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Abstract

Changes in loss generation associated with altering the rotor tip loading of an embedded
compressor stage is assessed. Steady and unsteady three-dimensional computations, com-
plemented by control volume analyses, for varying rotor tip loading distributions provided
results for determining if aft-loading rotor tip would yield a stage performance benefit in
terms of a reduction in loss generation. Aft-loading rotor blade tip yields a relatively less-
mixed-out tip leakage flow at the rotor exit and a reduction in overall tip leakage mass flow
hence a lower loss generation; however, the attendant changes in tip flow angle distribution
are such that there is an overall increase in the flow angle mismatch between tip flow and
main flow leading to higher loss generation. The latter outweighs the former so that rotor
passage loss from aft-loading rotor tip is marginally higher unless a constraint is imposed on
tip flow angle distribution so that associated induced loss is negligible; a potential strategy
for achieving this is proposed. In the course of assessing the benefit from unsteady tip
leakage flow recovery in the downstream stator, it was determined that tip clearance flow is
inherently unsteady with a time-scale distinctly different from the blade passing time. The
disparity between the two timescales: (i) defines the periodicity of the unsteady rotor-stator
flow, which is an integral multiple of blade passing time; and (ii) causes tip leakage vortex
to enter the downstream stator at specific pitchwise locations for different blade passing
cycles, which is a tip leakage flow phasing effect. Because of an inadequate grid resolution
defining the unsteady interaction of tip flow with downstream stator, the benefit from un-
steady tip flow recovery is the lower bound of its actual benefit. A revised design hypothesis
is thus as follows: “rotor should be tip-aft-loaded and hub-fore-loaded while stator should
be hub-aft-loaded and tip-fore-loaded with tip/hub leakage flow angle distribution such that
it results in no additional loss”. For the compressor stage being assessed here, an estimated
0.15% enhancement in stage efficiency is possible from aft-loading rotor tip only.

Thesis Supervisor: Choon S. Tan
Title: Senior Research Engineer, Department of Aeronautics and Astronautics
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Chapter 1

Introduction

Gas turbines for power generation have been an industrial focus due to increasing
use of natural gas with its lower pollution emission and operating cost. A small
improvement in gas turbine efficiency would thus result in a substantial reduction of
global fuel consumption, emission, and operating costs. In addition, there is a need
for industrial gas turbines to operate with a broader operating range to accommodate
rapid changes in electricity demand and electricity supply from several energy sources.
Therefore, performance improvement for the next generation of industrial gas turbines
would require research and development that serves to increase efficiency as well as
to broaden the operable range while retaining high efficiency; this invariably involves
reducing the opportunity for losses and flow blockage generation associated with flow
through a multistage axial compressor.

Rotor tip leakage flow is known to have strong detrimental effects on compressor
performance in terms of efficiency, pressure rise capability, and operating range. Tip
clearance exists in unshrouded axial compressor rotors as a finite clearance is required
to prevent rubbing between the tip of rotor blades and the stationary casing. Tip
leakage flow is driven through tip clearance by the pressure difference between the
pressure side and the suction side of a rotor blade. Shear layer forms between the
leakage flow and the main flow, and the leakage fluid leaving tip clearance rolls up

and becomes a tip leakage vortex as shown in Figure 1-1. The detrimental effects
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are considerable especially for rear-stage industrial axial compressors, where non-
dimensional tip clearance size is relatively large. The overall goal of this research is
to utilize and assess a hypothesized compressor design strategy available in literature
to minimize the opportunity for tip leakage flow to generate loss and flow blockage,

thus improving compressor performance in a multistage environment.

Figure 1-1: Flow structure of tip leakage flow during its formation
in the endwall region [1]

1.1 A Suggested Design Guideline for Multistage
Axial Compressors

A design guideline for multistage axial compressors has been proposed by Sakulkaew
[2] to reduce losses and flow blockage induced by tip leakage flow. The required at-
tributes of rotor and stator blade rows are such that the rotor should be tip-aft-loaded
and hub-fore-loaded while the stator should be hub-aft-loaded and tip-fore-loaded as
shown in Figure 1-2. Such attributes create an environment that prevents tip/hub
leakage flow from mixing out so as to enhance the benefit of an unsteady tip/hub
leakage flow recovery process in the downstream blade row. In other words, a tip-
aft-loaded rotor and a hub-aft-loaded stator would generate relatively less mixed-out

leakage flow while a hub-fore-loaded rotor and a tip-fore-loaded stator would enhance
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the leakage flow attenuation/recovery process. The design philosophy was hypothe-
sized to improve overall compressor performance, including efficiency, pressure ratio,
and stall margin. The design hypothesis is applicable for a multistage compressor
as well as an embedded single stage compressor. We first focus on utilizing the de-
sign hypothesis for an embedded compressor stage with an upstream rotor and a
downstream stator.

The first mechanism utilized in the hypothesis is a reduction of tip leakage mixing
loss through delaying the tip leakage flow formation towards the rotor trailing edge
(TE). As tip leakage flow in an aft-loaded blade has less time to mix out, it can be
inferred that viscous mixing loss in the rotor generated from tip leakage flow in an
aft-loaded blade would be lower. An implicit assumption underlying the hypothesis is
that tip leakage flow must not be mixed-out when it enters a downstream stator. For
relatively small tip clearances less than approximately 2% span, tip leakage flow tends
to mix out in a rotor; if so, all potential loss in the tip leakage flow has been realized
and loss reduction from the hypothesis may not be achievable. Hence, the hypothesis
is applicable for a rotor with tip clearance size large enough that tip leakage flow does
not mix out before it arrives in a downstream stator. This geometrical characteristic
is generally found in rear-stage compressors.

The second key mechanism of the proposed design philosophy is a reversible un-
steady recovery process for tip leakage flow in a downstream stator blade row. The
recovery process in a stator blade row will convert the potential loss in tip leakage
flow to useful kinetic energy without additional entropy generation. According to the
proposed design guideline, the relatively less mixed-out tip leakage flow would thus
have higher loss potential downstream of the rotor. This potential loss is continuously
realized by viscous mixing as tip leakage flow proceeds downstream in a compressor.
If potential loss in tip leakage flow can be reduced before it has opportunity to con-
vert itself into actual loss, tip leakage flow will generate lower overall loss than its full
loss potential. Because of the relatively less-mixed-out tip leakage flow, tip leakage
recovery process would be able to reduce the opportunity for the higher potential

loss to be realized in an aft-loaded blade. If the recovery process is not adequately
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effective, then the subsequent viscous mixing would realize the tip leakage loss po-
tential. For preventing the mixing out of tip leakage flow in a stator passage, the
recovery process in a stator should occur as soon as possible; thus, the stator tip (i.e.
the shroud/casing of a stator blade), which interacts with tip leakage flow, should be
fore-loaded to improve the effectiveness of the recovery process. It has to be noted
that the two delineated mechanisms are of equal importance and must be effective in
order to achieve an overall compressor stage performance improvement.

There has been some research conducted on each of the two mechanisms separately.
However, there is a lack of research that quantifies the achievable overall improvement
from the proposed design concept and elucidates the effects of each mechanism on the
overall improvement. Therefore, this thesis will first focus on quantifying the effects
of the two mechanisms separately and then synthesize the overall effects from each of

the mechanisms to assess the utility of the proposed design guideline.

Aft-loaded —> <— Fore-loaded

Fore-loaded—> E

<«— Aft-loaded

Locus of peak blade Rotor Stator
loading

Figure 1-2: Locus of peak blade loading on a rotor and a stator blade
designed according to the proposed design guideline

1.2 Literature Review

As noted above, there is a lack of research that shows both the quantitative and the
qualitative benefits of the proposed design strategy. Nevertheless, there has been
research that addresses each of the followings on an individual basis: (i) the effects

of aft-loading rotor blades (delay of tip leakage flow formation), (ii) the inherent
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unsteadiness in tip leakage flow, and (iii) the benefit and the mechanisms of the
reversible unsteady tip leakage recovery process.

A preliminary study for an aft-loaded blade design was carried out by Sakulkaew
[2]. However, the original blade design was inadvertently modified so that a consistent
back-to-back assessment on the effects cannot be made and this set of results cannot
be used for quantifying the merits of the new design philosophy. Nevertheless, the
computed results have shed some light on the qualitative nature of steady flow fields
of the aft-loaded blade. The aft-loaded blade was aft-loaded approximately 20% span
from the blade tip and the peak blade loading was shifted approximately 20% chord
toward the TE as shown in Figure 1-3. As the formation of tip leakage flow induces
relatively high local entropy generation rate, local entropy generation rate can be
used to track the formation of tip leakage flow. If the formation of tip leakage flow
is delayed, local entropy generation rate in the aft-loaded blade is expected to be
lower (relative to the original blade) near the leading edge (LE) and higher in the
midchord region. The delay in tip leakage flow formation visualized from local entropy
generation rate is shown in Figure 1-4; higher entropy generation rate on the second
plane from the LE can be seen in the original blade while the aft-loaded blade has
higher entropy generation rate on the third plane. Therefore, the steady flow fields
suggested that the aft-loaded blade has the desired aft-loaded rotor blade loading and
the formation of tip leakage flow is successfully delayed toward the trailing edge.

Due to flow changes accompanying aft-shifting rotor tip peak loading, the adverse
streamwise pressure gradient at the blade tip TE was stronger in the aft-loaded blade,
which led to flow separation at the blade tip TE. Although aft-loading a rotor blade
could prevent the mixing out of the tip leakage flow, it also inevitably causes flow
separation thus generating additional loss in the rotor. This flow separation has been
hypothesized to be one of the two competing effects that set the optimum location of
the peak blade loading. However, the amount of loss generated from flow separation
has not been quantified.

In the 1980s, Wisler conducted experiments in a low-speed 4-stage compressor

with the goal to reduce endwall loss in axial compressors by improving designs of ro-
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— new aft-loaded tip: 15%span from tip

— original: 15%span from tip

12

Normalized Pressure Coefficient C,

x/c,

Figure 1-3: Comparison of rotor blade surface pressure coefficient
distribution of the original and aft-loaded blade at 15% span from
the blade tip (adapted from [2])

tor and stator blades [3]. Several rotor and stator blade designs were tested through
a series of experiments and the effects of aft-loading tip section of the rotor blade
on compressor performance were assessed. Rotor B was tip-aft-loaded approximately
40% span from the blade tip and the peak blade loading in the tip region was shifted
approximately 10% chord toward the TE as shown in Figure 1-5. The tip clearance
size is approximately 1.4% span. As shown in Figure 1-6, the results showed that
Rotor B (aft-loaded rotor) has 0.3% higher efficiency at design point and at operat-
ing points toward choke, and higher pressure rise capability for the operating range
compared with Rotor A (baseline rotor). However, detailed measurements of rotor
loss in the tip region were not carried out and it was hypothesized that efficiency
improvement was a result of changes of flow field in the tip region.

Tip leakage flow is known to be inherently unsteady and have its own periodic
timescale, which scales with the rotor flow-through time [6]. This timescale of tip
leakage flow is different from that of blade passing and has been identified in both
experiments and computational simulations [6-9]. Hwang et al. found that the up-

stream effect from a downstream stator blade row could affect the behavior of tip
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(a) Original rotor blade
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(b) Aft-loaded 20% chord rotor blade

Figure 1-4: Contours of local entropy generation rate showing delay
of tip leakage flow formation in the aft-loaded blade; corresponding
blade-to-blade planes are at identical chordwise location [2]
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Figure 1-5: Comparison of surface velocity distribution of the base-
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line airfoil (Rotor A) and the aft-loaded blade (Rotor B) [3]
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Figure 1-6: Efficiency and pressure rise capability improvement from
the aft-loaded blade (Rotor B) compared with the baseline airfoil
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leakage flow in an upstream rotor blade row [10]. Their computational results show
that the structure of tip leakage flow is not identical in adjacent rotor flow passages
when a downstream stator blade row is present while the structure is identical in an
isolated rotor case .

Reversible unsteady attenuation/recovery process occurs to both rotor/stator wake
and tip/hub leakage flow. Wake recovery process, which was first proposed by
Smith [5], was investigated and demonstrated to be beneficial by Van Zante et al. [11].
Van Zante et al. have demonstrated that wake recovery process is primarily inviscid
and viscous mixing plays a small role in the process. Valkov proposed that tip leakage
recovery process occurs in a similar manner to wake recovery process as tip leakage
flow has a wake-like structure [12]. As such, one would expect inviscid-dominated flow
behavior to apply for the situation of tip leakage flow recovery. In Valkov’s study, the
inlet boundary condition of the stator was based on the steady computational results
of Khalid [13] for an isolated rotor with a tip clearance of 2.5% span. Thus, Valkov’s
assessment of recovery process involving tip leakage flow neglects the effects associ-
ated with the inherent unsteadiness in rotor tip leakage flow as well as the impact
of rotor-stator interactions on formation and evolution of tip leakage flow. Despite
these shortcomings, the attenuation process has been clearly described and the effects
of tip leakage recovery process have been quantified to be beneficial. Furthermore,
he performed a sensitivity study and found that a reduction in axial rotor-stator gap
by 30% chord yields additional 0.11% efficiency recovery benefit due to relatively less
mixed-out tip leakage flow at the stator inlet.

Although tip and hub leakage recovery process could be explained similarly with
Kelvin’s theorem, the unsteady mechanism of the processes is slightly different. The
stagnation pressure defect in the tip/hub leakage flow in an incompressible and in-
viscid flow can be changed from an unsteady mechanism shown in Equation 1.1 [14].
For hub leakage flow in a rotor, the 9p/0t term is positive from the motion of a rotor
and a circumferential pressure gradient from the SS and the PS of a rotor blade. Hub
leakage flow, which has longer convection time from its lower velocity compared with

the main flow, can experience larger dp/0t effect than the main flow, resulting in a
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smaller stagnation pressure defect at the rotor exit. On the other hand, for tip leak-
age flow in a stator, the stator is stationary and the dp/0t term might be generated
from other flow processes and differ from that in hub leakage flow in a rotor; thus,

the recovery effect could be different from that of hub leakage flow.

%Izt = %? (1.1)

In summary, the effects of aft-loading the tip section of rotor blades have been
found to be beneficial by Wisler [3]; however, his work did not provide a detailed expla-
nation for the cause of the performance improvement. Sakulkaew, on the other hand,
delineated the changes of the flow field in the tip region but has not demonstrated
performance improvement conclusively [2]. Furthermore, the unsteady reversible tip
leakage recovery process has been shown to be beneficial by Valkov [12]. Thus, it can
be stated that there is a need to quantify the effects of aft-loading a rotor blade tip
followed by subsequent tip leakage recovery process in a downstream stator with the
presence of unsteady tip leakage flow and the rotor-stator interaction (and vice versa
i.e. aft-loading a stator hub followed by hub leakage flow recovery in a downstream

rotor).

1.3 Research Questions

The overall goal of the research is to assess the compressor design strategy proposed
by Sakulkaew [2] and to determine if the design guideline can indeed yield a com-
pressor performance improvement as postulated; and if it does not, what additional
constraints or attributes need be incorporated. The proposed design strategy sug-
gests that rotor should be tip-aft-loaded and hub-fore-loaded while stator should be
hub-aft-loaded and tip-fore-loaded. The research presented in this thesis will focus on
varying a rotor blade tip loading and employing a representative downstream stator

blade row to leverage on the benefit of tip leakage recovery process.
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The key research questions to be addressed for accomplishing the stated goal are

as follows:

1. What are the flow processes setting up the optimum aft-loaded blade tip profile
that is conducive to effective management of tip flow to minimize the opportu-

nity for loss generation and flow blockage generation?

2. What is the quantitative benefit of tip leakage flow formation delay in a rotor

and tip leakage flow recovery process in a stator?

3. What is the role of inherent tip leakage unsteadiness on a rotor-stator flow field
periodicity and tip leakage flow attenuation/recovery in a downstream stator

blade row?

4. Based on the answers to question 1, 2, and 3, what are the required attributes
(additional to those embodied in the proposed design strategy) of a compressor

stage for performance enhancement?

1.4 Contributions

The key findings are summarized below:

1. Varying the rotor tip blade loading has effects on the following parameters
characterizing the tip flow in a compressor stage: (i) the chordwise location at
which tip leakage flow begins to develop; (ii) tip leakage flow angle distribu-
tion, hence its mismatch with the main flow; (iii) chordwise distribution of tip
clearance mass flow rate, hence its total tip leakage mass flow rate; and (iv) the
benefit associated with the unsteady tip leakage flow recovery in downstream
stator. These characterizing parameters together determine the attendant loss

associated with rotor tip leakage flow in a compressor stage environment.

2. Aft-loading rotor blade tip through shifting blade tip peak loading toward the
trailing edge delays tip leakage flow formation; this not only results in a rela-

tively less-mixed-out tip leakage flow at the rotor exit but also a reduction in the
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overall tip leakage mass flow. However, the attendant changes in tip flow angle
distribution is such that there is an overall increase in the flow angle mismatch
between the tip flow and the main flow. The former (i.e. reduced tip leakage
mass flow and relatively less mixed-out tip flow at rotor exit) would tend to
mitigate the loss generation in the rotor passage while the latter would tend to
incur upon a higher loss generation. These three competing effects in principle
would define an optimal rotor tip blade loading distribution for minimizing tip

flow loss generation within the rotor passage.

. The disparity between the timescale defining the self-induced tip leakage un-
steadiness and blade passing time introduces a tip leakage vortex phasing effect
(tip leakage vortex enters the downstream stator at specific pitchwise locations
for different blade passing cycles). Despite the presence of the inherent tip flow
unsteadiness and the effects of rotor-stator interaction on tip flow, unsteady tip
leakage flow recovery process attenuates tip leakage flow in the downstream sta-
tor on a time-averaged basis; the process yields a higher benefit for a relatively

less-mixed-out tip leakage flow from aft-loading a rotor blade tip.

. Based on the finding 2 above, the design hypothesis is revised to incorporate a
constraint on tip flow angle chordwise distribution. The revised hypothesized
design strategy should read as: “rotor should be tip-aft-loaded and hub-fore-
loaded while stator should be hub-aft-loaded and tip-fore-loaded with tip/hub

leakage flow angle distribution such that it results in no additional loss”.

. Periodicity of a compressor stage flow field is set by the two timescales, defining
the tip leakage flow inherent unsteadiness and blade passing. The periodicity
of a flow field can be used as a criteria to determine if and when unsteady
computations have attained an equilibrium state when the flow manifests a
repeating flow pattern on a temporal basis. As an example, the computed
unsteady flow for a rotor-stator stage presented here has a periodicity of 11 blade
passing time periods. In other words, the flow repeat at every 11 blade passing

times. This is consistent with the timescales defining the tip flow inherent
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unsteadiness and the blade passing

It is to be noted that findings 1 to 4 are based on computations, in which the
mixing of the tip clearance flow with the main flow is incomplete; as such, the details
of the mixing, including the choice of the turbulence model and the computational grid
resolution, could play a role in determining both the qualitative and the quantitative
aspects. However, the trend from the results based on complementary control volume

analyses for complete mixing out of tip flow is in accord with that from computations.

1.5 Organization

The thesis is organized as follows. Chapter 2 provides the overall research approach,
and the utilization of numerical simulations to answer the posed research questions.
This is then followed by the assessment of the effect of aft-loading a rotor blade in
the rotor under a steady flow approximation in Chapter 3. Beneficial and detrimental
flow processes governing the overall loss reduction in the rotor are identified followed
by quantification of their loss. Chapter 4 addresses characteristic of unsteady flow
fields with the presence of tip leakage flow inherent unsteadiness and rotor-stator
interaction to formulate the performance evaluation approach in unsteady flow fields.
Chapter 5 illustrates the mechanism of tip leakage flow recovery process and the effect
of tip leakage flow phasing on the recovery process; time-averaged effectiveness of the
recovery process for less mixed-out tip leakage flow is quantified. Chapter 6 revisits
the time-averaged loss generated from the key flow processes in the rotor based on
unsteady flow fields as previously delineated in Chapter 3. The overall time-averaged
loss is synthesized to demonstrate the effectiveness of the design hypothesis in a rotor-
stator stage environment. Finally, all key findings based on computational work are

summarized and future work is proposed in Chapter 7.
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Chapter 2

Technical Approach

This chapter presents the research approach applied to answer the research questions
posed in Section 1.4. It is of import that compressor flow fields be adequately modelled
for assessing the performance impact of the two key mechanisms delineated in Chapter
1. Computing and modeling the flow field, steady as well as unsteady, in a rotor-stator
stage are described in Section 2.1. The details of compressor geometry, computational
setup, and post-processing techniques are described in Section 2.2. Evaluation of the

compressor performance in a rotor-stator stage are presented in Section 2.3.

2.1 Framework of Investigation

The traceability of performance changes in a compressor stage to each of the two flow
processes (namely the delay of tip leakage flow formation and the unsteady recovery
of tip leakage flow in the following blade row) has to be established. As the recovery
effect of tip leakage flow could be different from that of hub leakage flow as delineated
in Chapter 1. Therefore, a separate assessment for a hub leakage flow in a rotor is
required and the current research is limited to the benefit of tip leakage flow recovery
process in a stator only. In view of this, the assessment will henceforth be on a
representative embedded rotor-stator stage from a large industrial gas turbine for

power generation.
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Computational fluid dynamics (CFD) based on Reynolds-averaged Navier-Stokes
(RANS) equations is used to compute steady and unsteady flow in compressor flow
paths. Results from CFD simulations allow detailed flow field investigation in the
compressor flow paths. The two main mechanisms being assessed for their impact on
compressor performance are both associated with tip leakage flow but each requires
different level of modelling.

As alluded to in Section 1.2, an expected consequence of aft-loading a rotor blade is
the delay in tip leakage flow formation; this effect can be adequately determined with a
steady flow approximated by a mixing-plane located at the intra rotor-stator axial gap.
As the flow field downstream of a mixing-plane is circumferentially mixed out [15],
the rotor-stator stage flow field modelled with a mixing plane approximation is not
capable of assessing rotor-stator induced flow unsteadiness including the unsteady
tip leakage recovery process. As such, unsteady time-accurate simulations based on
Unsteady Reynolds-averaged Navier-Stokes (URANS) are used for assessing effects
associated with flow unsteadiness in a rotor-stator stage. This is implemented via
replacing the mixing plane with a sliding interface at the same location in the intra
rotor-stator gap to allow time-accurate interactions of flow fields in the rotor and
the stator. Unsteady time-accurate computational flow model of a rotor-stator stage
environment would yield results that can, in principle, be used to assess the tip leakage
recovery process as well as unsteady flow events with time scale different from that

of blade passing.

2.2 Computational Setup and Post-processing

Techniques

The compressor stage used to assess the hypothesis was taken from an embedded
rear-stage compressor of a modern industrial gas turbine. Geometrical parameters
and operating conditions are provided in Table 2.1. The rotor-stator blade ratio is

changed to unity from its actual value to expedite the convergence rate for unsteady
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Table 2.1: General characteristic of the representative compressor

stage
Parameters Value

Rotor tip to hub ratio 0.9

Rotor solidity 1.0

Rotor aspect ratio 14

Rotor-stator blade ratio 1

Reynolds number ~ 1 x 10°

Inlet mach number 0.5
Rotor tip clearance size | 5% span
Stator hub clearance size | 1.9% span

calculations. It is noted that figures representing the geometrical compressor design
in this thesis are not to scale with its actual one.

A commercial three-dimensional CFD solver, CFX 14.5, has been selected for
computing flow fields of the selected compressor stage. A series of steady Reynolds-
averaged Navier-Stokes (RANS) and unsteady Reynolds-averaged Navier-Stokes (URANS)
computations have been performed with double precision, second-order advection
schemes, and first order turbulence numerics. The k-w Shear Stress Transport tur-
bulence model has been employed as the turbulence model. The working fluid has
been treated as an ideal gas with constant heat capacity at constant pressure. As-
sessments of computational solutions have been carried out by Sakulkaew to ensure
the capability of CFX in computing flow fields of axial compressors [2].

The computational geometry has one upstream rotor and one downstream stator
blade spanning the full annulus. The mesh resolution is 2.5 million and 2.1 million
nodes for the rotor and stator, respectively. Grid density is higher in the endwall
region for obtaining accurate flow features of tip leakage flow. The value of y+ on
the blade surface is approximately 40. The boundary condition at the stage inlet
and stage outlet have been supplied from the APNASA solver [16,17]. The boundary
conditions do not have time variations for both steady and unsteady computations.
The boundary condition at the stage inlet, which is specified in a stationary frame of
reference, has radial variations of stagnation pressure, stagnation temperature, and

flow angle. The boundary condition at the stage outlet is specified by a radial variation
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Figure 2-1: The computational geometry and the referenced loca-
tions for post-processing

of static pressure, which can be varied to obtain a desired operating condition.
CFD-Post 14.5 has been employed as a post-processing tool for this research. The
actual computational stage inlet, mixing plane, stage outlet (shown as red planes in
Figure 2-1) are all inclined planes; however, the reference locations for post-processing
are axial planes. Location reference used in the thesis is shown in Figure 2-1 (shown
as the green planes). Three main locations (rotor inlet, rotor exit, and stator) are

referred to for loss accounting and pressure ratio.

2.3 Compressor Performance Evaluation and

Loss Accounting Method

Overall improvement of compressor performance can be evaluated from changes in loss
and pressure ratio. Stagnation pressure is averaged by a work-averaging technique,
which conserves the availability of the flow field. This concept was proposed by Cump-
sty and Horlock [18]. The concept of work-average pressure has been expanded by
Zlatinov to accommodate time-variation in unsteady flow fields [19]. Time-averaged
work-averaged pressure can be computed as shown in Equation 2.1 for unsteady flow

fields.
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Irreversible entropy generation (i.e. entropy generation associated with irreversible
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processes) is employed as a mean to quantify loss generation in computed flow fields
and hence compressor performance. The irreversible entropy generation can be locally
computed, allowing one to identify the loss-generating flow process. Furthermore,
entropy generation in flow fields can be directly related to lost work and compressor

efficiency shown in Equation 2.2.

f _ VVlost _ CZ-’t,sta,to'r out Sgen
A H stage AH, stage

=1-n (2.2)

Two methods are available for computing entropy generation. The first method,
which will be referred to as “entropy flux method”, calculates entropy generation from
the difference of entropy flux at interested planes as shown in Equation 2.3. In this
method, entropy of working fluid is calculated from the equation of state of the fluid.
The second method, which will be referred to as “dissipation method”, calculates
entropy generation from local viscous dissipation and thermal dissipation in the flow
field as shown in Equation 2.4. The entropy generation from viscous dissipation and

thermal dissipation are computed from Equation 2.5 and 2.6, respectively.

Sgene’ration = / psua - dA — psua- dA (23)
outlet inlet
Sgeneration = / (ng{scws + .;Z,ermal ) dV (24)
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In principle, these two methods for computing entropy generation should give
identical results. However, Zlatinov has assessed these two methods for computing
entropy generation and has determined that the dissipation method using Equation
2.4 tends to underestimate entropy generation in the computational domain [19)].
However, the trend of entropy generation in flow paths from the two methods is com-
parable. Therefore, in this research, the dissipation method is used for identifying
flow region of high loss and flow processes responsible for loss generation. The en-
tropy flux method will be utilized in accounting for entropy generation in compressor
flow paths (e.g. rotor passage, stator passage, intra rotor-stator gap, etc) and for

computing lost work in Equation 2.2.

2.4 Summary

The research approach has been developed to address the research questions posed in
Chapter 1. Computational tools are applied to compute steady as well as unsteady
flow fields in a rotor-stator stage environment targeting at answering the research
questions. Steady compressor flow fields are used to assess loss generation associated
with varying the rotor tip loading distribution. Unsteady flow fields of a rotor-stator
stage environment are employed to assess the effects of tip leakage flow recovery
process in stator as well as effects associated with tip leakage flow self-induced un-
steadiness.

The selected compressor stage is representative of a rear-stage compressor in a

modern large industrial gas turbines for power generation, where non-dimensional tip
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clearance size is relatively large. CFX 14.5, has been selected as the main numeri-
cal solver for this study and CFD-Post 14.5 has been employed as a post-processing
tool. A series of steady and unsteady time-accurate computations have been per-
formed with double precision, second-order advection schemes, first order turbulence
numerics, and the k-w Shear Stress Transport turbulence.

Irreversible entropy generation is employed as a mean to quantify loss generation
and compressor performance as well as to locate regions with high entropy generation

rate for tracing mechanisms generating high loss in computed flow fields.
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Chapter 3

Effects of Tip Blade Loading
Variation under Steady Flow

Approximation

Effects from the delay in tip leakage flow formation by aft-loading the rotor tip peak
blade loading are assessed with computed steady flow fields with a mixing-plane
approximation. Two tip aft-loaded and one tip fore-loaded rotor blades (relative to
the baseline design) have been designed to elucidate the effects of aft-loading rotor
blade tip. A preliminary investigation by Sakulkaew [2] suggests that tip leakage flow
formation can be delayed by aft-loading a rotor blade but the benefit from tip leakage
flow formation delay was not quantified. Additionally, flow separation near a rotor
blade tip TE was suggested to be a competing effect possibly setting the optimum tip
blade loading. These findings will be revisited and re-assessed in this chapter as well

as other attendant flow effects arising from varying the rotor tip loading distribution.
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3.1 Design of Fore-loaded and Aft-loaded Rotor
Blades

Prior to assessing the hypothesis, delineated in Chapter 1, and its utility, the effects
of tip leakage flow formation delay are first assessed. Two aft-loaded rotor blades
have been designed to yield a rotor flow field, in which the tip leakage flow formation
is delayed. The delay in tip leakage flow formation can be accomplished by shifting
the peak of tip blade loading toward the TE. Additionally, a fore-loaded rotor blade
design, in which the rotor tip peak loading is shifted toward the LE relative to the
original design, has also been generated for assessing the flow effects associated with
tip leakage flow forming closer to the LE. These three additional rotor blade designs
would provide an adequate range of tip loading variation for defining the optimum
blade tip loading if there should indeed be one.

The location of the peak blade loading is a function of the distribution of the
camber blade line (i.e. incidence angle and camber angle). The changes in the camber
blade line distribution of the new blade designs are shown in Figure 3-1. The incidence
angle of the lessaft (but aft-loaded relative to the original design) and moreaft blade is
designed to be smaller by increasing the inlet metal angle to reduce the blade loading
near the LE while the blade turning is higher near the TE to provide the similar
amount of overall flow turning in the tip region. In other words, the modification to
the aft-loaded blades make the LE to be in closer alignment with the incoming flow
relative to the baseline situation. The incidence angle of the fore blade is, on the
other hand, designed to be larger by decreasing the inlet metal angle and significant
flow turning occurs near the LE.

The modification process to change tip blade loading has been carried out by
changing a blade camber line distribution from 80% span of the rotor blade to the
blade tip. Blade loading distribution of the fore-loaded, aft-loaded, and original
baseline rotor blades near the blade tip and at 75% span is shown in Figure 3-2 and

3-3, respectively. Figure 3-2 shows that the peak blade loading shifts toward the

44



rotor TE for the aft-loaded blade designs. Figure 3-2 and 3-3 shows that the changes
in the tip blade loading would have the largest impact on the flow in the tip region
but minimal impacts in the main flow region. The changes in the location of the
peak blade loading for the new blades are shown in Table 3.1. Additionally, the rotor
pressure ratio of the new rotor designs is managed to be similar to that of the original

blade design as shown in Figure 3-4.

15

Fore
—— Original
~——— Lessaft

1 = Moreaft

Normaliuzed camber angle

Normalized chord

Figure 3-1: Changes in rotor blade camber line distribution near
blade tip for the fore, original, lessaft, and moreaft blade

Table 3.1: Location of peak blade loading near blade tip for various
blade designs

Blade design | Peak blade loading location | Shift in the peak loading location
Fore 26% chord -6% chord
Original 32% chord -
Lessaft 40% chord +8% chord
Morealft, 48% chord +16% chord
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Pressure coefficient

Pressure coefficient

Nomnalized chord

Fore 94%span — Original 94%span —— Lessaft 94%span —— Moreaft 94%span

Figure 3-2: Changes in location of peak rotor blade loading distri-
bution of the four rotor blade designs near blade tip (1% span below
the tip)

Normalized chord

—— Fore 75%span — Original 75%span —— Lessaft 75%span ——Moreaft 75%span

Figure 3-3: Similar rotor blade loading distribution of the four rotor
blade designs at 75% span
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Figure 3-4: Negligible changes in relative work-averaged rotor pres-
sure ratio in the four rotor blade designs

3.2 Loss Reduction from Tip Leakage Flow

Formation Delay

The location where tip leakage flow forms in the fore, lessaft, and moreaft blade is
different from that in the original blade as the peak blade tip loading has been shifted.
Distribution of tip leakage mass flow driven through tip clearance, shown in Figure
3-5, indicates that the peak of tip leakage mass flux in the fore-loaded blade appears
nearer to the LE while the peak of tip leakage mass flux is shifted toward the TE for
the lessaft and moreaft blade. Therefore, tip leakage flow forms closer to the LE in
the fore blade and closer to the TE in the lessaft and moreaft blade. It should be
noted that the integrated net tip clearance mass flow rate decreases with shifting the
rotor tip loading peak toward the TE. Furthermore, formation of tip leakage flow can
be tracked and visualized from irreversible local entropy generation rate proceeding
downstream toward the TE. The local entropy generation rate is created in the shear
layer between the tip leakage flow and the main flow during the formation of tip
leakage flow. In Figure 3-6, formation of tip leakage can be seen from a region with

high local entropy generation rate (indicated with a red contour) on the 20% chord
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Figure 3-5: Chordwise distribution of tip leakage mass flow from
various blade designs

plane in the fore blade while the formation in the original, less, and moreaft is seen
on the 25%, 30%, and 35% chord plane, respectively. This indicates that the fore,
lessaft, and moreaft blade have the fore-loaded/aft-loaded characteristics as desired.

To determine the extent of tip leakage flow formation delay, the location at which
tip leakage flow forms needs to be quantified. The location that tip leakage flow starts
to forms can be visualized by identifying a location of low static pressure or a region
with high local entropy generation rate; however, such approaches are somewhat
subjective. This issue can be avoided by utilizing the peak of an axial distribution
of local entropy generation rate to indicate the location at which tip leakage fow
formation completely forms. Figure 3-7 shows that the peak of the local entropy
generation rate from the fore blade is shifted toward the LE while the peak is shifted
toward the TE for the lessaft and moreaft blade. This confirms that tip leakage flow
is successfully delayed in the lessaft and moreaft blade and successfully advanced
toward the LE (relative to the original design) in the fore blade. The changes in tip
leakage flow formation location are shown in Table 3.2.

According to the hypothesis, when tip leakage flow formation is delayed. tip leak-
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Figure 3-6: Advance and delay in tip leakage flow formation in the
four blade designs visulaized from a region with high local entropy
generation rate created during formation of tip leakage flow (red
region)
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Figure 3-7: Local entropy generation rate in the tip region (75%
span to 100% span) and in the flow separation bubble near the rotor
tip TE

Table 3.2: Delay/advance in tip leakage flow formation location

Blade design | Shift in the location of peak local entropy generation in the tip region
Fore -2% chord
Original E
Lessaft +9% chord
Moreaft +11% chord

age flow has less time (equivalently shorter distance over which) to mix out in the
rotor. Thus, such tip leakage flow would have less of an opportunity to realize its loss
from its full potential. For a hypothetical case, when tip leakage flow formation is
delayed, a hypothetical curve of local entropy generation rate from tip leakage flow
formation and downstream development, should also shift toward the TE as shown
in Figure 3-8; The distribution of local entropy generation rate for the original blade
design is obtained from actual computational results while a similar distribution of
local entropy generation rate for both situations has been assumed with the peak

aft-shifted. As the tip leakage flow formation is delayed, the viscous loss generated in
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the ideal aft-loaded blade would be smaller compared to that in the original blade.
The amount of loss reduction is given by the area under the local entropy generation
rate curve from the rotor exit upward to a distance of tip leakage flow formation de-
lay (the gray area in Figure 3-8). The simplified but assumed situations are used to
only elucidate the effect of tip leakage flow formation delay on loss generation within
the rotor passage; the actual (quantitative) loss generation will be different from this
simplified situation. However, it is difficult to separate tip leakage flow loss from
other losses (e.g. boundary layer loss, rotor wake loss), thus, rendering the technique
illustrated in Figure 3-8 impractical. Therefore, instead of quantifying viscous mixing
loss realized by tip leakage flow, the remaining potential loss in tip leakage flow at the
rotor exit is estimated instead. If tip leakage flow is allowed to mix out, remaining
potential loss at the rotor exit will be small. Thus, tip leakage flow in an aft-loaded
blade would be expected to retain a higher loss potential at the rotor exit due to
the lower viscous mixing loss that has been realized. Thus, the difference in the loss
potential between the original and various blade designs can be used to estimate the
amount of viscous mixing loss generated by tip leakage flow to provide a measure on

the benefit of tip leakage flow formation delay; this is given in Equation 3.1 below.

LTLFdelay = gpotentia,l,'rotor exit,original — €potential ,;rotor exit,aft/fore (3 1)

;where Epotential,rotor esit,aft/fore 3NA Epotential,rotor exit,original denote potential loss at
the rotor exit in an aft/fore-loaded rotor blade and the original rotor blade, respec-
tively and L1 Frdelay denotes relative loss from the process with loss from the original
blade as the reference.

A method for calculating potential mixing loss in a non-uniform flow has been
proposed by Prasad [20]. The method represents a non-uniform flow with a uni-
form counterpart, which is in kinematic and thermal equilibrium, with conservation
of mass, axial momentum, angular momentum, and energy between the uniform and

non-uniform flow. Thus, potential loss is computed from the difference between en-
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tropy flux from the non-uniform and uniform flow condition.
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Figure 3-8: Local entropy generation rate in a hypothetical aft-
loaded blade and its loss reduction (grey area)

This method allows us to separate the effect of tip leakage flow formation delay
from other effects. Figure 3-9 shows relative loss benefit from the process with refer-
ence from the original blade design. The lessaft and moreaft blade gain a benefit from
this tip leakage flow formation delay; on the other hand, the fore blade suffers from
higher loss from this process. It can be seen that the benefit from tip leakage flow
formation delay is a function of tip leakage flow formation delay distance shown in
Table 3.2. The benefit from the process increases as a rotor blade is more aft-loaded,
in accord with the hypothesis.

It has to be noted that the mixing process of tip leakage flow is incomplete and the
choice of a turbulence model and the numeric (such as undesirable artificial numerical
diffusivity. etc.) could play a role on the details of the mixing process involving the tip
flow and the main flow. Although the mesh resolution is high (2.5 million nodes), this
might not be adequate to represent the structure of tip leakage flow. Additionally,
the current mesh provides high grid resolution in the rotor wake region but lower grid
resolution in the midpassage region where the tip leakage flow is. This would yield a
relatively more numerically diffusive computed flow field in the tip region. Thus, an

artificially higher mixing rate of tip leakage flow in the rotor could be introduced by
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the numerically diffusive flow, leading to lower estimated benefit of tip leakage flow
formation delay.

In summary, tip leakage flow formation can be successfully delayed or advanced as
desired by appropriately tailoring the rotor tip loading distribution. Computational
results suggests that aft-loading the rotor tip would yield a lower loss from the tip
leakage flow formation delay while fore-loading the rotor tip would yield a higher loss.
We will next proceed to determine what other attendant loss sources associated with

aft-loading the rotor tip.
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Figure 3-9: Relative loss benefit of tip leakage flow formation delay
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3.3 Loss Generation from Changes in Tip Flow

Angle Mismatch and Tip Leakage Mass Flow

Preliminary work conducted by Sakulkaew [2] indicated that an additional detrimental
flow process resulting from aft-loading the rotor tip is flow separation on the rotor
blade tip SS. Therefore, we use the present computed results to determine whether
loss from such flow separation is significant and can outweigh the potential benefit
from aft-loading the rotor tip.

As shown in Figure 3-10, the computed flow fields show, for both the lessaft and
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moreaft blade, the existence of flow separation bubble on the blade tip SS; however,
flow separation is absent in the fore and original blade. Loss from flow separation
can be quantified by integrating local entropy generation rate over the extent of flow
separation bubble shown in Figure 3-10. Entropy generation rate from flow separation
bubble in the lessaft and moreaft blade is shown separately in Figure 3-7. Although
flow separation is a complex flow feature and might not be predicted accurately with
RANS simulations [21], the order of loss from flow separation is negligible compared
with loss generated in the midchord region as shown in Figure 3-7. This would suggest
that we should focus on the cause of the higher computed entropy generation rate in
the midchord region.

Additional loss generation in the midchord region shown as the difference be-
tween the computed local entropy generation rate and the hypothetical counterpart
in Figure 3-11 needs to be separated from loss reduction from tip leakage formation
delay. The hypothetical aft-loaded blades are assumed to have similar tip leakage
flow structure and the same amount of tip leakage flow as that in the original blade,
resulting in identical but aft-shifted local entropy generation rate curves as shown in
Figure 3-8. Thus, if there should be no additional loss mechanism generated in this
hypothetical aft-loaded blade, mixed-out loss at the rotor exit of the original and the
hypothetical aft-loaded blade should be identical. On the other hand, if there are
other flow processes generating additional loss as seen from actual computed local
entropy generation curves of the new blade designs in Figure 3-11, the mixed-out loss
at the rotor exit could be different. Therefore, the difference of mixed-out loss can
be used to quantify the loss generated from new flow processes. Loss generated from

new flow processes can be computed from Equation 3.2.
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Figure 3-10: Flow separation bubble (red surface) on rotor blade tip
SS near TE

sz’dchord = (Emtm‘ exit,aft/ fore = Epotential,f‘otor ea:it,aft/fore)
- (grotor exit,original + {pr)ifcntia.l,1"01‘,01~ c.’zit,ar'ig'inal)

= Emi:ced—out,rotor exitaft/fore — fmz'zed—out,rotor exit,original

(3.2)

;wWhere Eived—ouipotor eastiaft/ fore 800 Emiied—out rofor exit,origing; denote mixed-out loss
at the rotor exit in an aft/fore-loaded rotor blade and the original rotor blade, re-
spectively and L,,igehora denotes relative mixed-out loss in the midchord region with
loss from the original blade as the reference.

This equation only provides the upper bound of loss from this additional flow
process as it may still be developing/evolving at the rotor exit. Loss generated in
the midchord region quantified with Equation 3.2 is shown in Figure 3-12 with the
highest loss for the moreaft blade and a relatively lower loss for the fore blade. This
suggests that there are other flow effects that change in response to aft-loading rotor
tip to yield a higher entropy generation rate in the midchord region and thus a higher
mixed-out loss; this change in flow effect can potentially outweigh the benefit arising
from the delay in tip flow formation if not managed appropriately.

Changes in tip flow angles are observed in the aft-loaded blades as shown in
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Figure 3-11: Discrepancy between hypothetical and computed local
entropy generation rate in the aft-loaded blades

Figure 3-13. It can be seen that tip leakage flow angle at approximately 70% chord is
higher for the aft-loaded blade designs with representative velocity vector pointing in
more toward to the upstream direction. As flow angle of the main flow is essentially
unaltered, flow angle mismatch between the tip flow and the main flow is changed
shown Figure 3-14. Figure 3-14 shows that tip flow angle mismatch in the lessaft and
moreaft blade is lower than that in the original blade from the LE up to approximately
55% chord but higher from 55% chord to 85% chord. The opposite trend can be seen
from the fore blade. The maximum flow angle difference in the original blade is
approximately 80 degree while the maximum flow angle mismatch in the moreaft
blade is 85 degree. It appears that the region with higher flow angle mismatch in
the lessaft and moreaft blade corresponds to the region with higher local entropy
generation rate shown in Figure 3-7. Although local entropy generation rate cannot
be used to represent the mixed-out loss, it suggests a possibility that larger flow angle
mismatch could affect the total mixed-out loss. To assess the effect from the higher
flow angle mismatch on loss generation, a control volume analysis is formulated and
carried out: the results from this control volume analysis are then use to interpret the

computed results.
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Figure 3-12: Relative loss benefit in the midchord region

The changes in the tip flow angle are not the only factor controlling loss from tip
leakage flow mixing loss. The tip leakage mass flow driven across the tip clearance also
changes in the aft-loaded blades. Tip leakage mass flow is lowest in the moreaft blade
and highest in the fore blade as shown in Figure 3-15. It can be seen from Figure
3-15 that tip leakage mass flow decreases as a rotor blade is aft-loaded. Therefore, tip
leakage flow mixed-out loss is controlled by flow angle mismatch between the main
flow and the tip flow, and tip leakage mass flow. The increasing flow angle mismatch
should generate higher mixed-out loss while a decrease in tip leakage mass flow would
reduce mixed-out loss generation. These two effects act as competing effects and the
sensitivity of mixed-out loss to these two flow effects must be assessed.

To quantify the overall effects from increasing tip flow angle and decreasing tip
mass flow, tip leakage flow mixed-out loss is approximated with a model from Young
and Wilcox [22]. The model uses a control volume method to compute irreversible
entropy generation from mixing between tip leakage flow and the main flow. Tip
leakage flow is treated as a small injected flow into the main flow in this model. Tip

leakage mixed-out loss based on Young and Wilcox is computed from Equation 3.3.
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Tsirr =

1 Ublade ss — UTLEF €08 AB)? + upprsin A2 ,
[ / (Ublade s TLF . ) TLF B (gpuzLr sin ABdeyas)

main

(3.3)

,where 71,,4in, denotes mass flow rate in the main blade passage, Upade ss the main
flow velocity on the rotor blade SS, urrr the velocity of tip leakage flow driven through
tip clerance, AS the flow angle mismatch between the main flow and the tip leakage
flow, g the rotor tip clearance size, and cyqqe the rotor tip chord.

A preliminary sensitivity assessment can be performed by varying tip leakage mass
flow and the flow angle mismatch. Figure 3-16 shows a result from the preliminary
assessment with velocity ratio of the tip leakage flow to the main flow of 0.8. For
small changes in flow angle difference and tip leakage mass flow, it can be approxi-
mated that loss changes from 1% decrease in tip leakage mass flow is equivalent to
that from 0.7 degree reduction in flow angle difference. This result implies a rather
substantial impact of the flow angle difference in the tip leakage flow mixing process.
The sensitivity computed with Young and Wilcox’s model is found to be comparable
with a result from Zlatinov in a situation where the axial turbine purge flow mixing
loss is not generated from swirl velocity difference between the purge flow and the
main flow [19)].

The total mixed-out loss from tip leakage flow can be computed from Young and
Wilcox’s model by discretizing tip clearance into small chordwise sections followed
by integrating the total loss along the tip chord. The input parameters for Young
and Wilcox’s model has been taken from the computed flow fields. Total tip leakage
flow mixed-out loss is highest for the moreaft blade and lowest for the fore blade as
shown in Figure 3-17a. The trend is identical with mixed-out loss computed from
computational results at the rotor exit shown in Figure 3-17b. This suggests that the
reduction in tip leakage mass flow has a smaller impact on loss generation than the
increase in tip leakage flow angle, and the aft-loaded blades have higher loss mainly

from the increase in the maximum tip flow angle.
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In order to mitigate the additional mixing loss associated with tip flow angle
mismatch with the main flow, we propose a design strategy such that tip leakage
flow angle distribution of an aft-loaded blade has to be managed in a manner that
its detrimental impact does not outweigh the benefit from the delay in tip leakage
flow formation and the decrease in tip leakage mass flow. Assuming the variation of
density and velocity on the rotor blade SS in a chordwise direction to be negligible, the
mixed-out loss from tip leakage flow can be approximated as a function of tip leakage
flow velocity, flow angle mismatch, and tip clearance size. Mixed-out loss from tip
leakage flow can be rewritten as Equation 3.4 and the term (f(urrr(x), AB(z))) will

be referred to as mixing function.

Tsirr =C- g / f(uTLF(x)7 A/8(1:))dcblade (34)

At constant tip clearance size, the additional mixed-out loss can be eliminated
or minimized if tip leakage flow velocity distribution and tip flow angle mismatch
distribution are shifted toward the TE with distance AZ7r,r delay Simultaneously while
retaining their distribution profile as shown in Equation 3.5. This provides us a
feasible method to aft-load a rotor blade tip without generating additional mixing

loss from tip leakage flow.

Tsypr=C-g / furLr(® — AZTLF delay), AB(T — AZTLF delay) ) dCbiade (3.5)

Maintaining the mixing function (f(urLr(z), AB(z))) in Equation 3.4 constant
is feasible and can be shown from a situation where tip clearance size varies. With
the constant mixing function in Equation 3.4 and 3.5, tip leakage flow mixed-out
loss increases linearly with increasing tip clearance size. Additional computations
have been performed to support this estimation. Figure 3-18 shows similarity of
tip leakage flow velocity distribution for three tip clearance sizes ranging from 3.3%

to 5% span. As tip clearance size increases, the velocity distribution retains its
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profile and only shifts toward the TE. The change in flow angle mismatch distribution
behaves in a similar manner to the tip leakage flow velocity distribution as shown in
Figure 3-19. Based on the unaltered tip leakage flow velocity distribution and tip
leakage flow angle mismatch distribution, Figure 3-20 shows that tip leakage flow
mixed-out loss computed from computational results and Young and Wilcox’s model
increases linearly with increasing tip clearance size. This result confirms that the
mixing function can be maintained constant and additional loss from tip leakage
flow angle mismatch can be prevented if tip leakage flow angle distribution is shifted

toward TE in a similar manner to tip leakage flow velocity distribution.
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Figure 3-18: Similarity of chordwise distribution of tip leakage flow
angle mismatch at three tip clearance sizes
In summary, computational results suggest that competing effect setting up the
optimum rotor blade loading distribution is not flow separation but rather changes
in tip and main flow angle mismatch and changes in tip leakage mass flow. The
maximum flow angle difference between the main flow and the tip leakage flow in the
lessaft and moreaft blade is found to be higher than that in the original blade while tip
leakage mass flow decreases in the aft-loaded blades. These two effects are competing
effects governing the changes in tip loss as the tip loading is being changed. Mixed-
out loss associated with the two effects computed from Young and Wilcox’s model

indicates that loss from flow angle difference dominates loss from a reduction of tip
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leakage mass flow, resulting in higher overall rotor tip loss. The loss estimated from
the control volume analysis (Young and Wilcox’s model) is also in agreement with
that from computed flow fields. Loss from tip leakage flow angle difference appears
to be manageable if tip leakage flow angle distribution and tip leakage flow velocity
distribution are unaltered and shifted downstream in a similar manner. Therefore,
the hypothesis needs to be modified to incorporate an additional constraint that tip
flow angle distribution must be managed appropriately for an aft-loaded blade to

yield an overall benefit.

3.4 Overall Effects of Tip Blade Loading

Variation in a Rotor

Three key flow effects associated with variations in rotor tip loading, namely, less
mixed-out tip leakage flow due to delay in tip leakage flow formation, changes in tip
leakage mass flow, and changes in a distribution of tip leakage flow angle, play a role in
setting loss generation within the rotor passage. Loss from tip leakage flow formation
delay reduces as a rotor blade is more aft-loaded. Although tip leakage mass flow
decreases for the aft-loaded blades, loss from tip flow angle mismatch (between tip
flow and main flow) increases as a rotor blade is aft-loaded more aggressively. Thus,
the change in loss (relative to a baseline design) from rotor tip loading changes can

be written as Equation 3.6.

[frotor = €rotm‘ ezit,fore/aft—loaded — grotar exit,original

(3.6)

= £TLF delay + LTLF' flow angle mismatch and mass flow

;where &rotor exityaft/fore @0d Erotor exit,original denote loss at the rotor exit in an
aft /fore-loaded rotor blade and the original rotor blade, respectively and Lyotor de-
notes relative total loss in the rotor with loss from the original blade as the reference.

Loss in the rotor (Lyot0r) is also a summation of loss from tip leakage flow formation
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delay process (LrrLr detay) and loss from changes in tip leakage flow angle mismatch
and changes in total tip leakage mass flow (LTLF flow angle mismatch and mass flow), Which
was called as L,igehora 10 Equation 3.2.

The trend in the change in the overall loss due to aft-loading rotor tip, shown
in Figure 3-21, indicates that the benefit of tip leakage flow formation delay and a
reduction in tip leakage mass flow is outweighed by loss from flow angle mismatch.
The lessaft and moreaft blade have higher loss generation in the rotor while the fore
blade has a similar loss generation to that of the original blade. As such, the results

presented here contradict the hypothesis delineated in Chapter 1.
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Figure 3-21: Overall computed loss in a rotor environment in steady
flow fields

In view of the above analysis of the computational results, the originally stated
hypothesis needs to be modified to include the effect of tip flow angle mismatch
with the main flow. Thus, an additional constraint must be added into the original
hypothesis and the hypothesis for performance improvement in a stage environment
has to be revised as follows:

“Rotor tip and stator hub should be aft-loaded with tip/hub leakage flow angle
distribution managed to retain its distribution but aft-shifted accordingly so that
there is a net benefit while rotor hub and stator tip should be fore-loaded™.

As previously noted, the flow field is likely to be overly diffusive from artificial
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numerical dissipation so that the benefit of the tip leakage flow formation delay com-
puted from the current computational results is considered to be a lower bound of
the actual process. Furthermore, if loss from flow angle difference can be reduced by
50% of its original amount, the benefit from tip leakage flow formation delay would
begin to yield a net overall benefit in the rotor. By appropriately managing the tip
flow angle distribution, the overall loss reduction benefit in the rotor from the moreaft

blade could potentially lead to an enhancement of 0.20% efficiency or higher.

3.5 Summary

Three additional rotor blade designs, one fore-loaded and two aft-loaded blade designs,
provide an adequate range of tip loading variation for defining the optimum blade
tip. The new rotor blades are modified from the original blade in such a way that
the impact on the flow in the tip region is substantial but minimal in the main flow
region; additionally, the rotor pressure ratio of the new rotor designs is managed to
be similar to that of the original blade design. The fore, lessaft, and moreaft blade
are confirmed to have the fore-loaded/aft-loaded characteristics. Three main flow
processes, namely, delay in tip leakage flow formation, changes in tip leakage flow
angle mismatch, and changes in tip leakage mass flow are found to govern the overall
loss in the rotor passage.

Aft-loading a rotor blade also results in larger tip leakage flow angle mismatch with
the main flow and lower tip leakage mass flow in the aft-loaded blades. Loss increase
from flow angle difference outweighs the loss reduction from a decrease in tip leakage
mass flow and delay in tip leakage flow formation, resulting in higher overall rotor tip
loss for the aft-loaded blade designs. Thus, an additional constraint must be added
into the original hypothesis and the hypothesis for performance improvement in a
stage environment has to be revised as follows: “rotor tip and stator hub should be aft-
loaded with tip/hub leakage flow angle distribution managed to retain its distribution
but aft-shifted accordingly so that there is a net benefit while rotor hub and stator
tip should be fore-loaded”.

67



It has to be noted that the mixing process of tip leakage flow is incomplete and
the choice of a turbulence model and the numeric could play a role on the details
of the mixing process involving the tip flow and the main flow. Although the mesh
resolution is high, this might not be adequate to represent the structure of tip leakage
flow. Thus, an artificially higher mixing rate of tip leakage flow in a rotor could be
introduced by the numerically diffusive flow, leading to lower estimated benefit of tip

leakage flow formation delay.
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Chapter 4

Characteristic of Unsteady
Rotor-Stator Flow Field

Chapter 3 has assessed the effects of aft-loading a rotor blade tip on loss generation.
The assessment has been performed with steady flow fields; however, the actual com-
pressor flow field is unsteady and the unsteady flow mechanism described in Section
2.1 could play a role, leading to a change in the quantitative impact of aft-loading
a rotor blade. The assessment in unsteady flow fields must be carried out based on
a flow field that has reached an equilibrium state. The unsteady flow and perfor-
mance also needs to be collected and averaged over a proper time period. In order to
meet these requirements, the behavior of unsteady flow fields will be interrogated in
depth in this chapter. Specifically, the role of tip flow inherent unsteadiness [6] with
a timescale distinct from that of blade passing would have on: (i) tip leakage flow
interacting with the downstream stator [10]; and (ii) the periodicity of rotor-stator

unsteady flow fields.
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4.1 Frequency of the Inherent Unsteadiness in

Tip Leakage Flow

As noted in Chapter 2, tip leakage flow is inherently unsteady. Bae et al. conducted
an experiment in a compressor rotor cascade to identify a natural frequency mode in
tip leakage flow core [6]. Their experiment suggested that the time scale associated
with tip leakage flow scales with the through flow time in a rotor passage. The
reduced frequency of tip leakage flow computed from Equation 4.1 was estimated to

be approximately 0.75.

c
Ff = g; (@1)

, where F'* denotes reduced frequency, f the tip leakage flow frequency, c the
rotor blade chord, and ., the upstream flow velocity.

To identify the frequency of tip leakage flow in the current unsteady computational
flow fields, numerical probes are installed at 95% span in the core of tip leakage flow.
Unsteadiness in tip leakage flow inducing variations of pressure in the tip leakage flow
core is monitored to identify the frequency of unsteady tip leakage flow. Pressure
variations observed from the probes in time domain are converted into frequency
domain using Fast-Fourier Transform (FFT).

Frequency of tip leakage flow is found to exist at 0.45 blade passing frequency
(BPF) without any changes from 25% chord to 125% chord as shown in Figure 4-1.
The constant value of frequency in tip leakage flow unsteadiness is somewhat similar
to the computational results found by Zhang et al. [9]. Reduced frequency of tip
leakage flow in the current experiment is 0.55, which is of the order of that shown in
Figure 4-2, ranging from 0.6 to 0.8. Additionally, there have been other works [4,8,23]
that indicate the existence of tip leakage vortex unsteadiness at a reduced frequency

in accord with the present result shown in Figure 4-2.
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4.2 Tip Leakage Flow Phasing Effect and
Periodicity of Unsteady Rotor-stator Flow
Fields

Tip leakage flow in a rotor-stator environment is governed by two timescales: one
associated with its own unsteadiness described in Section 4.1 and the other with the
rotor-stator interaction. The additional timescale from blade passing affects the for-
mation of tip leakage flow and its trajectory (pathline) in a rotor-stator environment.
Figure 4-3 shows two possible trajectories of tip leakage flow. It is noted that the
trajectories of tip leakage flow is shown with respect to the local frame of reference
in the rotor and the stator. In Figure 4-3, tip leakage flow forms on the SS of a
rotor blade and moves downstream toward the stator. As the period of tip leakage
flow is 2.2 times of blade passing period, the relative position between the rotor and
the stator is different for each cycle of tip leakage flow. This causes the trajectory
of tip leakage vortex in the stator frame of reference to be different for each cycle
of tip leakage flow (i.e., tip leakage flow phasing) as shown in Figure 4-4 for four
different cycles. It can be seen that tip leakage flow can enter the stator at various
locations, for example, on the stator PS, on the stator SS, in the middle of the stator
passage, and at the LE. The effects of tip leakage flow recovery quantified by Valkov
were assessed without the tip leakage flow phasing effect. Therefore, the effects of tip
leakage flow phasing on the tip leakage recovery process need to be assessed.

A similar flow effect has been observed by Nolan et al. [24] in a transonic axial
compressor. They observed wake phasing between an upstream inlet guide vane and
a downstream rotor. Furthermore, the location at which wake enters a downstream
rotor can be determined from the ratio of total wake convection time (including
time scale for vortex shedding) to rotor passing time. This phase-locked location
can be shown to be a function of blade spacing, rotor blade pitch flow coeflicient,
and shock wave interface angle. The key difference in behavior between tip leakage

flow phasing and wake phasing is the interaction between two blade rows. In wake
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Figure 4-3: Variation of tip leakage flow trajectory (red dashed line)
displayed on a pressure contour in rotor and stator due to discrep-
ancy of tip leakage flow and blade passing period)
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phasing, vortex shedding in the wake is induced by the shock wave interaction from
a downstream rotor and a reference location can be defined for the analysis in this
situation. On the other hand, the formation of tip leakage flow is self-induced rather
than forced-induced; a similar approach to obtain a phase-locked behavior cannot be
used. However, there is a possibility to alter the tip leakage flow phasing effect to
have a phase-locked behavior. This possibility will be revisited at the end of this
chapter.

Not only does the rotor-stator interaction have an impact on the trajectory of
tip leakage flow in the stator, it also has upstream effects on the formation of tip
leakage flow in a rotor. Hwang et al. conducted a numerical experiment and showed
that the structure of tip leakage flow was identical for all blade passage when the
computational domain was that of an isolated rotor [10]. In other words, tip leakage
flow would have identical flow structure at corresponding instants of each cycle of
variation in tip vortex unsteadiness when the rotor-stator interaction is not present.
However, for a compressor stage with a downstream stator blade row, their numerical
results showed that structure of tip leakage flow was different in the adjacent blade
passages for a compressor with a rotor and a stator. The current results show a similar
finding to that of Hwang et al. as shown in Figure 4-5. The structure of tip leakage
flow taken from four distinct cycles of tip leakage flow is different. This reflects the
upstream influence from the rotor-stator interaction on the formation/development
of tip leakage flow in a rotor.

From the above, one would expect the unsteady computed flow field to not have
a time periodicity corresponding to the blade passing time due to an additional time
scale associated with the tip vortex inherent unsteadiness. The time periodicity is
needed to determine the time-average metrics and flow characteristics from the com-
puted unsteady solution. Periodicity of unsteady flow field is governed by different
time scales of various sources of flow unsteadiness in the flow field as well as the
varying degree of spatial extent of their influence. The periodicity of flow field in the
midspan will be determined first, followed by that in the tip region. In the midspan

region, the only source of unsteadiness is from the rotor wake, which forms at the
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Figure 4-5: Variations of structure of tip leakage flow (visualized
from instantaneous stagnation pressure) affected by upstream effects
of the rotor-stator interaction
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rotor TE and enters the stator. The influence from tip leakage flow can be considered
negligible in the midspan region. Therefore, timescale that controls the periodicity
is from the rotor-stator interaction only and the periodicity of the flow field is found
every 1 blade passing period. Figure 4-6 shows similar flow fields in the midspan
region from three instantaneous results with 1 blade passing period apart.

Flow field in the tip region is more complicated as there are several sources of
unsteadiness. Flow separation at blade tip SS could be one source of unsteadiness
in the tip region besides the tip leakage flow and the rotor-stator interaction. Flow
separation bubble size is found to vary with time and the frequency of the flow
separation bubble is determined as shown in Figure 4-7. In Figure 4-7, there are
four main frequency modes; two frequency modes at 1 BPF and 0.45 BPF are the
rotor-stator interaction and tip leakage flow unsteadiness, respectively, as previously
delineated. The frequency mode at 0.55 BPF is induced by the interaction between
the rotor-stator interaction and tip leakage flow unsteadiness as the frequency is at
0.55 BPF (1 BPF-0.45 BPF). Therefore, frequency of flow separation bubble can
be identified to exist at 0.90 BPF. Probes installed in the tip region away from the
trailing edge do not pick up the characteristic frequency of flow separation. Therefore,
the effects of flow separation is locally confined near the blade tip TE and does not
affect the flow field in the tip region.

From the above we may thus infer that the two main sources of unsteadiness in
the tip region consist of one due to tip leakage flow unsteadiness and the other due
to the rotor-stator interaction. The global periodicity of the flow field can be found
from the total time period that the cycles of the two interactions require to begin and
to complete at the same time. In other words, at the end of the global periodicity
cycle, the relative rotor-stator position has to return to its original position and tip
leakage flow has to form in the same manner as that at the beginning of the global
cycle.

This periodicity timescale can be generally computed from Equation 4.2 :

tperiodicity = (tPETiOd ) nCyCle)tip leakage flow — (tpe'riod ’ nCyCl@)blade passing (42)
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Figure 4-7: Frequency of flow separation bubble detected at the rotor
blade tip

;where {periog and ngyqe denotes the period and the number of cycle of the each flow
process. The global periodicity of the unsteady flow flow (tperiodicty) 18 found when
the number of cycle of the two interactions are integer to reflect a full cycle of the
interactions. The periodicity of the flow field is found to be 11 blade passing periods
for tip leakage flow unsteadiness with a characteristic time of 2.2 blade passing periods

as shown in Equation 4.3.

tperiodicity = (22 Lblade passing - 5)tip leakage flow — (1 Lblade passing * ll)bladc passing (43)

Flow fields in the tip region representing similar structure of tip leakage flow from
11 blade passing periods apart shown in Figure 4-8 confirms the determined periodic-
ity. Furthermore, temporal variation in corrected mass flow and stage pressure ratio
over 110 blade passing periods is plotted every 11 blade passing periods in Figure 4-9
to reflect this determined periodicity of the flow field. Therefore, the current unsteady
flow fields can be demonstrated to have attained an equilibrium and time-averaging
of the unsteady flow fields needs to be performed over a time period that is a multiple

of 11 blade passing periods.
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(¢) to + 22 blade passing periods

Figure 4-8: Similar structure of tip leakage flow (visualized from
instantaneous stagnation pressure) exhibiting periodicity of low field
in the tip region
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Figure 4-9: Periodicity behavior of the global unsteady flow field
observed from corrected mass flow and pressure ratio over 110 blade
passing periods (10 global periods)
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Equation 4.2 also sheds some light on a possible strategy to obtain a phase-locked
behavior for tip leakage flow. To attain the phase-locked behavior, we expect the
formation of tip leakage flow to be identical every cycle; thus, tip leakage flow moves
into the stator at the same location for every cycle. This could be done by altering the
blade passing period in Equation 4.2 to be identical as the period of tip leakage flow.
To attain the phase-locked behavior in the current flow field, the new blade passing
period needs to be 2.2 times of the original value, which allows the tip leakage flow
cycle and blade passing cycle to complete at the same time. The blade passing period
could be increased by changing the rotor-stator blade ratio to be 2.2 (i.e. the rotor
blade takes longer time to complete its cycle). The advantage of the phase-locked
behavior of tip leakage flow is that tip leakage flow recovery process will occur in a
similar manner for every tip leakage flow cycle; therefore, if we can arrange tip leakage
flow in such a way that it enters the downstream at the proper location, the process
will always be effective, leading to its higher effectiveness on a time-averaged basis.
However, the phase-locked behavior will also create a resonance in the tip leakage
flow, which could introduce detrimental aeromechnaical issues. As such, this strategy
to obtain the phase-locked behavior may yield operability issues that outweigh the
benefits.

4.3 Summary

The behavior of unsteady flow fields is interrogated to ensure that investigated com-
puted unsteady flow fields have reached an equilibrium state and time-averaged can
be properly evaluated. Frequency of tip leakage flow is found to exist at 0.45 blade
passing frequency. As the period of tip leakage flow is 2.2 times of blade passing
period, the relative position between the rotor and the stator is different for each
cycle of tip leakage flow. This causes tip leakage flow to enter the stator at various
locations for each cycle of tip leakage flow (i.e., tip leakage flow phasing).

We propose that the global periodicity of the flow field, especially in the tip region,

can be found from the total time period that the cycles of the two interactions (e.g. tip
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leakage flow and blade passage) require to begin and to complete at the same time.
The periodicity of the flow field is found to be 11 blade passing periods based on
tip leakage flow unsteadiness with a characteristic time of 2.2 blade passing periods.
Therefore, the current unsteady flow fields can be demonstrated to have attain an
equilibrium and time-averaging of the unsteady flow fields needs to be performed over
a time period that is a multiple of 11 blade passing periods. The impact of tip leakage
flow phasing effect on tip leakage flow recovery process will be addressed in the next

chapter.
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Chapter 5

Unsteady Tip Leakage Recovery

Process

The unsteady tip leakage flow recovery process, described in Chapter 1, is an essential
component of the design hypothesis as it reduces the opportunity for the less-mixed
tip leakage flow to generate loss in the downstream stator. However, in light of the
tip leakage flow phasing effect presented in Chapter 4, the tip recovery process in the

stator will be re-assessed here for its impact on potential benefit.

5.1 Mechanisms of Unsteady Tip Leakage Flow

Recovery Process

The mechanism of wake recovery will be first delineated as a background for the tip
leakage flow recovery. Smith first proposed a model for explaining wake recovery [5].
The core of wake has low velocity and can be represented as a region of velocity deficit.
In unsteady flow fields, velocity disturbance is defined to be the difference between
the instantaneous velocity and the time-averaged velocity. Thus, the velocity deficit
in the wake core can be represented as a region of negative velocity disturbance. In

a stator, the rotor wake core acts as a negative jet toward the PS of a stator blade
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with the largest velocity deficit at the ceuter of the core. The motion of rotor wake
is depicted in Figure 5-1. Due to higher velocity on the SS of a stator blade and
lower velocity on the PS, a contour of wake fluid is stretched as the wake fluid moves
downstream. The length and width of the fluid contour at the stator exit increases
and decreases, respectively. For an inviscid incompressible flow in a two-dimensional
flow, Kelvin’s theorem requires that circulation of any fluid contour remains constant
in time. A fluid contour can be drawn around the edge and the core of the rotor
wake to explain the velocity disturbance change according to the theorem. Velocity
disturbance at the edge of rotor wake is zero and the circulation of the wake is from the
velocity disturbance in the core. As the length of the wake increases at a downstream
location, the velocity disturbance in the wake core has to decrease to preserve the
circulation on the fluid contour line. Therefore, a stretching of rotor wake through a
stator blade row attenuates the velocity disturbances in the wake and thus reducing

the potential loss generation in the wake.

(&) Radial vorticity out of the paper

@ Radial vorticity into the paper

Figure 5-1: Progression of structure and velocity disturbance of rotor
wake in a stator [5]
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Van Zante et al. utilized the concept proposed by Smith and developed a model
for quantifying the inviscid and viscous effects during the wake recovery process [11].
Their experiment indicated that wake recovery process is primarily governed by an
inviscid behavior (wake stretching) and viscous mixing is of secondary importance.
Their model also showed good agreement with the experimental results. Additionally,
Navier-Stokes computations were performed to assess the experimental data and the
model. The computational results supported the findings from the model and the
experimental data. Suggestions for stage designs of compressors from the results are
reduction of axial spacing between blade rows to reduce viscous mixing loss before
rotor wake enters a downstream blade row and fore-loading a stator to attenuate the
rotor wake as soon as possible to mitigate viscous dissipation of wake.

The effects of the unsteady tip leakage flow attenuation process in a representa-
tive stator passage downstream of a rotor were assessed by Valkov (Valkov, 1997).
In a stator frame of reference, the core of rotor tip leakage flow has axial velocity
disturbance directed toward the PS of the stator blade, which is analogous to that
of rotor wake. However, the velocity deficit in the tip leakage flow core has a three-
dimensional structure that is somewhat different from the two-dimensional wake flow
situation. In other words, not only tip leakage flow has axial velocity deficit, it also
has tangential velocity disturbance in the core as shown in Figure 5-2. This excess
tangential velocity also acts as a jet toward the PS of a stator blade. The axial ve-
locity disturbance can be attenuated through tip leakage flow stretching in a similar
manner as the wake stretching through a stator passage. As such, the opportunity
for the tip leakage flow to realize its potential loss through viscous mixing is reduced
by the process.

The attenuation of the excess tangential velocity disturbance can be explained
through the attenuation of the related streamwise vorticity in tip leakage flow. As
excess tangential velocity is largest in the core of tip leakage flow, this velocity profile
introduces two layers of streamwise vorticity pointing in the upstream and down-
stream direction. In a stator, flow decelerates and experiences a static pressure rise,

similar to flow in a diffuser. A fluid contour is shortened and widened as shown in Fig-
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ure 5-3 as tip leakage flow convects downstream in a stator. Therefore, streamwise
vorticity in tip leakage flow decreases as area of the tip leakage flow fluid contour
increases according to Kelvin’s theorem. Excess tangential velocity disturbance is
attenuated as streamwise vorticity decreases. In summary, in an inviscid flow, the
attenuation of axial and tangential velocity disturbance is governed by the reversible

recovery process; hence, no entropy is generated during the process.

® Streamwise vorticity (pointing in upstream direction)

@ Streamwise vorticity (pointing in downstream direction)

“~ Excess tangential velocity in tip leakage flow

Figure 5-2: Distribution of excess tangential velocity disturbance
and two layers of streamwise vorticity in tip leakage flow
For ease of reference, the benefit of the recovery process is described again. Com-
putational experiments in an isolated stator was used by Valkov to assess the benefit
of the process. The inlet boundary condition of the stator was based on the com-
putational results of Khalid [13] for an isolated rotor with a tip clearance of 2.5%
span. Valkov found that the tip leakage recovery process yields an efficiency gain
of 0.1% compared to a situation where tip leakage flow is mixed-out at the stator
inlet. Furthermore, he performed a sensitivity study to investigate the situation that
tip leakage flow is less mixed-out through reducing an axial rotor-stator gap by 30%
chord; the recovery process for the relatively less mixed-out tip leakage flow results in
an additional efficiency benefit of 0.1% to yield a net 0.20% efficiency gain. It is noted
that the performance benefit of tip leakage recovery process has been demonstrated

assuming a time-averaged representation of the rotor tip leakage flow.
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——> Streamwise vorticity vector

Figure 5-3: Stretching of tip leakage flow and attenuation of stream-
wise vorticity in a diffuser

5.2 Qualitative Effects of Unsteady Tip Leakage

Flow Recovery Process

As noted above, Valkov neglected the inherent unsteadiness in the tip leakage flow;
this is equivalent to utilizing the inlet boundary condition of a stator from a steady-
state flow field of an isolated rotor with tip leakage flow. However, the results of
Chapter 4 show that the tip leakage flow is locally unsteady characterized with a
time scale different from the blade passing time. As such, the location at which tip
leakage flow enters the stator differs in each tip leakage flow cycle. This flow effect
is referred to as tip leakage flow phasing and has been described in Chapter 4; thus,
the attenuation process could be different for each tip leakage flow cycle. The impact
of tip leakage phasing on tip leakage flow recovery process in the downstream will be
assessed next.

We first present a situation where tip leakage enters a stator passage in the mid-
dle of the passage. In this situation, the behavior of tip leakage flow during the
attenuation process is similar to that found in Valkov’s work. Tip leakage flow en-

tering a stator is stretched due to the velocity difference on the PS and the SS in
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the stator passage as shown in Figure 5-4. Velocity disturbance in Figure 5-4 is com-
puted from the difference between velocity from instantaneous unsteady flow fields
and time-average of unsteady flow fields. As tip leakage flow is stretched in the pas-
sage, velocity disturbance in the core of tip leakage flow is attenuated, resulting in a
reduction in potential loss of tip leakage flow to mix out. Additionally, tip leakage
flow entering stator at the middle of the passage migrates toward the PS of a stator
blade from the effect of the jet-like velocity disturbance pointing toward the PS of a
stator blade.

The evolution of streamwise vorticity in tip leakage flow is shown in Figure 5-5.
The tip leakage vortex is visualized as contour of disturbance streamwise vorticity
on axial planes at approximately 0, 20, 40, 60, 80, and 100% stator chord at various
time instants corresponding to the same tip leakage vortex. Disturbance streamwise
vorticity is computed from the difference between vorticity from instantaneous and
time-averaged unsteady flow fields and projected in the time-averaged streamwise di-
rection. In Figure 5-5, two layers of streamwise vorticity pointing in the upstream and
downstream direction are observed and the disturbance streamwise vorticity decreases
as tip leakage moves further downstream. This is the effect from tip leakage vortex
stretching as seen in Figure 5-4. Therefore, the reduction of disturbance streamwise
vorticity results in an attenuation of the non-uniformity in the tip leakage flow core.

The next case to be discussed is when tip leakage flow enters the stator in the
proximity of stator blade PS with the tip leakage flow core located at approximated
0.2 stator pitch from the PS. Figure 5-6 shows the trajectory of tip leakage flow in the
stator passage and the direction of velocity disturbance. Tip leakage flow is stretched
and the velocity disturbance is attenuated from the stretching effect of tip leakage
flow. The evolution of streamwise vorticity is seen to decrease as tip leakage flow
moves downstream as shown in Figure 5-7. An additional flow effect seen in this case
is when tip leakage flow reaches the PS of the stator blade, it moves radially inward
to the main flow region as shown in Figure 5-7f. In summary, both axial velocity
deficit and streamwise vorticity in the core of tip leakage flow are recovered when tip

leakage flow enters the stator in the proximity of the stator blade PS.
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Lastly, we present the tip leakage flow recovery in a situation where the tip leakage
flow enters the stator passage in the proximity of stator blade SS with the tip leakage
flow core located at approximate 0.2 stator pitch from the stator blade SS. In this
situation, the behavior of tip leakage flow in the stator passage is different due to the
direction of velocity disturbance. Figure 5-8 shows that the direction of the velocity
disturbance is in the upstream direction. This is contrary to the direction of the ve-
locity disturbance in the previous two situations where it directs toward the PS of the
stator blade. The magnitude of the axial velocity disturbance in this situation does
not diminish as tip leakage flow evolves in the stator passage; this observation can
be explained from Kelvin’s theorem shown in Figure 5-9. In the previous two cases,
in which axial velocity disturbance is attenuated, the direction of the stretching axis
and velocity disturbance is parallel. Thus, when a fluid contour is stretched, velocity
disturbance must decrease to maintain the circulation of the fluid contour. However,
in the current situation, the direction of the stretching axis and the velocity distur-
bance is perpendicular. Thus, when a fluid contour is stretched in its main axis, the
width of the fluid contour decreases, causing the velocity disturbance to be amplified.
The direction of velocity disturbance changes when tip leakage flow accelerates over
the LE of the stator blade as shown in Figure 5-10; large velocity gradient near LE
in the passage causes tip leakage flow to turn and change its direction. This effect
is a new finding and is a result of the tip leakage flow phasing effect. However, the
attenuation of streamwise vorticity still occurs in a similar manner to the previous

cases.

5.3 Time-averaged Quantitative Benefit of
Unsteady Tip Leakage Flow Recovery

Process

In general, tip leakage flow recovery process has been qualitatively demonstrated

to be capable of attenuating non-uniformity of tip leakage flow (axial velocity and
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Figure 5-4: Recovery of axial velocity disturbance when tip leakage
flow (blue region) enters a stator at the middle of the stator passage
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Figure 5-9: Ineffectiveness of tip leakage recovery process due to lack
of alignment in direction of velocity disturbance and of stretching of
fluid contour

(a) to (b) to + 0.2 tip (c) to + 0.4 tip (d) to + 0.6 tip
leakage flow pe- leakage flow pe- leakage flow pe-
riod riod riod

Figure 5-10: Change in the direction of velocity disturbance in tip
leakage flow at the stator LE on the SS
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streamwise vorticity disturbance), despite the presence of tip leakage flow phasing
effect. Thus, the quantitative benefit of the process need to be assessed on a time-
averaged basis. To evaluate the benefit of the recovery process, we compare the
recovery effect from two situations. The baseline situation corresponds to the absence
of tip leakage flow recovery, such as, that in steady flow fields computed using a
mixing-plane approximation. The mixing-plane located in the intra rotor-stator axial
gap eliminates non-uniformity in the circumferential direction of the flow passing from
the rotor to the stator. Thus, tip leakage flow is circumferentially mixed-out with no
recovery opportunity. The second situation is found in unsteady flow fields computed
using a sliding plane located in the intra rotor-stator axial gap. The sliding plane
allows time-accurate interactions of flow field between the rotor and the stator. Thus,
tip leakage flow is not mixed-out and can be recovered in the stator as described in
Section 5.2.

Although the tip leakage flow recovery process can attenuate the non-uniformity
in the tip leakage flow, some non-uniformity still exists in tip leakage flow at the stator
exit. Therefore, we need to account for this remaining potential loss in tip leakage low
at the stator exit. The potential loss will be computed with the method delineated

in Chapter 3 and loss generation in the stator can be calculated from Equation 5.1.

ﬁstator = [(gstator exit — §1‘otor e:z:it) + {stator exit,potential]a ft/fore

[(ﬁstator exit — frotor ea:it) + fstator exit,potential]miginal (51)

To evaluate the benefit of tip leakage flow recovery in unsteady flow fields with less
mixed-out tip leakage flow, the loss in the stator computed from computational results
for the four blade designs is shown in Table 5.1 for both the mixing-plane steady flow
fields and unsteady flow fields. The losses in Table 5.1 are shown relative to the
baseline loss associated with steady flow computed from the original blade design.
Loss in the stator increases with aft-loading the rotor blade tip and a relatively less

mixed-out tip flow at the rotor exit. However, the loss increasing rate for the aft-
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Table 5.1: The benefit of tip leakage recovery process relative to
steady flow fields

Relative total stator | Relative total stator
Blade design | loss in steady flow | loss in unsteady flow
fields [% efficiency] fields [% efficiency]

Loss reduction
[% efficiency]

Fore -0.02 -0.28 0.25
Original 0.00 -0.27 0.27
Lessaft -0.18 -0.20 0.38
Moreaft -0.20 -0.18 0.38

loaded blades in unsteady flow field is smaller due to the benefit of the tip leakage
recovery process. The benefit of the tip leakage recovery process can be computed
from the difference between the stator loss in steady and unsteady flow fields. The
benefits of the process increases as a rotor blade is more aft-loaded. This result is in
agreement with the finding of Valkov.

Despite the higher benefit of the tip leakage recovery process for the aft-loaded
blades, these benefits are a comparison with a situation that tip leakage flow is not
recovered but assumed mixed-out before the stator inlet. In actual flow fields of
the original and the aft-loaded blades, tip leakage recovery process always occurs;
therefore, another evaluation is carried out for unsteady flow fields. Table 5.2 shows
the potential mixing loss in tip leakage flow at the rotor exit and the total stator
loss in unsteady flow fields. The total stator loss increases with increasing potential
loss at the rotor exit for the four blade designs. If the tip leakage flow recovery
process is capable of recovering all potential loss before viscous mixing takes place,
the total stator loss will be similar for all of the blade designs. However, tip leakage
flow recovery process is not capable of completely attenuating the non-uniformity
in tip leakage flow so that part of the potential loss is realized by viscous mixing.
The potential loss reduction from the process can be indicated by the difference
between potential loss at the rotor exit and the total stator loss. From Table 5.2,
the loss reduction is only approximately 35% of the additional potential loss for the
aft-loaded blades. Therefore, this computational result suggests the tip leakage flow

recovery process is not capable of fully recovering the less mixed-out tip leakage flow
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Table 5.2: The benefit of tip leakage recovery process relative to
unsteady flow fields

. Relative pot?ntlal Relative total stator | Loss reduction
Blade design | loss at rotor exit [% . :
. loss [% efficiency] [% efficiency]
efficiency]

Fore -0.06 -0.01 0.05
Original 0.00 -0.00 0.00
Lessaft 0.09 0.06 0.03
Moreaft 0.14 0.09 0.05

in the aft-loaded blades so that the potential loss in the less-mixed tip leakage flow
is eventually realized from viscous mixing. The ineffectiveness the recovery process
implies a negligible overall loss reduction.

The computed ineffectiveness of the recovery process is unexpected. Work from
Van Zante et al. found that an inviscid interaction plays a significant role in wake
recovery while viscous mixing is of secondary importance [11]. As such, our finding
that viscous mixing is a dominant process contradicts with the previous finding. To
assess the discrepancy, our current flow fields have been investigated.

One plausible cause of the high mixing loss is due to numerical diffusion associ-
ated with the computational mesh. The computational mesh has been designed and
optimized for steady flow fields. Thus, grid density is high at the rotor TE and the
stator LE; however, the grid density is lower in the middle of the flow passage, where
tip leakage flow core exists. The low grid density could possibly introduces excessive
numerical diffusion in the tip leakage flow core. Furthermore, the low grid density
in the main passage of a rotor and a stator causes poor grid matching at the sliding
interface. When tip leakage flow passes through a region with low grid density, the
structure of tip leakage flow diffuses out, thus generating unintended loss. Therefore,
inadequate grid density in the tip region of the current computations might lead to
excessive numerical diffusion, thus overestimating the mixing loss in the flow field and
the computed ineffectiveness of the recovery process. This “artificial” ineffectiveness
would result in a computed benefit from aft-loading rotor tip that is much smaller

than the situation of a flow devoid of unavoidable numerical diffusion.
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Next chapter will synthesize the results of Chapter 4 and 5 to assess the hypothesis
in light of the flaw associated with the excessive numerical dissipation due to the lack

of grid resolution of low-order numeric.

5.4 Summary

The unsteady tip leakage flow recovery process in the stator has been re-assessed
here for its impact on potential benefit, in light of the tip leakage flow phasing effect
presented in Chapter 4. For a situation where tip leakage enters a stator passage in
the middle of the passage and near the proximity of the stator blade PS, the recovery
process occurs in a manner that has been described in previous research; tip leakage
flow is stretched in the passage and velocity disturbance in the core of tip leakage flow
is attenuated. Disturbance streamwise vorticity also decreases as tip leakage moves
further downstream and the reduction of disturbance streamwise vorticity results in
an attenuation of the non-uniformity in the tip leakage flow core. However, when tip
leakage flow enters the stator passage in the proximity of the stator blade SS, the
axial velocity disturbance is not attenuated due to the misalignment of the direction
of velocity disturbance and the stretching direction.

The quantitative benefit of the process is first assessed on a time-averaged basis
to compare to a baseline situation where tip leakage flow recovery is absent. The
benefit of the process increases as a rotor blade is more aft-loaded. However, tip
leakage flow recovery process is not capable of completely attenuating the tip leakage
flow. The loss reduction is only approximately 35% of the additional potential loss
for the aft-loaded blades so that the potential loss in the less-mixed tip leakage flow
is eventually realized through viscous mixing. It has to be noted that inadequate
grid resolution and poor grid matching in the tip region is likely to cause excessive

numerical diffusion and lower benefit of the recovery process.
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Chapter 6

Effects of Rotor Tip Blade Loading
Variation in Unsteady Flow Field
of a Rotor-Stator Compressor

Stage

Effects of rotor tip blade loading variation in unsteady rotor flow fields are attributed
to three main flow processes, namely, tip leakage flow formation delay, changes in
tip flow angle mismatch, and changes in tip leakage mass flow. A method for cat-
egorizing loss in the rotor from tip leakage flow formation delay and the other two
flow effects described in Chapter 4 will be used to quantify the time-averaged effects
on performance changes in this chapter. For a rotor-stator stage, the effect from tip
leakage flow recovery in the stator, which is assessed and presented in Chapter 5, is
included as well so that the overall impact on stage performance changes from the

synthesizing these four flow effects can be determined.
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6.1 Loss Generation in a Rotor Unsteady Flow

Field

As previously alluded in Chapter 3 that loss generation associated with rotor tip
clearance flow is determined by tip leakage flow formation delay (set by location of
rotor tip peak loading), tip leakage mass flow, and tip leakage flow angle mismatch
with main flow. The effect of aft-loading a rotor blade is now investigated in unsteady
flow fields. Here we will not be concerned with details of the unsteady flow in the
rotor passage but we will instead focus on the attendant changes in time-averaged

unsteady flow fields.

g
(5]
g
8
%
=
£
=
:
[=
Normalized chord
——TFore 94%span —— Original 94%span  —— Lessaft 94%span  ———Moreaft 94%span

Figure 6-1: Time-averaged blade loading distribution of aft-loaded,
fore-loaded, and original rotor blades near blade tip (1% span below
the tip)

The formation of tip leakage flow is first assessed to confirm the delay in tip leakage
flow formation in unsteady rotor-stage flow. As tip leakage flow is driven through tip
clearance, tip blade loading of a rotor blade needs to be investigated. Time-averaged
rotor blade loading near the blade tip is shown in Figure 6-1. The rotor blade designs
studied in this chapter are the ones shown in Chapter 3. For ease of reference, the

fore blade is fore-loaded compared the baseline rotor blade. The lessaft and moreaft
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blade are aft-loaded compared to the baseline rotor blade and the moreaft blade is the
most aft-loaded rotor blade. The peak of tip blade loading is shifted toward the TE
for the aft-loaded blades, creating a condition favorable for delay in the tip leakage
flow formation. Furthermore, the time-averaged blade loading profiles in unsteady
flow fields are similar to those in steady flow fields. The distribution of time-averaged
tip leakage mass flow rate shown in Figure 6-2 indicates that tip leakage flow forms

closer to the TE in the aft-loaded blades.
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Figure 6-2: Time-averaged tip leakage mass flow distribution from
various blade designs

The formation of tip leakage flow in unsteady flow fields can also be identified from
local entropy generation rate (as was done for steady flow fields in Chapter 3). Figure
6-3 shows time-averaged local entropy generation rate distribution in the rotor. The
peak of the entropy generation rate is shifted toward the TE for the aft-loaded blades
and shifted toward the LE for the fore-loaded blade. This confirms that the formation
of tip leakage flow is successfully delayed or advanced as expected in unsteady flow
fields. The location of the maximum local entropy generation rate is shown in Table
6.1 to provide an estimation of the extent of tip leakage flow formation delay.

As tip leakage flow formation is successfully delayed, we can use the method
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Figure 6-3: Time-averaged local entropy generation rate in the tip
region (75% span to 100% span)

Table 6.1: Delay/advance in tip leakage flow formation location in

unsteady flow fields

Blade design

Shift in the location of peak local en-
tropy generation in the tip region

Fore -2% chord
Original -
Lessaft +4% chord
Moreaft +6% chord
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presented in Chapter 3 to quantify the effects on performance changes from tip leakage
flow formation delay. The benefit from tip leakage flow formation delay is shown in
Figure 6-4. The benefit increases as the rotor blade is more aft-loaded and becomes
negative for the fore blade. The lessaft and moreaft blade yield a benefit from this
process and the fore blade incurs a performance penalty from the process. This finding
is similar to the previous finding from the steady flow fields.

One effect from aft-loading a rotor blade is changes in tip flow angle. This effect
has been evaluated in a steady flow field and will not be explained in details again for
conciseness. The distribution of time-averaged tip flow angle differences along a rotor
blade is shown in Figure 6-5. The flow angle difference is larger at approximate 70%
chord for the lessaft and moreaft as noted earlier in Chapter 3. This higher flow angle
mismatch in the aft-loaded blades, upon mixing out of the tip leakage flow, would
generate higher loss on a time-averaged basis. On the other hand, the time-averaged
total tip leakage mass flow driven through tip clearance decreases as a rotor blade is
more aft-loaded as shown in Figure 6-6 and the reduction of tip leakage mass flow
would result in the lower loss generation. The overall mixed-out loss governed by
these two competing flow processes is higher for the aft-loaded blades as shown in
Figure 6-7. As such, the result indicates that additional loss is dominated by the
changes in the flow angle mismatch as was previously found in steady flow fields.

As we have articulated earlier the mixing process is not complete so that the details
of the mixing process could play a key role, especially on the tip leakage flow formation
delay. For a numerically computed unsteady flow field, the artificial viscosity (due to
temporal and spatial discretization details) would thus add an additional degree of
uncertainty to the quantitative value of computed loss. Therefore, the results should
be interpreted and inferred in the light of these uncertainties. With the loss generation
now consistently categorized, we can now revisit and reassess the hypothesis stated

in Chapter 1.
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Figure 6-4: Time-averaged effect from tip leakage flow formation
delay in unsteady flow fields
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Figure 6-5: Time-averaged flow angle difference between the main
flow (80% span) and the tip flow (the middle of tip clearance)

108



0.047

0.046
0.045
0.044
0.042
0.041
. 0.040
0.039
Fore Original Moreaft

ND time-averaged tip leakage mass flow
o
b
w

Lessaft
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Figure 6-7: Time-averaged effect of changes in tip leakage angle
mismatch and changes in total tip leakage mass flow in unsteady
flow fields
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6.2 Overall Effects of Rotor Tip Blade Loading

tal

Figure 6-8: Time-averaged overall computed loss in a stage environ-
ment from the key flow effects in unsteady flow field
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To assess the overall effects of rotor tip blade aft-loading in a stage environment,
loss generated in the rotor (consisting of that associated with the delay in tip leakage
flow formation, changes in tip flow angle mismatch with main flow, and changes in
tip leakage mass flow) and the stator (essentially associated with tip leakage flow
recovery process) have to be appropriately synthesized to give the overall stage loss.
Loss generation in the stator with an incoming rotor tip leakage vortex has already
been assessed in Chapter 5. The overall loss in a stage environment shown in Figure

6-8 is computed from the four main flow effects based on Equation 6.1.

Estage = E'TLF delay + 'CTLF flow angle mismatch and mass flow + 'C'smtor (61)
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From Equation 6.1, we can separate losses into two categories. The first category is
tip leakage flow mixed-out loss (consisting of that associated with changes in tip flow
angle mismatch and changes in tip leakage mass flow) and tip leakage flow recovery,
which increases as a rotor blade is more aft-loaded. The second category is loss
from tip leakage flow formation delay, which decreases as a rotor blade is more aft-
loaded. From Figure 6-8, the loss reduction from tip leakage flow formation delay
is overwhelmed by loss from the tip leakage flow mixed-out loss in the aft-loaded
blades. Furthermore, performance penalty from stator loss is smaller than that from
tip leakage flow angle mismatch. Therefore, it is suggested that an aft-loaded rotor
must be designed in such a way that tip leakage flow angle distribution does not
generate the additional loss from tip flow angle mismatch. The potential of this design
alternative has been demonstrated from a situation, in which tip clearance size varies
as shown in Chapter 3. As noted the current computational flow field is likely to
be overly-diffusive, actual loss reduction in the tip leakage flow formation delay is
anticipated to be higher and loss generation during the tip leakage recovery process
is anticipated to be smaller. Thus, the benefit computed from the computational
results should be regarded as the lower bound for the overall benefit from the design

hypothesis.

6.3 Summary

Effects of rotor tip blade loading variation in unsteady rotor-stator flow fields are at-
tributed to four main flow processes, namely, tip leakage flow formation delay, changes
in tip flow angle mismatch, changes in tip leakage mass flow, and unsteady tip leakage
flow recovery in a downstream stator. Loss from these flow processes is quantified
on a time-averaged basis with a method proposed in Chapter 3. These effects and
the attendant trend are similar to those found in Chapter 3. As such, the hypothesis
proposed by Sakulkaew needs to be revised. The revised hypothesis suggests that
rotor blade should be tip-aft-loaded and hub-fore-loaded and stator blade should be
hub-aft-loaded and tip-fore-loaded while tip and hub leakage flow angle distribution
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should be designed with negligibly additional loss generation. The suggested max-
imum benefit from the hypothesis inferred from unsteady computational results is
0.15% efficiency improvement at design point, which could be higher if a rotor blade

can further be aft-loaded with the proposed constraint.
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Chapter 7

Summary and Future Work

This chapter summarizes the objectives of the research and the research approach
utilized to answer the research questions. It also includes the key research findings

and recommendations for the future work.

7.1 Objectives and Approach

The overall goal of the research is to assess the compressor design strategy proposed
by Sakulkaew [2] and to determine if the design guideline can indeed yield a com-
pressor performance improvement as postulated; and if it does not, what additional
constraints or attributes need be incorporated. The proposed design strategy sug-
gests that rotor should be tip-aft-loaded and hub-fore-loaded while stator should be
hub-aft-loaded and tip-fore-loaded. To provide an adequate range of tip loading vari-
ation, additional two aft-loaded rotor blade designs and one fore-loaded rotor blade
design are generated.

The representative compressor stage is taken from a rear-stage industrial compres-
sor with an upstream rotor and a downstream stator. Steady compressor flow fields
are used to assess loss generation (irreversible entropy generation) associated with
varying the rotor tip loading distribution. Unsteady flow fields of a rotor-stator stage

environment are employed to assess the effects of tip leakage flow recovery process in
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stator as well as effects associated with tip leakage flow self-induced unsteadiness.

7.2 Key Findings

The key findings of this research provide understanding of changes in flow processes
in response to variation of rotor tip blade loading in a rotor-stator stage environment.

These findings are enumerated below:

1. Varying the rotor tip blade loading has effects on the following parameters
characterizing the tip flow in a compressor stage: (i) the chordwise location at
which tip leakage flow begins to develop; (ii) tip leakage flow angle distribu-
tion, hence its mismatch with the main flow; (iii) chordwise distribution of tip
clearance mass flow rate, hence its total tip leakage mass flow rate; and (iv) the
benefit associated with the unsteady tip leakage flow recovery in downstream
stator. These characterizing parameters together determine the attendant loss

associated with rotor tip leakage flow in a compressor stage environment.

2. Aft-loading rotor blade tip through shifting blade tip peak loading toward the
trailing edge delays tip leakage flow formation; this not only results in a rela-
tively less-mixed-out tip leakage flow at the rotor exit but also a reduction in the
overall tip leakage mass flow. However, the attendant changes in tip flow angle
distribution is such that there is an overall increase in the flow angle mismatch
between the tip flow and the main flow. The former (i.e. reduced tip leakage
mass flow and relatively less mixed-out tip flow at rotor exit) would tend to
mitigate the loss generation in the rotor passage while the latter would tend to
incur upon a higher loss generation. These three competing effects in principle
would define an optimal rotor tip blade loading distribution for minimizing tip

flow loss generation within the rotor passage.

3. The disparity between the timescale defining the self-induced tip leakage un-
steadiness and blade passing time introduces a tip leakage vortex phasing effect

(tip leakage vortex enters the downstream stator at specific pitchwise locations
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for different blade passing cycles). Despite the presence of the inherent tip flow
unsteadiness and the effects of rotor-stator interaction on tip flow, unsteady tip
leakage flow recovery process attenuates tip leakage flow in the downstream sta-
tor on a time-averaged basis; the process yields a higher benefit for a relatively

less-mixed-out tip leakage flow from aft-loading a rotor blade tip.

. Based on the finding 2 above, the design hypothesis is revised to incorporate a
constraint on tip flow angle chordwise distribution. The revised hypothesized
design strategy should read as: “rotor should be tip-aft-loaded and hub-fore-
loaded while stator should be hub-aft-loaded and tip-fore-loaded with tip/hub

leakage flow angle distribution such that it results in no additional loss”.

. Periodicity of a compressor stage flow field is set by the two timescales, defining
the tip leakage flow inherent unsteadiness and blade passing. The periodicity
of a flow field can be used as a criteria to determine if and when unsteady
computations have attained an equilibrium state when the flow manifests a
repeating flow pattern on a temporal basis. As an example, the computed
unsteady flow for a rotor-stator stage presented here has a periodicity of 11 blade
passing time periods. In other words, the flow repeat at every 11 blade passing
times. This is consistent with the timescales defining the tip flow inherent

unsteadiness and the blade passing

It is to be noted that findings 1 to 4 are based on computations, in which the

mixing of the tip clearance flow with the main flow is incomplete; as such, the details

of the mixing, including the choice of the turbulence model, could play a role in

determining both the qualitative and the quantitative aspects. However, the trend

from the results based on complementary control volume analyses for complete mixing

out of tip flow is in accord with that from computations.
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7.3 Future Work

The current work suggests an additional constraint in the original design hypothesis,
based on results presented in Chapter 3 and 6. The constraint requires that changes
in tip leakage flow angle mismatch must not result in additional loss that outweighs
the potentially realizable benefit from aft-loading the rotor tip. As such, future work
needs to develop a technique to design an aft-loaded blade with such constraint. It
is proposed that this could be achieved via an optimization blade design tool.

One of the key underlying mechanisms of the design hypothesis is tip/hub leakage
flow recovery. Due to some differences in their unsteady recovery mechanisms, the
recovery process could differ and this aspect also needs to be assessed.

The uncertainties introduced by the computational tool and computational mesh
need to be remedied. If future work is to be performed via computational experiments,
a rigorous grid convergence study has to be carried out in order to prevent artificial
numerical diffusion as much as feasible. The convergence study has to be assessed
based on unsteady flow fields, consisting of both spatial and temporal resolutions.
This would then be followed by formulating a proper high-resolution grid design and
efficient computational research framework.

It is proposed that experimental and computational work be carried out in a
two-stage compressor (i.e. rotor-stator-rotor-stator). designed based on the revised
hypothesis to assess: (i) compressor performance enhancement at off-design operating
conditions, , (ii) compressor capability to retain its high performance for changes
in operating conditions from the design operating condition, and (iii) compressor

performance robustness to variations in tip/hub clearance.
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