected in
the same manner, so that they could be used for other purposes.

Figure 7.13 explains how the spanwise distributions were extrapolated in the unmeasured
regions for the integrated mass flow calculations. A solid line represents a CFD-calculated
distribution of the axial velocity at a given section and the black circles are the measurements.
Line 1 continues the unmeasured part of the measured distribution with the same gradient as
the measured line until it reaches the span where the endwall boundary layer is predicted in the
CFD. To account for the CFD uncertainties near the endwalls, the two extreme scenarios were
calculated: One assumes that the boundary layer at the hub does not exist (line 2), and the other
that it starts right below the last measured point (line 3). For line 2, the integrated mass flow is
larger by 1.3% than that of line 1, and for line 3 it is lower by 4.5%. Despite evident differences
in the three lines shown, the difference in integrated mass flow is modest, due to low
contribution of the hub area to the total swept area of the section, especially for low hub-to-tip
ratio frontal stages. Therefore, even when measurements are not available in the hub region of
the section, extrapolation of the boundary layer profile obtained in CFD can be used for

integrated mass flow calculations.
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Figure 7.13 Extrapolation of the axial Mach number profile along the span in the
unmeasured region for consistency estimation. 1: offset of the CFD profile, 2: linear

extrapolation, 3: boundary layer starts at the last measured point.

In Figure 7.14 the spanwise measurements for Stage 9 are taken down to 15% of the span,
and the beginning of the endwall flow is visible from the total pressure distributions (Figure
7.14 (a) and agrees with the one predicted by CFD. Therefore, the spanwise distribution can be
continued in line with the CFD profile, and the uncertainty of the integrated mass flow can only
be caused by the slope of the line. Here, for the unknown region, this uncertainty is well within

1% of the mass flow, estimated by the same approach as in Figure 7.13.
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Figure 7.14 Spanwise distributions of the total pressure (a) and the axial Mach number (b)

Downstream of rotors the flow is highly swirled and the centrifugal forces from the flow are

counterbalanced by the pressure gradient along the radius. The higher the swirl, the larger the

pressure gradient. For the rear stages with a high hub-to-tip ratio and untwisted stators the

radial equilibrium condition can be simplified as shown in Equation 7.2.

Ldp Vi
pdr r

(7.2)
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dp
Where p is the air density, ar is the radial pressure gradient, Vy is the circumferential
T

component of the absolute velocity and 7 is the radius of the section. Each side of the equation
can be calculated for both the CFD and the experiment. However, due to the high sensitivity to
the measurement noise and due to the presence of the radial flow near the end walls, the two
components are not exactly overlapping.

For simplicity, Figure 7.15 shows the pressure distribution along the radius downstream of
Rotor 9. This was previously shown during the correction procedure in Figure 7.15. Here,
another pressure distribution is added for the CFD case when the simulated flow angles agree
with the measured ones. When the flow is turned by 2° more in the rotor, the pressure gradient
grows to a level similar to that in the experiment.

The pressure gradient for the extra swirled flow is 25% higher, which is visible from the
slope of the broken curve in Figure 7.15. Therefore the pressure gradient, especially
downstream of rotors, can be a valuable means for consistency checks in the core flow.

For the frontal stages of the compressor of interest, the other important contributors to the
radial equilibrium—the meridional velocity and the meridional curvature of the flow [Denton
(1978)]—start playing a significant role. This is because in the frontal stages the flow has
strong meridional curvature due to the geometry of the blade channels (for example, a steep
increase in the hub radius). These factors, together with the expected measurement
uncertainties at near-critical Mach number, made it barely possible to use the pressure gradient
for consistency check in the frontal stages, and therefore the frontal stages are not discussed

here.
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Figure 7.15 Spanwise distribution of the static pressure downstream of Rotor 9
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7.2.4 Euler Work

In Chapters 5 and 6 it was found that the total pressure measurements can be reliably used
without any corrections for the unseparated regions of the flow. As a result, a distribution of
stage loadings in terms of the total pressure rise is the most reliable metric when compared
with the design intent or CFD simulations. When the traversing is performed along the span,
such distributions can also indicate differences in the endwall flows and redistribution of the
flow along the span.

At the same time, the total pressure rise can indicate the added work to the flow, providing
the efficiency estimations during the modelling are sufficiently close to reality. Therefore, the
total pressure rise can be used as a consistency check for the angle and the pressure profiles.
This can be done by building up a schematic representation of the velocity vectors upstream

and downstream of each rotor; this, in turbomachinery practice, is known as velocity diagrams.
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First, consider the comparison of the measured total pressures with the ones from the CFD
upstream and downstream of Rotor 9 in Figure 7.16. The total pressure distribution upstream
of Rotor 9 is in Figure 7.16 (a); downstream is in Figure 7.16 (b), which is a reminder from
Figure 7.4. The absolute flow angle downstream of Rotor 9, Figure 7.16 c), is the same plot,
shown in Figure 7.3 in terms of the stator incidence. Here, only the corrected value of the
measured angles is shown.

Analysing the three plots, one can see that, despite a relatively close total pressure rise for
the experiment and the CFD (within 2%), the actual stator incidence is different, indicating
either a difference in the axial velocity component or that in the rotor deviation. To analyse

this, a velocity diagram for Rotor 9 can be built.
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Figure 7.16 Total pressure profile upstream (a) and downstream (b) of Rotor 9 and the

incidence angle at Stator 9 (c)

Figure 7.17 shows the velocity diagrams for Rotor 9. The solid lines are for the experimental
results and the broken lines are for the simulation. The difference between the o angles is

shown in orange.
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Figure 7.17 Velocity diagram for Rotor 9

The work input from the compressor rotor can be calculated as follows:

Here, the H. is the so-called Euler work; u is the circumferential speed of the blade, which
is assumed to be uniform along the rotor; Ve1 and Vez are the circumferential components of
the absolute velocity upstream and downstream of the rotor. The diagrams in Figure 7.17 for
upstream and downstream of the rotor are matched together with the vector of blade speed so
that the distance between the tips of the triangles represents the Euler work.

The velocity diagram is highly sensitive to uncertainties, both in flow angles and dynamic
heads, especially when the vectors for the relative frame are calculated. For example, 5%
uncertainty in the dynamic head upstream of the rotor can cause a 1° uncertainty in the

incidence angle and up to 1.5° in the deviation. The 1° uncertainty in the flow angle
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measurement in the absolute frame causes about 0.3° uncertainty for the angles in the relative
frame. Overall, due to the measurement uncertainties, the image in Figure 7.17 would be less
dramatic if all the errors in measurements were acting to one side: towards the CFD vectors.
However, a similar situation with the measured flow being more swirled than the one from
CFD was observed in multiple measurement sections with four probes and at separate times.
The difference in deviation should be treated with care, as the main reason for the difference
between the CFD and the experiment is not caused by the blade incidence. According to the
general theory of blade cascade aerodynamics, the deviation angle at the blade exit does not
change much within a working range of incidence angles. For Stage 9 the incidence change of
2° will not cause any notable differences in deviation, which was proven by a series of CFD
calculations along the stage speed line. Therefore, the observed difference in measured flow
angles, which indicates the difference in rotor deviation, is not related to the rotor incidence.
Instead, this is rather a modelling error, which was found for a given CFD solver and a family
of airfoils used for a given compressor. A similar magnitude of error was reported by Place

(1994) for a different set of compressor blades and observed by other researchers.
7.2.5 Casing pressure distributions

One of the most important metrics available to designers during multistage compressor
testing is the pressure measured on the casing surface between the blade rows. These pressures
can indicate the stage loading as well as the stage reaction, which can allow the designer to see
the actual stage matching and better understand each stage’s performance.

When the traversing results are available, the casing pressures are still valuable, as a source
of consistency check: when the probe is inside the casing hole, all four pressures will be equal
to that of the casing pressure sensor (this was especially valuable when measuring rear stages)
in order to detect leakages in the traversing system before immersing the traverse. It was also
used as a back pressure for the differential pressure sensors, whose range was chosen to be just
enough to cover the expected dynamic head in the stages, but not the overall pressure ratio of
the compressor.

One of the key design metrics, available from the early stage in the design process is the

stage reaction. With an incompressible flow assumption that can be used for rear compressor
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stages, the stage reaction can be calculated as the static pressure rise in the rotor divided by that

of the whole stage:

A= PRex B PRin (7.4)
PSex B PRin .

At the same time, the kinematic stage reaction can be calculated from the velocity

components:

Vo, +V¢
A, =1--—21 22 (7.5)
2u

In the first formula, the reaction can be calculated from the casing pressures, both
experimentally and computationally. In the second formula, the velocity components from
Figure 7.17 can be used in the middle span. For the high hub-to-tip ratio rear stages the
kinematic stage reaction at the middle span is still representative of that near the casing,
therefore the two values of stage reaction, calculated independently, can be compared against
each other.

In Figure 7.18 the delta casing pressures for the blade rows are shown at the sections, where
the experimental data is available. In this case, values larger than 1 mean that the static pressure
rise in the CFD is larger than that measured. The horizontal axis shows the number of stages
and integer numbers (1.0, 2.0...) are for the pressure rise in the rotor, and the halves (1.5, 2.5
and so on) are for the stators of the same stage. If the measured rotor and stator pressure deltas
agree with the simulation, the same is true for the agreement in stage reaction.

However, it can be seen that, for the compressor of interest, the rotor pressure rise predicted
in the CFD is larger than the measured one, and for the stator, it is the opposite. This means
that the stage reaction is indeed different, which agrees with the observation from the velocity
diagrams in Figure 7.17. For example, for Stage 9, the combined change in the rotor and stator
pressure rise indicates a change in reaction by 3.5%. When processing the velocity diagrams at
the middle span, the stage reaction in CFD is 2.8% higher than in the experiment. This provides
evidence that the measured difference in the flow angle is consistent with the other available

metrics for the research compressor.
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Figure 7.18 Delta casing pressures between the blade rows for CFD compared to the

experiment

The stage pressure ratios on the casing along the compressor were within 2.5% agreement
between the experiment and the CFD, with the biggest measured difference found in the first
stage. This fact is again consistent with the difference in Stator 1 incidence indicating less
turning in Rotor 1 for the CFD compared to the measured. For the first stage, the inlet boundary
conditions are identical for both cases, therefore the deficit in rotor turning directly affects both
the stage pressure ratio and its reaction.

Unfortunately, due to the limited access to the real engine, the middle stages were not
traversed, and neither they were measured at the casing. This limited the possibility of
consistency calculations along the whole compressor, so the differences between the
computational model and the experiment cannot be tracked along the whole machine. For
example, it was discovered during the project, that there is a concern regarding the mismatching
between the group of four frontal stages and the rear part of the compressor. This caused
significant flow separations in one of the middle stages, proven by the analysis of the flow
visualisation on the blade surfaces of the real engine. Since it is known that RANS methods
cannot always reliably simulate large separation zones, the biggest modelling uncertainty, and
therefore, the largest difference with the experiment is expected to be in the middle group of

stages for that compressor. In the next phase of the experimental campaign, it was planned to
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study the middle stages in more detail, however, this was not realised within the timeframe of

the presented research.

7.3 Concluding remarks

In this chapter, the corrections from Chapters 5 and 6 were applied to the real measurements
in a multistage industrial compressor. The correction procedure consists of two major steps:
the conversion of the measured values into the local flow values of undisturbed flow to account
for the presence of the probe, and then the conversion of the local flow values into the
representative pitchwise averaged values at a given span.

Before the corrections, the measured values of the mass flow integrated along the span were
+10-15% away from the inlet mass flow, measured independently. Measured pressures were
more than 30% away from the ones calculated with mass conservation and radial equilibrium.
After the corrections, the error in the mass flow fell within +4%, and spanwise pressure
gradients fell to within 3% from the radial equilibrium requirement.

Corrected measurements were then compared against multistage CFD results, and the
differences were examined for self-consistency. For example, the difference in the stator inlet
angle of 2° was proven to be consistent with the radial equilibrium condition downstream of
the rotor, where the pressure gradient was larger by 20%. The differences in the measured
velocity and angle were accounted for in the velocity diagram of the compressor stage and the
difference in the kinematic reaction was found to be consistent with independently measured
stage reaction based on casing pressure measurements between the blade rows.

The developed procedures allow for spanwise traversing results to be used in assessing the
performance of industrial multistage axial compressors. With this procedure, the traversing
results can provide more valuable and reliable data about the multistage compressors than was

previously thought possible to obtain.
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For an advanced axial compressor design system, a high-fidelity experimental setup with
spanwise measurement of the flow field is crucial for a deeper understanding of the three-
dimensional flow structure in the real multistage compressor environment. However, such
measurements have to be arranged in the limited space of inter-blade-row axial gaps at high
flow speeds, which implies high measurement uncertainties and the risk of impact. The
uncertainties are caused by the interaction between the probe and the blade flow field.

The aim of this study was to understand the physical mechanisms affecting the probe
measurements in a multistage environment and to develop a procedure for measurement
corrections during spanwise traversing that would improve the quality of the measured data. In
this final chapter, the major findings of the work are summarised and recommendations for

future work are outlined.

8.1 Major findings

The mechanisms affecting the probe readings were identified in Chapters 5 and 6. The
immersed probe causes blockage in the measured flow field which changes the flow speed in
the blade passage and flow redistribution to the neighbouring passages. In addition, the pressure
distribution on the probe’s surface is not the same at freestream calibration, including flow
asymmetry and varying locations of the separation point on the probe’s surface. However, these
changes were found to be linear for certain probe locations and flow conditions, therefore the
measurements under such conditions can be corrected.

The two limiting factors for the measurement corrections were found to be the presence of
large vortical structures both around the probe and the blades, and the critical Mach number of
the measured flow. In Chapter 5 it was shown that the probe-wake interaction with downstream

blades significantly shifts the pressure distribution around the probe, causing nonlinear
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deviations in the measurements. At a flow Mach number above 0.7, critical for cylindrical
probes, the blockage effect of the probe becomes significant, and the interaction may change
the flow field beyond the capabilities of the correction method. In Chapter 6 it was shown that
when the probe interacts with blade wakes or corner separation zones, it causes a nonlinear
transformation of these flow regions. Therefore, corrections for these effects are likely to be
highly uncertain. Based on the limitations identified, low-uncertainty measurement locations
were drawn for the compressor of interest for measurements both upstream and downstream of
stator blades.

As aresult, a two-step procedure for measurement corrections was developed. This enabled
a single-point measurement at a given span to be converted into a representative flow metric,
which can then be compared with the pitchwise-averaged values from the design code or CFD
simulations. The corrections have been quantified in the form of linear equations, and the
regions of high measurement uncertainty have been identified both for measurements upstream
and downstream of stator blades.

The correction procedure based on two-dimensional flow field study have proven its validity
for full three-dimensional setups with variable immersion of the probe away from the end walls.
However, this finding is for a relatively slim holding stem: the ratio of the probe immersion to
the stem diameter exceeds 40, whereas in the open literature this ratio is normally below 10.
Therefore, it is important to validate the strength of the radial flow redistribution if an
experimental setup has a stem geometry different to that used in this thesis.

As a result of the corrections procedure, the measurement uncertainties were reduced from
+6° down to £1° for the flow angles. For the static pressure, the uncertainties were reduced
from 35% of the dynamic head down to +£5%. These uncertainties are valid away from the end
walls, near which the flow is highly skewed and has significant radial velocity components.
The range of flow conditions and probe locations is defined where total pressure measurements
are consistent and reliable without any corrections.

Developed methods have been applied to the real experimental results and have shown
significant improvement in the self-consistency of the measurements. To control the
consistency of the experimental data both before and after correction, a series of considerations
were implemented, which were summarised in the consistency check procedure. This

procedure is based on fundamental physical principles such as mass and energy conservation,
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as well as radial equilibrium conditions for the turbomachinery flows. Without the corrections,
the variations of the integrated mass flow, calculated along the compressor measurement
sections, exceeded +15%, which indicated serious issues with the experimental data. After the
corrections, the variations of the mass flow fell within +4%, with the remaining spread being
caused by the measurement and process uncertainties.

A comparison of experimental results after corrections against CFD simulations revealed
the differences in the amount of endwall blockage, especially near the casing in the frontal
stages, and differences in exit flow angles. One of the findings was that the simulated flow has
a larger deviation at the rotor exit compared to the measured values. The difference was proven
to be consistent with other flow metrics, such as radial pressure gradient, and the reasons for
that, as well as the changes in stage matching and compressor behaviour, can be explored by
future researchers or industrial partners.

The developed methods, including the identification of necessary measurement corrections,
the corrections procedure itself and the consistency check procedure, can be universally applied
to similar compressors, as it accounts mainly for potential flow field interaction. The range of
trustable locations and flow conditions is explained by the fundamental physical principles.
Magnitudes of corrections and exact boundaries of the trustable regions can differ depending
on blade geometry, including maximum thickness, leading edge diameter, loading style and
design incidence, as well as relative probe size. These magnitudes and boundaries can be
determined using CFD simulations in the same way as described in this thesis.

As a result of the presented study, knowledge about spanwise distributions of key
aerodynamic parameters can enable a better understanding of the complex flows in industrial

multistage axial compressors.

8.2 Recommendations for future work

The work in this thesis shows that if the probe measurements are well-understood and
corrected for a constrained environment, the spanwise traversing can be beneficial to a
compressor designer compared to currently used instrumentations of the stator leading edges,
as it provides more flow variables at better spatial resolution. It will, however, only be practical

if the probe is placed away from major vortical structures and the flow Mach number is below
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a critical value for the probe so that the corrections are linear, and the correction procedure
requires minimum input.

To extend the applicability of the spanwise traversing in industrial compressors, the author
recommends that future work in the area should answer three questions. Firstly, how can the
three-dimensionality of the flow redistribution caused by the probe immersion be universally
corrected for? Secondly, what are the additional mechanisms causing the measurement
uncertainties near the end walls and how can these uncertainties be quantified? And thirdly,

what is the impact of flow unsteadiness on the probe readings?
8.2.1 Universality of the three-dimensional corrections

The change in the measurement corrections for various probe immersions along the span
was found to be negligible, and the corrections for the three-hole pneumatic probe could be
obtained from the quasi-two-dimensional calculations of the representative blade passage,
providing that the probe free-jet calibration in the CFD accounts for the flow around the probe’s
tip. However, when strong radial flows are present in the compressor, and the flow is measured
with a five-hole probe to capture such radial flows, the impact from the probe and the immersed
stem can be more complicated. This is especially problematic when the stem interacts with the
separation region near the casing or the blade suction side, so that the whole structure of the
spanwise blockage changes a lot.

Understanding such interaction between the probe and fully three-dimensional flow in axial
compressors can allow for a better understanding of the secondary flow features such as flows

around corner separation zones and leakage flows.
8.2.2 Measurements near the end walls

In this study, for the measurements in the endwall regions, the corrections were extrapolated
from the results of the mid-span, two-dimensional simulations. This resulted in sensible
changes in spanwise parameter distribution near the end walls. However, the quantitative
comparison of the full-span simulations with and without the probe showed a significant

difference between virtually measured and undisturbed values; the uncertainty in these regions
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has almost tripled. Therefore, the measurements in such regions require a better understanding
of highly skewed, large pressure gradient flows around the probe tip.

For example, near the casing upstream of stators, the flow is highly distorted by the rotor
tip vortex flow, and it also has a large velocity gradient due to the boundary layer on the casing
surface. This results in a high skewness of the flow in that region so that the pressure
distribution on the probe surface is no longer the same as it is at a uniform flow. This might
affect the probe calibration characteristics used for data processing.

Similar problems arise when the probe is approaching the hub wall and the flow around the
probe tip is dependent on the proximity to the hub wall. For shrouded stators, an understanding
of such a flow field can allow for improved flow measurements near the hub wall, which is
especially important for relatively large probe diameters typical of the rear stages in high-

pressure axial compressors.
8.2.3 Unsteady effects on the probe readings

The key sources of uncertainty in an unsteady environment are the interaction with the rotor
flow field, the vibration of the probe itself and the unsteadiness of the passage flow, especially
when the probe is measuring downstream of the stator. In this work, the flow field downstream
of the rotor was assumed to be averaged out due to the rotation. However, the actual flow field
has high-frequency spikes in velocity profile due to blade wakes. It is unclear how these spikes
are captured by the quasi-steady pneumatic probe, whose response time is several orders of
magnitude higher than the wake frequency. In addition, the unsteadiness can affect the
boundary layer conditions on the probe surface, thus impacting the probe’s calibration
characteristics.

Another source of uncertainty is the risk of probe vibration caused by the high immersion-
to-diameter ratios of the holding stem. Three mechanisms can affect the flow measurements:
first is a fluctuation in relative flow velocity due to the probe’s relative motion during vibration.
Second, the boundary layer transition and separation points shift due to the probe’s motion.
Third, the probe’s oscillation results in changes in its relative position in the blade passage, and

since the magnitude of the oscillations was found to be at a comparable scale with the probe
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diameter, such a change in position can cause additional flow field redistribution and erroneous
measurements.

It is not clear how these unsteady effects will affect the measurements, considering that the
former not only experiences the variability of the upstream pressure field but also changes this
field by going in and out of the blade passage. Studying the unsteady flow around an oscillating
pneumatic probe in a fluctuating flow in proximity to the compressor blades would therefore

be physically interesting and potentially important.
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