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Abstract

Compressor efficiency variation with rotor tip gap is assessed using numerical simu-
lations on an embedded stage representative of that in a large industrial gas turbine
with Reynolds number being approximately 2 x 10% to 7 x 10%. The results reveal
three distinct behaviors of efficiency variation with tip gap. For relatively small tip
gap (less than 0.8% span), the change in efficiency with tip gap is non-monotonic
with an optimum tip gap for maximum efficiency. The optimum tip gap is set by
two competing flow processes: decreasing tip leakage mixing loss and increasing vis-
cous shear loss at the casing with decreasing tip gap. An optimum tip gap scaling is
established and shown to satisfactorily quantify the optimal gap value. For medium
tip gap (0.8% - 3.4% span), the efficiency decreases approximately on a linear basis
with increasing tip clearance. However, for tip gap beyond a threshold value (3.4%
span for this rotor), the efficiency becomes less sensitive to tip gap as the blade tip
becomes more aft-loaded thus reducing tip flow mixing loss in the rotor passage. The
threshold value is set by the competing effects between increasing tip leakage flow and
decreasing tip flow induced mixing loss with increasing tip gap. Thus, to desensitize
compressor performance variation with blade gap, rotor should be tip aft-loaded and
hub fore-loaded while stator should be tip fore-loaded and hub aft-loaded as much as
feasible. This reduces the opportunity for clearance flow mixing loss and maximizes
the benefits of reversible work from unsteady effects in attenuating the clearance flow
through the downstream blade-row. The net effect can be an overall compressor
performance enhancement in terms of efficiency, pressure rise capability, robustness
to end gap variation and potentially useful operable range broadening. Preliminary
assessment of a stage redesign with a 4% chord more tip aft-loaded blade design for
1.7 % span tip clearance yields 0.2 point stage efficiency benefit.
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Chapter 1

Introduction

Compressor rotor has a small clearance between the tip of rotating blade and station-
ary casing, referred to as tip clearance or tip gap. Tip clearance allows the working
fluid to leak through the gap from pressure side to suction side. This leakage jet,
driven by the pressure difference between the blade pressure surface and suction sur-
face, has a velocity of the similar magnitude but of a different direction as the flow on
the pressure side. As shown in Figure 1-1, tip leakage flow appears as a shear layer
which rolls up into a vortex core. This is thus a source of increased flow blockage

(reducing pressure rise capability) and entropy generation (decreasing efficiency).

Tip Vortex

Tip
clearance
Low pressure

side

High pressure

side /
path
Blade Blade
rotation

Figure 1-1: A sketch illustrating formation of compressor tip leakage flow

19
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Figure 1-2: The effect of tip clearance on the performance of a low-speed 4-stage
compressor (Wisler, 1985 [28])

The effect of the change in tip clearance (within a typical tip clearance range
in aerospace compressor) on compressor efficiency, pressure rise capability and stall
margin for a low speed 4-stage compressor is shown in Figure 1-2 and for a high-speed
six-stage compressor in Figure 1-3. Based on Wisler [28], an increase in tip clearance
of low speed 4-stage compressor from 1.38 percent to 2.8 percent span reduces the
peak efficiency by 1.5 points, the peak pressure rise by 9.7 points and the flow range
by 11 points. As for the high speed six-stage compressor, Freeman found that an
increase in tip clearance (from 1 percent to 3 percent span for all rotors) not only
causes a drop in pressure rise and efficiency but also moves the surge line considerably
to the right. These thus show that the impact of the change in tip gap on compressor

performance (both high-speed and low-speed compressors) can be significant.
There are two aspects of flow response to the generation of tip leakage flow. The
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Figure 1-3: The effect of tip clearance on the performance of a high-speed six-stage
compressor (Freeman, 1985 [10])

first aspect is fluid dynamic blockage (local effect) that effectively reduces the flow area
and thus results in a decrease in pressure rise, work capability and stable flow range.
The second aspect is a thermodynamic effect due to additional entropy generation
(in other words, loss which is a global effect), resulting in an efficiency drop. Hence,
it is important to address both aspects of flow response associated with tip clearance
flow. An overall goal of this thesis is then to provide a quantitative understanding
of loss and flow blockage generation in an embedded compressor stage with rotor tip
clearance varying from vanishing value to large value (~ 5% span). This range of

variation is representative of that found in large industrial gas turbine compressor

1.1 Research background

As alluded in the above, rotor tip and stator hub clearance flow is known to have

a strong impact on compressor performance, as measured in terms of pressure rise

21



capability, efficiency, useful operating range, and its sensitivity to clearance variation
(Koch and Smith [13], Cumpsty [6]). Considerable research programs carried out in
the past several decades have been directed at understanding the compressor endwall
flow, which is dominated by clearance flow, to a level adequate for design and per-
formance assessment on a quantitative basis. The status of compressor tip clearance
flows based on the outcomes of these various useful research efforts can be concisely

summarized as follows:

Figure 1-4: McDougall and Cumpsty’s tip clearance effects on Deverson’s compressor
performance. [18, 6]

1. Over a limited range of non-dimensional tip clearances, endwall flows are qual-

itatively understood.

2. Some aspects, namely those having to do with loss, can also be quantitatively

captured over this limited range.

22



3. Other aspects, namely those having to do with the specific phenomena that set

the limits on peak pressure rise, are still dealt with empirically.

4. The existing general picture of endwall flow does not apply all the way to
vanishing clearance. At vanishing clearance, the structure of the fluid motion
is qualitatively different than at a clearance of, say, 1% chord, at which the
endwall flow region is dominated by the clearance flow and the roll-up of the

shear layer into a vortex.

5. The behavior of efficiency versus tip clearance is non-monotonic (Cumpsty [6],
Wennerstrom [26]), presumably because of this change in flow structure so that
there exists an optimum tip gap for maximum efficiency. Figure 1-4 shows
that for Deverson compressor at design, the pressure rise of the rotor with 1.2
% chord tip clearance is higher than that of 0.5 % chord and 3 % chord tip
clearance, implying that the optimum tip gap at design is approximately 1.2%
chord. Similarly, Wennerstrom (Figure 1-5) found that the efficiency of a high-
speed transonic compressor with a rotor tip gap of 0.5% span is higher than
that with a tip gap of 0.3 % span and 0.7 % span. Thus, the optimum tip
gap for maximum efficiency in Wennerstrom’s transonic compressor is between
0.3-0.7% span. However, even though both experiments showed the existence
of the optimum tip clearance, thus far its value has not yet been satisfactorily
quantified and the parameters that mark the change in the behavior are not

known in any depth.

6. While there have been computations and experiments implemented to demon-
strate large clearance (relative to tip gap in a compressor representative of that
in modern design) effects in a linear cascade (Williams et al. [27]), there is a
lack of understanding as to why and how there can be a qualitative change in

the observed behavior.

7. The time-averaged effect of rotor tip flow interacting with downstream stator

(Valkov and Tan [24, 25]) and with upstream stator wakes ( Sirakov and Tan

23



[20]) have been assessed and the associated fluid dynamic aspects are under-

stood.

8. While controlling tip clearance flow through its unsteady excitation (Bae et
al.[3]) has demonstrated the feasibility of reducing compressor performance sen-
sitivity to tip flow, there is still a lack of understanding on the how-to of miti-

gating compressor performance sensitivity to tip gap variation.
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Figure 1-5: Wennerstrom's tip clearance effects on compressor performance at design
speed. [26]

1.2 Aerospace gas turbine compressor versus large
industrial gas turbine compressor for power
generation

Even though flow physics uhderlying the flow behaviors in aerospace gas turbine

compressor and industrial gas turbine (IGT) compressor are similar, there are several
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significant differences in design and flow parameters as follows:

1. Due to the relatively large blade span in front stages and relatively short blade
span in rear stages, blade clearance in large industrial gas turbine compres-
sor can be as small as 0.5% span in front stages and as large as 5% span in
rear stages. Thus, the range of tip clearance in large industrial gas turbine
compressor has a much broader variation than that in aerospace gas turbine

COmMPpressor.

2. Taking into account manufacturing cost, industrial gas turbine compressor uses
cantilevered stator instead of shrouded stator. As a result, in addition to tip
clearance, compressor also has hub clearance, a gap between stationary stator
and rotating hub, which results in additional loss related to hub leakage flow.
However, aerospace gas turbine compressor generally has shrouded stator to

reduce aecromechanical difficulties.

3. Multi-stage large IGT compressor operates at high Reynolds number e.g. be-
tween 2 x 108 to 7 x 108, while acrospace gas turbine compressor typically op-

erates at Reynolds number less than 0.5x 108,

The main focus of the thesis is on the flow physics in a representative stage of a
large industrial gas turbine compressor for power generation. However, the concepts
and the understandings based on the results in this thesis are equally applicable to

aerospace gas turbine compressor as well.

1.3 Research motivation

As noted in the research background section, there exists a non-zero optimum blade
gap for maximum efficiency. However, thus far flow processes as well as design param-
eters that set the optimal blade gap are not yet known. Thus, a goal of this thesis is
to quantify the value of the optimum blade end gap and to determine flow processes

that set this optimum value. This is to be followed by an establishment of a scaling
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otor blades Stator vanes

Figure 1-6: Representative compressor in large industrial gas turbine for power gen-
eration.

for optimum blade end gap estimation. This scaling would allow one to determine the
engineering feasibility (as limitted by manufacturability and mechanical layout) of an
optimum blade gap implementation for maximum compressor efficiency. Furthermore
the scaling rule would also enable one to estimate how far a compressor of given blade

end gap distribution is from the optimum.

In the past, industrial gas turbine compressor for power generation has been de-
signed for high efficiency at a selected operating point. The efficiency would drop
off (often steeply) as the operating point departs away from the design value. Thus,
another goal is to define a design strategy for high efficiency retention at off-design

and broadened island of peak efficiency.

In summary, this research focuses on two important aspects of compressor tech-
nology. The first aspect seeks to quantify the efficiency variation as blade clearance
approaches zero and establish a physical rationale behind the existence of the op-

timum blade end gap for maximum efficiency. The second aspect aims to address
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loss and flow blockage generation in multistage axial compressor for establishing a
design guideline for compressor performance enhancement both at design and at off-
design. In order to address these two aspects, several research questions are posed as

delineated in the next section.

1.4 Research questions

The research questions to be addressed are:

1. What are the flow processes that set the optimum blade end gap, i.e. rotor tip
clearance and cantilevered stator hub clearance? How does the optimum blade
gap vary with different parameters, e.g. operating point, design characteristics,

ete?

2. What are the flow processes that determine the sensitivity of compressor effi-

ciency to blade end-gap variation?

3. How does the rotor endwall flow (essentially the rotor tip leakage flow) respond

to changes in operating conditions?

4. Based upon the answers to question 2 and 3, what are the most effective ways to
control the physical features of the endwall flow and how does one connect the
geometry to the desired fluid dynamics? In other words, what is the suggested
strategy to: (i) significantly reduce the opportunity for blade end clearance
flow induced loss and flow blockage generation thus improving compressor per-
formance, and (ii) reduce compressor performance sensitivity to blade end gap

variation?

The answers to above research questions would be utilized to address the impli-

cation of blade clearance flow on multi-stage compressor performance.
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1.5 Contributions

The key findings of this research includes new understandings of the flow physics

underlying the efficiency response to blade end gap variation as well as a hypothesis

on a design strategy to improve compressor performance. These are summarized

below:

1. There are three distinct regimes of rotor efficiency variation with tip gap size:

small tip gap (less than 0.8% span for the stage analyzed), medium tip gap (0.8%

to 3.4% span) and large tip gap (larger than 3.4% span). The distinguishing

features of each region are as follows:

(a)

For small tip gap, there exists an optimum tip gap for maximum efficiency,
which is set by the competing effects for loss generation associated with
casing/hub shear (which increases with decreasing gap-to-span ratio) and
mixing out of clearance flow (which decreases with decreasing gap-to-span
ratio). A scaling for optimum tip gap has been established and shown to
be able to satisfactorily quantify the value of the optimal gap. The scaling
delineates the parameter values (e.g. Reynolds number, operating points,
stage aerodynamic and geometrical characteristics) that mark the change
in behavior of efficiency variation with gap-to-span ratio and compressor

operating points.

For medium tip gap, the efficiency variation with tip clearance is found to
be in accord with Denton’s tip leakage mixing model [8]. The efficiency
increases approximately on a linear basis when tip clearance decreases and
the dominant flow process responsible for the change in efficiency in this
tip gap range is tip leakage mixing. For the embedded compressor stage
assessed here, there is approximately 1 point efficiency benefit for every

1% span decrease in tip gap size.

For large tip gap, the efficiency sensitivity to tip gap is reduced. When

tip clearance increases, the blade tip peak loading and thus the tip leak-
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age flow formation are aft-shifted toward trailing edge. This reduces the
opportunity for the mixing out of the tip flow in rotor passage (and the
tip flow induced flow blockage and loss production as well) so that the
tip leakage flow can remain relatively unmixed at the rotor exit. As such
the rotor efficiency would become less sensitive to tip clearance variation
beyond a critical gap value set by two competing effects in loss generation:
an increase in tip leakage mass flow rate associated with increasing tip gap
and a decrease in tip flow mixing loss due to blade tip being aft-loaded as

tip gap increases.

2. For rotor design with its tip peak loading located in the immediate blade leading
edge region, the assumption that the mixing-out of tip flow is complete within
the rotor passage is a good approximation; for this situation Denton’s tip leakage
mixing model is applicable. However, for rotor design with aft-loaded tip, there
is less opportunity for the tip flow to realize its mixing-out loss generation
potential, therefore Denton’s model is not applicable here because of its inherent

assumption of instantaneous mixing of tip leakage flow with main flow.

3. For large industrial gas turbine compressor with Reynolds number 2 x 108 to
7 x 10°, the blade surface boundary layer is relatively thin and robust. So, the
dominant source of flow blockage and loss generation is the leakage flow. There-
fore, to reduce compressor performance sensitivity to clearance gap variation,
rotor should be tip aft-loaded and hub fore-loaded while stator should then be
tip fore-loaded and hub aft-loaded as much as it is feasible so as to reduce the
opportunity for blade clearance flow induced loss and flow blockage generation.
This would also create an environment for maximizing the benefits of reversible
work from unsteady effects through the downstream blade-row in attenuating
the wake-like clearance flow. It is hypothesized that the overall performance
benefit can include compressor performance enhancement as measured in terms
of efficiency, stage loading, broadening of useful operating range and of island

of peak efficiency.
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4. Preliminary assessment of the design strategy defined in (3) above shows that
with tip aft-loaded rotor blade design, the tip leakage flow formation and mixing
out process are delayed; however, it has been observed that flow begins to

separate on the rotor trailing edge suction side.

(a) There should thus be an optimum blade loading design that minimizes
the total loss from mixing-out of leakage flow (which decreases with aft-
loading rotor tip/stator hub) and flow separation on the suction side of the
rotor tip/stator hub trailing edge (which increases with aft-loading rotor

tip/stator hub).

(b) There is a 0.2 point efficiency benefit when aft-load the rotor blade tip by
4% chord for the stage with rotor of 1.7% span tip clearance.

1.6 Organization of thesis

The thesis is organized as follows. Chapter 2 first describes the Cohceptual framework
of approach and the design of computations aiming at defining rotor efficiency varia-
tion with tip gap and answering the research questions posed. This is then followed
by the presentation and the discussion of key results to elucidate the three distinct
behaviors of efficiency variation with tip clearance in chapter 3. The formulation of
analysis to establish the optimum tip gap scaling for maximum efficiency is described
and the physical rationales as to why the efficiency is desensitized to tip gap beyond a
threshold value are given. Subsequently, Chapter 4 presents computed results based
on unsteady embedded stage simulations to elucidate the benefit of rotor-stator un-
steady interaction. Based upon all the results, a hypothesis on a design strategy to
improve compressor performance in terms of efficiency, sensitivity to blade end gap as
well as operating range is formulated. Chapter 5 then describes preliminary findings
on the effects of the change in the blade tip loading distribution on the compres-
sor performance changes. Finally, chapter 6 summarizes the key new findings and

proposes recommendations for future work.
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Chapter 2

Framework of approach

To address the research questions posed in the previous chapter, a systematic research
approach was developed. A series of computations was designed and implemented.
The computed results were then post-processed to investigate flow physics and develop
physical rationales to explain the observed flow behaviors. This chapter will describe
the computational set up and the conceptual framework used to establish causality

between flow features of interest and their effects on compressor performance.

2.1 Computational setup

A series of computations for a representative embedded rotor-stator stage shown in
Figure 2-1 (stage 9 of a 13-stage large IGT (industrial gas turbine) compressor repre-
sentative of that in Siemens high-performance gas turbine SGT-8000H at a pressure
ratio of 19:1 as presented in Eulitz, et al. [9]) is designed and implemented. The
operating Reynolds number is approximately 2 x 10° and the compressor stage de-
sign characteristics are representative of trend for current and next generation large
industrial gas turbine compressors. For example, representative values for hub-to-tip
ratio is ~ 0.9, aspect ratio in the range of ~ 1 to 2, solidity ~1 to 1.3, and blade
passage pressure rise coefficient ~ 0.3 to 0.5, etc. Thus, the results to be presented
in this thesis are generic to compressor design space of engineering interest.

A commercial CFD program, CFX V12.0, is utilized to calculate the flow fields
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Figure 2-1: A representative 13-stage compressor (not to scale). Stage 9 is the focus
of this research investigation.

at second-order accuracy in the selected compressor stage and CFX-Post, a post-
processing program, is employed for interrogating the computed flow fields. Steady
calculations, with a mixing plane appropriately located in the intra rotor-stator gap,
have been carried out for 12 different tip clearances ranging from 0.04% up to 5%
span, all of which with a 1.9% span stator hub clearance. Unsteady calculations, with
a sliding plane located in the intra rotor-stator gap, have also been carried out for
tip gap of 1.7% span and 5% span, as well as a modified stage design with a rotor
tip gap of 1.7% span tip clearance. For CFX V12.0, phase-lag sliding plane option
is not available, thus unsteady calculation in CFX is performed with an assumption
of a unity rotor-stator blade ratio, despite the non-unity blade ratio of the stage.
Therefore, the unsteady results presented here will provide correct trend for unsteady
flow effects in compressor stage but the numerical values will be different from those
expected in the actual ninth stage.

The grid used in the rotor-stator calculations (Figure 2-2) consists of approxi-
mately 5 million nodes, with 2.5 million nodes in rotor domain and 2.5 million nodes
in stator domain. The grid resolution in the endwall regions and on the blade surfaces
is high; there are at least 31 to 61 grid points spanning the radial tip gap. For all

the computations the k-w Shear Stress Transport turbulence model was used with y+
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value being approximately 20 on the blade surfaces.

Boundary conditions specified at the stage inlet and stage outlet are taken from
APNASA (Adamezyk [1]) computed flow for the entire 13-stage compressor (Kulkarni
[14]). The APNASA computation has been assessed against test rig data for its ade-
quacy. Radial distribution of stagnation pressure, stagnation temperature as well as
absolute flow angle (based on stage 9 rotor inlet conditions from APNASA computed
flow) is specified at the stage inlet. At the stage outlet, radial distribution of static
pressure (based on stage 9 outlet flow from APNASA computations) is specified but
is adjusted appropriately for each tip clearance to maintain the same corrected mass
flow. Computations have been carried out at three operating points: at design, at

0.94 and 1.16 design mass flow.

l Rotortip gap {markedin bluz) ] | Stator hub gap (markedin orange) I

Figure 2-2: embedded compressor stage representative of that in large IGT compres-
SOr.

While there exists experimental data from a Siemens test rig for this representative
compressor, the blade clearances as well as some stage configurations in the test

rig are different from the models used in this study; thus the flow fields cannot be
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directly compared between the available experimental data and the numerical data
presented in this paper. However, Siemens has implemented detailed validation of
CFX computed results against cascade data (subsonic and transonic), advanced high
performance compressor rig data, and overall full-scale compressor test data including

stability evaluation.

While these detailed assessments and validations have not been published, the
work reported by Belamri et al. [4, 5] described representative assessments and vali-
dations of CFX computed flow, both mixing-plane approximation and time-accurate
transient simulations, against experimental data for multistage axial compressor. In
Belamri et al. [4], the results suggested that second order accurate advection model
is recommended for higher accuracy. The overall flow assessment is satisfactory even
with coarse mesh (21 thousands nodes per passage), though a finer mesh (e.g. 220
thousands nodes per passage) is required for an accurate assessment of secondary
flow features with the use of SST turbulence model. A convergence of 6 orders of
magnitude reduction is shown to be adequate for the overall mass flow and outlet to-
tal pressure to reach a constant value. Both the computed steady and transient flow
fields based on second order accurate advection scheme and k-w turbulence model
with coarse mesh as well as fine mesh were compared against experimental data [5].
The CFX computed flow fields and experimental data show a good agreement in the
local flow profiles (Figure 6.1 and 6.2 in [13]) as well as the relevant details of flow
features (such as the location and the size of hub flow separation (Figure 7 in[5])).

Thus CFX is an adequate tool for computing flow in compressor stages.

As previously noted, the computations presented in this paper use second order
accurate advection scheme and SST turbulence model on fine meshes (2.5 million
nodes per passage) with a convergence criteria of 6 orders of magnitude reduction.
Hence the CFX computational setup is adequate for computing the flow fields in
this representative compressor stage (Belamri et al.[4, 5]). Further assessments and
validations of CFX computed flow fields performed by Mentor and Langtry et al
[19, 15] were also found to agree with the experimental data from several compressor

designs.
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The flow profile based on CFX computations of compressor stage investigated
has also been compared to that computed with APNASA by Kulkarni [14] for the
same stage with similar nominal blade clearances. The results for the flow profiles at
the stator inlet (downstream of the rotor) and the efficiency are in good agreement.
In summary, the necessary background work has been carried out to ensure that

the computed flows based on CFX solver are adequate for addressing the research

issues/questions posed in the above.

2.2 Post-processing of computed results

1. 234 5
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! leading edge plane

i (0%chord)

4: a tip leading edge

if axial plane
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6: a rotor exit plane

\
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Figure 2-3: Stage 9 domain and rotor blade (blue) with reference planes as shown.

CFX-Post, a post-processing program, is employed for interrogating the computed
flow fields. Before elaborating further the methodology to calculate loss (entropy
generation) and flow blockage, it must be noted that the leaning of the rotor blade
leading edge and trailing edge necessitates defining the location of an axial plane in
the blade leading edge and trailing edge region; this is done to facilitate presenting the
axial variation in flow feature, such as the accumulative entropy generation, along the

axial coordinate in rotor passage. As illustrated in figure 2-3, the analyses presented in
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this thesis use axial planes intersecting the blade leading edge at mid-span and blade
trailing edge at mid-span to serve as reference axial locations of leading edge (0%
chord) and trailing edge (100% chord), respectively in the presentation of computed
results. The hub leading edge axial plane is taken to be that intercepting the blade
leading edge at the hub while the tip leading edge axial plane is taken to be that
intercepting the blade leading edge at the tip. When the axial location presented in
the figures are to be referenced to leading edge and trailing edge axial locations at
rotor tip, it will be clearly indicated as % tip chord (i.e. 0 % tip chord at rotor tip
leading edge and 100% tip chord at rotor tip trailing edge).

2.3 Entropy as a measure of loss

Instead of using stagnation pressure drop as a mean to measure loss in compressor
passage, entropy generation will be employed for lost work quantification. A measure
of loss can be cast in terms of entropy generation AS due to irreversible processes in

compressor flow path through the expression for lost work:
Wiest = TAS (2.1)

, where T denotes an appropriate reference temperature and AS the entropy gen-
erated. For a given computed flow field, the local entropy generation rate can be
estimated using the dissipation function per unit volume ® given below in Equation

(2.2):

Dsirrev . - .
"Dt =0 = Sg,;/én = (S;/;n)therm + (Sg;n)visc
ks (90N 1w
T2 \ 9z, T Y ox;
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(2.2)
using
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75 + Pr,

Heff = H + Meddy

2
Aeff = —gHetf

with Pr; = 0.9 in CFX.

The local entropy generation calculated using the above expression can be used
to identify the location where loss is generated and the changes in local entropy
generation rate in flow path can serve as a mean to identify the responsible flow
processes. By integrating this local entropy generation rate over a volume from inlet
up to any axial locations in the rotor passage, accumulative entropy generation rate
and thus lost work can be computed. This approach will be referred as the “entropy
dissipation method”.

An alternative method for calculating the accumulative entropy generation rate is
simply based on the change in the entropy flux. This is referred to as the “entropy flux
method.” For this approach, accumulative entropy generation in a volume extended
from an inlet up to any axial locations is estimated from the difference in entropy flux
on the inlet plane and on the axial plane of interest. The trend of efficiency variation
with tip gap computed using accumulative entropy generation based on both the
entropy dissipation and entropy flux methods are similar to that based on the use
of work-averaged stagnation pressure and mass-averaged stagnation temperature (
Cumpsty and Horlock [7]; Zlatinov et al.[30]).

Entropy dissipation method tends to underestimate the accumulative entropy gen-
erated compared to that based on entropy flux method unless the grid resolution is
high enough (Zlatinov [30]); however, the trend from either methods is similar. Fig-
ure 2-4 shows accumulative entropy generation of the investigated rotor with 1.7%
span tip clearance for 3 different mesh resolution: 0.4 million, 0.7 million and 5 mil-
lion nodes total. The trends of the accumulative entropy generation from entropy

flux method and entropy dissipation method are in agreement; entropy generation
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Figure 2-4: Comparison of accumulative entropy generation based on dissipation
function and flux method for different mesh resolutions

increases inside the passage. The loss based on entropy dissipation is underestimated
but the accuracy improves with the grid resolution (i.e. for higher grid resolution,
the accumulative entropy generation based on entropy dissipation method approaches
that based on entropy flux method). Nevertheless, the trend of the accumulative
entropy generation based on entropy dissipation method agrees with that based on
entropy flux method with high grid resolution of 5 million nodes. In other words, even
though entropy dissipation method cannot quantify the accurate “absolute” value of
loss for one specific case, the trend or the comparison of the qualitative change in loss
between different cases (i.e. whether the loss will increase or decrease with tip gap

for optimum tip gap identification) should be adequate.

2.4 Flow blockage as a measure of pressure rise
capability

The second aspect of implementation details is identification of flow features that

affect pressure rise capability and compressor useful operating range. This is reflected
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in the generation of flow blockage, whose concept and implementation are far more
challenging. Presently, there is a variety of flow blockage implementations, such as
that by Smith (1969) [22], Khalid (1999) [12], Longley (2007) [17], etc. However, only
Khalid’s method will be utilized in the work presented in this thesis. For Khalid’s
method, the flow blockage definition is the ”blocked area” A, defined as

[ PVm
Ay = / (125 aa (2.3)
d

,where v,,, denotes the velocity component in the core flow direction, V, the velocity
at the defect region edge, d the defect region, p the density and p, the density at the
defect region edge.

The defect region is defined by the region in the flow path where the non-dimensional

gradient variable

IV (pvm)lre <9

> (2.4)
P

In this expression, €, denotes the inlet axial velocity, p,, the average inlet density
and c the chord length. For a blockage evaluated on axial plane, the gradient of
velocity in axial direction (i.e. normal to the axial plane) are irrelevant. Thus, only
the radial and tangential components of the gradient are used to obtain the gradient
magnitude.

Khalid used a cut-off value of 2 for the non-dimensional gradient |V(pv,,)|.¢ to
identify defect area. Therefore, to assess the choice of the value of 2, a span-wise
distribution of the non-dimensional gradient is assessed at midchord. Based on the
result in Figure 2-5, one can infer that the value of 2 is a reasonable choice as it
satisfactorily distinguishes the region of tip flow and the region of end wall boundary
layers from the mainstream region. A value of 2.1 and 2.2 have been tested and the

blockage results do not significantly change.
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Figure 2-5: Validation of Khalid’s cut-off gradient value for defected region identifi-
cation.

The procedure to calculate flow blockage is as follows:

1. Calculate relative flow angle at midpitch from hub to shroud from tangential

velocity and axial velocity at different axial locations.

2. Determine the main flow region away from the endwalls based upon the relative
flow angle profile obtained. A linear curve is then fit on the relative flow angle
in the main flow region to identify the mainflow direction in the defect regions
(e.g. the end wall regions).

[V (pvm)|r6
—% and define the defect regions and their edges

3. Calculate the gradient
based upon a cut off-value. There are islands of low gradient magnitude within
the defect region, which must also be accounted for as defect region. Manually

include these islands into the defect region.

4. Numerically integrate flow blockage using equation 2.3.
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2.5 Summary

To address the research questions posed in the previous chapter, a systematic re-
search approach was developed. A series of steady and unsteady computations was
designed and implemented on an embedded compressor stage representative of that in
high-performance large industrial gas turbine where the operational Reynolds num-
ber ranges from 2 x 108 to 7 x 106. A commercial CFD program, CFX V12.0, is
utilized to calculate the flow fields at second-order accuracy in the selected compres-
sor stage and CFX-Post, a post-processing program, is employed for interrogating the
computed flow fields.

To establish the causality between flow features of interest and their effects on
compressor performance, entropy generation is employed as a mean to measure loss
in compressor passage. Flow blockage generation in the blade passage is used as a
mean to identify flow features that affect pressure rise capability and compressor useful
operating range. There are several flow blockage definition; however, only Khalid’s
method will be utilized in the work presented in this thesis. In the next chapters, the
analysis of the computed results based upon the above conceptual framework will be

discussed.
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Chapter 3

Effects of tip clearance on
compressor performance in steady

Aow

Steady state computational results have been obtained and post-processed to deter-
mine the effects of tip clearance on compressor stage performance. Flow fields in 12
different rotor tip clearances ranging from 0.04% span up to 5% span are investigated
at three operating points: at design, at 0.94 and 1.16 design mass flow. Figure 3-1
shows the computed rotor efficiency at design and at 0.94 design mass flow, calculated
based upon the work-average stagnation pressure and the mass-average stagnation
temperature. The efficiencies presented here are those relative to the rotor efficien-
cies at 1.7% span tip clearance at design. It is shown that there are three distinct
behaviors of efficiency variation with tip gap. For relatively small tip gap (less than
0.8% span for the investigated rotor as shown in Figure 3-1), the change in efficiency
with tip gap is found to be non-monotonic and there is an optimum tip gap for max-
imum efficiency. For medium tip gap (from 0.8% span to 3.4% span), the efficiency
decreases approximately on a linear basis with increasing tip gap. However, for the
tip gap beyond a threshold value (3.4 % span for this rotor), the efficiency becomes
less sensitive to tip gap as depicted in Figure 3-1. In this chapter, the effects of tip

clearance on compressor performance are assessed for the three distinct regions of
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Figure 3-1: Rotor efficiency variation with tip clearance from vanishing to large value.

dependence on rotor tip gap. Since the results for rotor tip gap ranging from 0.8%
to 3.4% span are in accord with previous published work on compressor tip flow, we
will not dwell on the details for this range of rotor tip gap and a concise summary
of key results will be provided. Following this, the results for tip gap less than 0.8%
span and more than 3.4% span will be presented to bring out the distinguishing fea-
tures of each region. These results and their implications are then used to formulate
a hypothesis on the required attributes of compressor stage design for performance
enhancement as measured in terms of efficiency, pressure rise capability and useful
operable range as well as its sensitivity to tip gap variation. The formulation and

assessment of the hypothesis will be presented in the following chapters.

3.1 Effects of medium tip clearance on compressor

stage efficiency

Considerable research programs have been carried out in the past several decades to

address the effects of the tip clearance size on the compressor performance. Wong
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[29] found that for 2% chord increase in tip gap, the efficiency decreases roughly by
2%; in other words, in his experiments, there is a trade off of approximately 1% in
efficiency per 1% chord increase in rotor tip gap. Similarly, the experimental results
presented in Freeman [10] suggest that a 1% chord increase in tip clearance, produced
by increasing the casing diameter, yields approximately 1.4% decrease in efficiency.
These findings are in agreement with the results from Denton’s leakage mixing model,

where the loss is linearly proportional to the tip gap size.
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Figure 3-2: Efficiency variation with tip clearance for medium tip gap.

For the selected compressor stage, the computed rotor efficiency and stage ef-
ficiency variation with tip gap ranging from 0.8% span to 3.4% span at design are
shown in Figure 3-2. The efficiencies presented here are those relative to the rotor and
stage efficiency at 1.7% span tip clearance at design. The decrease in rotor efficiency
and stage efficiency with an increase in tip clearance is found to be approximately
linear with nearly 1 point drop in efficiency for each percent span increase in tip gap.

The net tip leakage mass flow is found to increase approximately linearly with
tip gap as shown in Figure 3-3. According to Denton’s leakage mixing model, the

efficiency change should then be linearly proportional to tip gap size. In Figure 3-4,
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the computed change in rotor efficiency (relative to the efficiency at 1.7% span) is as-
sessed against the estimated rotor efficiency change from tip leakage mixing loss based
on Denton’s leakage mixing model. The agreement in the slopes of the two curves for
the medium rotor tip gap ranging from 0.8% span to 3.4% span (up to the red line in
the graph) demonstrates the applicability of Denton’s leakage mixing model for this
tip gap range. Since Denton’s leakage mixing model assumes instantaneous mixing
of the leakage flow with the main flow, the results also implies the near completion of
mixing-out of the tip clearance flow within the rotor passage for this tip gap range.
The computed results also show the existence of double leakage flow that constitutes
an additional source of loss and flow blockage generation (Sirakov and Tan [20]) for

this compressor stage (also see next section for small tip clearances).
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Figure 3-3: Nondimensional net tip leakage mass flow variation with tip clearance.

To summarize, both the qualitative and quantitative aspects of tip clearance flow
are in agreement with published observations and results to-date. Denton’s leakage
mixing model has applicability in this compressor stage for rotor tip gap of 0.8% to
3.4% span. The results suggest approximately 1 point trade off in efficiency for each

percent span increase in tip clearance.
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Figure 3-4: Loss variation with tip gap in rotor passage based on Denton’s leakage
mixing model with tip clearance for 0.8% to 5% span clearance.

3.2 Effects of small tip clearance on compressor

stage performance

Several published work (e.g. Cumpsty [6], Wennerstrom [26]) have shown that as
tip clearance approaches vanishing value, the change in efficiency with tip clearance
variation becomes non-monotonic; there exists an optimum tip gap for maximum
efficiency. McDougalls experimental results [18] on Deverson compressor, a low-speed
single stage with aspect ratio of 0.8, shows that the optimum tip gap in Deverson
compressor is approximately 1.2% chord; the peak pressure rise is higher with a tip
clearance of 1.2% chord than the other tested clearances, 0.5% chord and 3% chord.
Similarly, the experimental results on an Air Force Research Laboratory (AFRL)
transonic compressor stage [26] shows that the efficiency increases when reducing
the tip clearance from 0.94% chord to 0.68% chord but decreases when reducing
the tip clearance from 0.68% chord to 0.42% chord. The measured efficiency trend

with decreasing tip gap thus suggests an optimum tip clearance of approximately
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0.68% chord. However, thus far the value of the optimum tip gap has not yet been
satisfactorily quantified and the parameters marking the change in the behavior are
not known in any depth.

For the selected compressor stage, when tip clearance is sufficiently small (which
is less than 0.8% span for this stage), the efficiency variation with tip clearance is
non-monotonic and there exists an optimum tip clearance for maximum efficiency as
shown in Figure 3-1. In this section, we will determine the flow processes setting up
the optimum tip clearance and establish an optimum blade end gap scaling.

For small tip clearance, viscous effect becomes significant and the endwall loss is
no longer set by only the pressure-driven clearance flow and the roll-up of the shear
layer into a vortex. When tip clearance decreases below the optimal, the total entropy
generation in the rotor passage (i.e. the accumulative entropy generation at the rotor
exit) begins to increase with decreasing tip gap. Figure 3-5 shows that at design loss
generated in the rotor passage with tip clearance of 0.13% span is lower than that of
both 0.08% span tip gap and 0.4% span tip gap. Thus, the tip gap of 0.08% span is
below an optimum tip clearance value for minimum loss.

To determine what flow processes set up optimum tip gap, local entropy generation
inside the rotor passage with small tip clearances is assessed. Figure 3-6 shows that
for small tip clearance, even though local entropy generation near the leading edge
of the rotor blade is lower with decreasing tip gap (which is in agreement with the
common observation for medium tip gap due to the decrease in tip leakage mixing
loss), the local entropy generation toward trailing edge becomes higher for smaller
tip gap. Therefore, there must be at least one competing flow process whose loss
increases with decreasing tip gap, as opposed to the decrease in mixing loss from tip
leakage flow. The loss due to this competing flow process becomes more dominant
toward trailing edge compared to tip leakage mixing loss.

In other words, when tip gap decreases, the loss due to tip leakage mixing decreases
but the loss due to the competing flow process increases. Consequently, the optimum
tip gap occurs when the total loss from the tip leakage mixing loss and the competing

flow processes is at a minimum. From the computed flow fields at various tip gap
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ranging from 0.04% to 0.8% span clearance, four specific flow processes are analyzed
and assessed for their individual contribution to loss generation in rotor passage;
these are tip clearance flow, double-leakage flow, flow corner separation at the tip,

and viscous shear at the casing.
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Figure 3-5: Distribution of accumulative entropy generation in rotor passage for small
tip clearances near rotor trailing edge at design.

First, the tip leakage mass flow through the gap is determined to linearly decrease
with tip gap size (Figure 3-7) and as a result, using Denton’s leakage mixing model
the tip leakage mixing loss decreases linearly as well (Figure 3-8). As for double tip
leakage flow (alluded to in previous section), its flow path is elucidated in Figure 3-9
through releasing two particles in the tip gap near the leading edge. The tip leakage
flow originated from leading edge to 15% axial chord intercepts the adjacent blade
over a region extending from 35% axial chord to trailing edge. However, a reduction
in tip gap to vanishing value is accompanied by a corresponding diminishing of double

leakage flow. Thus double leakage flow is not a dominant contributor to efficiency
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variation with tip gap less than 0.8% span.
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Figure 3-7: Nondimensional net tip leakage mass flow variation with tip clearance.
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The flow corner separation at the tip, which forms as tip gap is reduced to van-
ishing value, is mitigated by the energizing effects of casing relative motion with the
blade, i.e. the casing shear work. Figure 3-10 shows a somewhat negligible flow corner
separation on the rotor tip suction side on an axial plane at rotor trailing edge for
0.04% span and 0.08% span clearance. The size of the flow separation region is found
to remain relatively unchanged for small tip gap in this rotor passage. Hence, this
implies that the loss due to flow corner separation at the tip is small compared to tip
leakage mixing loss and thus is not a dominant flow process setting up optimum tip
clearance in compressor rotor passage. ,

However, if the casing is rotating with the rotor blade (in other words, stationary
relative to rotor blade), flow corner separation on the rotor tip suction side is found
to be significant for small tip clearances, as shown in Figure 3-11. The axial velocity
contours at the rotor trailing edge with rotating casing demonstrates that when the
endwall is stationary relative to the blade, the flow corner separation is significantly
affected by the size of the blade clearance: as the blade end gap increases, the size of
flow separation region decreases considerably. In other words, for rotor cascade where
the endwalls are stationary, the loss due to flow corner separation increases when tip
gap decreases. Thus, for rotor cascade flow corner separation at the tip is one of the
dominant flow processes setting up optimum tip clearance. However, our interest lies
in the optimum tip clearance for compressor rotor, thus we will focus on optimum tip
gap with stationary casing where the loss due to flow corner separation at the tip is
not a dominant player.

In addition, Figure 3-12 shows that Reynolds number has insignificant effect on
flow corner separation at the tip, which is in agreement with the conclusions of Lei
et al [16]. This suggests that flow corner separation at the tip is not one of the
dominant flow processes setting up optimum tip gap for both high speed and low

speed compressor rotor, due to the energizing effect of the casing relative motions to

the blade.
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Figure 3-10: Axial Velocity at rotor trailing edge for two small tip clearances. Blue
indicates reverse flow, i.e. flow separation.
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Figure 3-11: Axial Velocity at rotor trailing edge for two small tip clearances with
rotating casing, i.e. casing is stationary relative to rotor blade. Blue indicates reverse
flow, i.e. flow separation.

We now turn to assessing the contribution of the viscous shear at the casing to loss
generation in rotor passage. When tip clearance is small, the viscous effect becomes

significant. The motion of the casing relative to the rotor blade results in viscous
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Figure 3-12: Axial Velocity at rotor trailing edge for different Reynolds number. Blue
indicates reverse flow, i.e. flow separation.
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Figure 3-13: Spanwise distrubution of nondimensional shear stress due to radial gra-
dient of circumferential velocity at the casing for small tip clearances.

shear loss at the casing. With reducing tip gap, the length scale for the viscous

shear layer due to the casing motion becomes smaller, thus the casing viscous shear
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loss increases accordingly as depicted in Figure 3-13. Therefore, there is a tip gap
size below which the casing viscous shear induced loss overtakes the tip flow mixing
induced loss, hence the high likelihood of an optimum tip gap for maximum efficiency.
It is then hypothesized that the competing processes setting up optimum tip gap are
tip leakage mixing loss and viscous shear loss at the casing.
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flow corner separation
atrotortip TE
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0 flow velocity

(a) Flow corner separation on blade suction side at rotor (b) Tip leakage flow
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(c) Viscous shear layer at the casing
Figure 3-14: Axial component of vorticity (w,) due to different flow processes
To assess this hypothesis, the change in entropy generation due to flow corner
separation, tip leakage mixing and viscous shear loss at the casing with small tip

gap is assessed. In other words, the following analysis aims to determine if flow

corner separation on the blade suction surface at the rotor tip trailing edge is not
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(a) Local entropy generation for rotor with 0.2% span tip gap,
showing tip leakage flow

(b) Axial component of vorticity (w,) for rotor with 0.2% span
tip gap showing negative (w;) in tip leakage flow region. Blue is
negative (pointing upstream) and red is positive (pointing down-
stream).

Figure 3-15: The region with negative w, next to the casing is referred to as "tip

leakage flow region” in the analysis in this section.

a dominant flow process setting up optimum tip gap (as posed in the hypothesis).
First, the passage is to be divided into two regions: “inside tip leakage flow region” (a

combination of tip leakage flow and viscous shear layer at the casing) and ”outside tip
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leakage flow region” (the region of flow separation at rotor tip TE and the flow region
extending from the edge of tip leakage flow toward the hub), using axial component of
vorticity near the casing. Figure 3-14 shows w, based on the three flow processes; tip
leakage flow and viscous shear layer at the casing has negative w, (pointing upstream)
but flow corner separation at rotor tip TE SS has positive w, (pointing downstream).
The region of tip leakage flow (shown in Figure 3-15a) and viscous shear layer is then
identified by the blue region with negative w, next to the casing as shown in Figure
3-15b. The local entropy generation “inside tip leakage flow region” and “outside tip
leakage flow region” is then evaluated for small tip clearances as depicted in Figure

3-16.
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Figure 3-16: Local entropy generation rate inside and outside tip leakage flow region
for small tip clearances. (Analysis of optimum tip clearance phenomena)

Inside tip leakage flow region, entropy is locally generated by the mixing of the
tip leakage flow and the viscous shear loss at the casing. The mixing loss of the tip
leakage flow decreases with decreasing tip gap but the viscous shear loss at the casing
increases with decreasing tip gap. Figure 3-16 shows that local entropy generation
“inside tip leakage flow region” starts to become higher for smaller tip clearance
toward the trailing edge. This implies that near the leading edge, the mixing loss

of tip leakage flow (which forms near the blade leading edge for small tip clearance)
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with main flow is a dominant source of entropy generation and thus the local entropy
generation is lower for small tip clearance. However, near the trailing edge, the viscous
shear loss at the casing is the dominant source of loss and the local entropy generation
is then higher for small tip clearance. It thus can be inferred from Figure 3-16 that
both the mixing out of tip leakage flow and the viscous shear loss at the casing are
dominant flow processess setting up the optimum tip gap.

However, outside tip leakage flow region, entropy is locally generated by flow
corner separation at rotor tip TE SS, a part of the mixing loss of the tip leakage flow
with the main flow, as well as other tip-gap-independent loss (such as blade surface
boundary layer, hub corner separation, etc.). The mixing loss of the tip leakage
flow with main flow decreases with decreasing tip gap but loss due to flow corner
separation at the tip increases with decreasing tip gap. Figure 3-16 shows that local
entropy generation “outside tip leakage flow region” is in general lower for smaller tip
clearance along the blade chord. In other words, the change in the loss due to flow
corner separation with tip gap is small compared to that due to tip leakage mixing
loss; hence, the entropy generation does not increase with decreasing tip gap along
the whole chord from leading edge to trailing edge. It thus can be inferred from
Figure 3-16 that flow corner separation at rotor tip TE SS is not a dominant flow
process setting up optimum tip gap. Therefore, it is hypothesized that the competing
processes setting up optimum tip gap are tip leakage mixing loss and viscous shear
loss at the casing.

The optimum tip gap hypothesis allows one to establish its scaling as follows.
First, the casing viscous shear is essentially set by the radial distribution of the

circumferential velocity; thus an estimate is

auc Ucasing
~ —"

TR U o p (3.1)
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() (wrms
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Using the expression given in equation 3.2, an estimate for the change in efficiency
Ansheqr arising from entropy generation assoxiated with casing viscous shear effect is

given below as:

g B (Ou) T
gen ™ 7 \ "y uT
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,where m ~ pVipscos 1 and 7, given in equation 3.2. Hence,
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The entropy generation due to casing viscous shear effect is inversely proportional
to the Reynolds number Re, clearance-to-span ratio ¢, stage loading coefficient 4, and
aspect ratio squared ( 5)2 As for the loss associated with mixing out of tip clearance
flow, it can readily be estimated using Denton’s leakage mixing model to yield an

expression for the efficiency change as derived in the following:
From Denton’s tip leakage mixing model,
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The optimum tip gap scaling can now be obtained by seeking the minimum of

o~

the total entropy generation from viscous shear loss at the casing and tip leakage
mixing loss with respect to gap-to-span ratio, since the former increases and the
latter decreases with decreasing gap-to-span ratio %@Ml = 0. Doing so

yields the optimum gap scaling as:
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For uniform blade loading and small blade thickness, ﬁ can be approximated as

V.
(Denton [8])

vV, ¥y (Ve 2 v(py 2
I/fs) - \/1 ) (E) (Y—/;) cosy \/1 9 (E) cos? B Cos 7y (3.7)

Having established the optimum tip gap scaling for maximum efficiency, we next
proceed to assess the scaling against available computational and experimental data.
The variation of computed rotor efficiency with tip gap varying from 0.4% span to
vanishing value at operating points corresponding to 0.94 (off-design toward stall),
1.0 (design) and 1.16 (off-design toward choke) design flow is shown in Figure 3-
17. It was found that for a small change in tip clearance, the entropy dissipation
method provides a more accurate trend of efficiency variation than the entropy flux
method. Thus, the rotor efficiency shown in Figure 3-17 is computed based on entropy

dissipation method.

The variation in optimum tip gap value with operating points can be rationalized
based on the established scaling. For off-design point at mass flow lower than the
design value (toward stall), the incidence angle is higher and so is the blade loading
with relatively higher tip leakage mass flux and tip leakage flow mixing loss. This
should thus decrease the relative size of the optimum tip clearance for operating
points at mass flow lower than the design value. Conversely, for operating point at
mass flow higher than the design value (toward choke), the incidence angle and the
blade loading is relatively lower; thus the corresponding tip leakage mass flux and tip
leakage mixing loss is lower, yielding a relatively larger optimum tip gap value. This

trend is correctly reflected in the computational results of Figure 3-17.

In addition, when Reynolds number decreases, the casing viscous shear effect is
enhanced but the change in tip leakage mixing loss is insignificant (as the tip flow
is essentially a pressure-driven phenomenon), thus the optimum tip gap becomes
larger. This is consistent with the scaling and the computed results for Reynolds

number of 2 x 10° versus 2 x 10° indeed reflect this trend. Based on the scaling,

61



the changes in the optimum tip gap of the rotor with stage design characteristics
are also presented in Figure 3-18. The optimum tip gap increases when decreasing
Reynolds number, aspect ratio, solidity and stage loading coefficient. However, for
high Reynolds number of more than 10°% it is shown that it would be difficult to

design a rotor with an optimum tip gap that is manufacturable (e.g. ~ 1% span).
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Figure 3-17: Rotor efficiency variation with tip clearance for small tip clearances at
3 different operating points

The scaling given in Equation 3.5 is used to estimate the optimum tip gap for three
rotor-stator stage: the compressor stage used here, the Deverson compressor stage
described in MacDougall et al. [18] and in Cumpsty [6], and the transonic compressor
stage described in Wennerstrom [26]. For the first compressor, the estimated value
is assessed against the computed value while for the latter two compressor stage, the
estimated tip gap value is assessed against experimental measurements. These com-
parisons are tabulated in Table 3.1. One can thus infer that the scaling can provide

a useful estimation of the optimum tip gap for a fairly broad range of conditions.
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Figure 3-18: Optimum tip gap variation with various parameters

For the Wennerstrom’s transonic compressor stage, the optimum tip gap has been
estimated for operating Reynolds number ranging from 3 x 10° to 1 x 108 as the
operating Reynolds number based on the data given in Wennerstrom [26] cannot be

reliably estimated.

For compressor in a large industrial gas turbine with cantilevered stator, the same
conceptual basis for scaling optimum tip gap can be applied for scaling optimum hub
gap for minimum loss in the stator passage. With cantilevered stator and rotating
hub, the processes setting up optimum hub gap are now hub leakage mixing loss and
viscous shear loss at the hub. Therefore, in the scaling shown in equation 3.5, the
casing velocity relative to the rotor blade is replaced by the hub velocity relative to
the stator blade. From CFD results, the optimum hub clearance is approximately
0.11% span for the compressor stage investigated while the use of scaling estimates

the optimum hub clearance to be 0.13% span.

To summarize, there exists an optimum tip/hub gap for maximum efficiency. It
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Optimum tip | Stage 9 at | Stage 9 to- | Stage 9 to- | Deverson Wennerstrom

clearance (% | design ward choke | ward stall | compres- Transonic

span) sor(Cumpsty, | compressor
Mecdougall)

From scaling | 0.14% 0.21% 0.14% 0.7% 0.4%-0.7%

From CFD or | 0.17% 0.25% 0.13% 1% 0.5%

experiment

Table 3.1: Assessment of optimum tip gap scaling with computational and experi-
mental data.

is set by the competing effects of the loss generation associated with increasing cas-
ing/hub shear and decreasing clearance flow mixing out loss with decreasing gap-to-
span ratio. A scaling for optimum tip gap has been established and shown to be able
to satisfactorily quantify the value of the optimal gap. The scaling delineates the
parameter values (e.g. Reynolds number, operating points, stage aerodynamic and
geometrical characteristics) that mark the change in behavior of efficiency variation
with gap-to-span ratio and compressor operating points. Because of the high operat-
ing Reynolds number encountered in large industrial gas turbine, the optimum blade
end gap is relatively small and thus difficult to deploy due to operational, mechanical
and manufacturing constraints. However, deploying optimum blade clearance may be

viable in compressors with relatively low Reynolds number.

3.3 Effects of large tip clearance on compressor

stage performance

For tip gap region larger than approximately 3.4% span, the efficiency variation with
gap-to-span ratio is shown in Figure 3-19. The relative rotor efficiency is computed
for tip clearance values ranging from 0.8% span to 5% span at two operating points
with one at 0.94 design flow and the other at design. There is a distinct change in
the behavior of efficiency variation with tip gap greater than 3.4% span. This aspect
of efficiency variation with tip gap is elaborated further in the following.

The computed rotor efficiency is clearly less sensitive to tip gap variation for the
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Figure 3-19: Rotor efficiency variation with tip clearance for tip clearance larger than
3.4% span.

range of tip gap larger than 3.4% span. As shown in Figure 3-19, the slope of the
efficiency curve drop to a lower value relative to that for tip gap ranging from 0.8%
to 3.4% span. In fact, the efficiency curve at 0.94 design mass flow (off-design toward
stall) is approximately flat for gap-to-span ranging from 3.4% to 5% indicating only
a marginal drop in efficiency for any increase in tip clearance; this is despite the fact
that the slope is relatively steeper than that at design for gap-to-span less than 3.4%.

Application of Denton’s leakage mixing model to this range of tip gap shows no
change whatsoever in the efficiency slope as shown in Figure 3-4, which depicts a
comparison of the loss estimated from Denton’s leakage mixing model and the com-
puted loss. The reason that Denton’s model does not capture this distinct change in
the slope of the efficiency curve is that the model inherently assumes instantaneous
mixing of tip leakage flow with main flow. If the mixing out of tip leakage flow is
completed within the rotor passage, then there should not be any change in the effi-

ciency slope at all. The implication then is that the mixing out of tip clearance flow
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Figure 3-20: Tip leakage mass flow per unit area.

is incomplete in the rotor passage especially for tip gap larger than 3.4% span while
fortuitously it is nearly complete for values that are smaller (see previous sections).
Next we proceed to propose a rationale as to why the mixing out of tip flow is incom-
plete and as to when the near complete mixing out of tip flow is a good approximation
so that Denton’s leakage mixing model is applicable.

Computed results in Figure 3-20 show that the peak of the tip leakage mass flux
(i.e. tip leakage flow per unit gap area) is shifted toward the rotor trailing edge and
likewise those in Figure 3-21 show that the blade tip peak loading is also shifted
downstream toward the trailing edge. The computed flow also shows that the tip
leakage flow formation is shifted downstream toward the rotor trailing edge when tip
clearance size is increased. Such a trend of the loading aft-shift with relative large
tip gap has also been observed by Williams et al. [27], Storer and Cumpsty [23], and
Intaratep [11]. Storer and Cumpsty found that the tip clearance flow rolls up into
a tip leakage vortex and starts to move away from the suction surface of the blade

at the point which is usually at the maximum blade loading of the blade. They also
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concluded that the axial location of the peak in blade loading varies with tip gap
size, i.e. when tip gap increases, the peak loading location moves downstream and
the roll up of the tip clearance vortex is delayed. The present computed results on
the aft-shifting of blade tip peak loading and tip leakage flow formation toward the

rotor trailing edge are thus in accord with those of Storer and Cumpsty [23].
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Figure 3-21: blade loading at the tip for different tip clearances.

A consequence of the aft-shift in the blade tip peak loading is that the tip leakage
formation is delayed toward the trailing edge. This reduces the opportunity for the
mixing out of the tip flow in rotor passage (and the tip flow induced flow blockage
production as well) so that the tip leakage flow can remain relatively unmixed at the
rotor exit. This is indeed the case as can be seen in the computed results shown
in Figure 3-22 that elucidates the development of entropy profile in the tip region
from rotor leading edge to rotor exit for a gap-to-span ratio less than 3.4% and for
a value greater than 3.4%. At a gap-to-span ratio of 1.7%, the tip flow appears to
have realized nearly all its loss generation potential; this certainly is not the case at

a gap-to-span ratio of 5% where the tip flow is relatively unmixed at rotor trailing
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edge (An elaboration on this figure is presented in Appendix A). As such the rotor
efficiency would become less sensitive to tip clearance variation beyond the critical
gap value (of 3.4% span for the compressor stage here). This critical value is set by
two competing effects in loss generation: an increase in tip leakage mass flow rate
associated with increasing tip gap and a decrease in tip flow mixing loss due to blade
tip peak loading being aft-shifted as the tip gap increases. The fact that the tip
flow induced loss generation is less sensitive to tip gap variation is also brought out
in the computed results for local entropy generation rate shown in Figure 3-23 for
gap-to-span ratio of 3.4% and 4.2%. We infer from the results presented here that
for rotor design with its tip peak loading located in the immediate blade leading edge
region, the assumption that the mixing-out of tip flow is complete within the rotor
passage is a good approximation. For this situation Denton’s leakage mixing model is
applicable. However for rotor design with aft-loaded tip, there is less opportunity for
the tip flow to realize its mixing-out loss generation potential so that Denton’s model
is not applicable here because of its inherent assumption of instantaneous mixing of

tip leakage flow with main flow.
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Figure 3-22: Entropy profile near the casing.
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3.4 Effects of rotor tip clearance on flow blockage

generation and pressure rise

In general, an increase in tip leakage mass flow due to the enlargement of the tip
gap size increases flow blockage generation in rotor passage. In Figure 3-24, when tip
clearance increases, computed flow blockage at the rotor exit based upon Khalid’s flow
blockage definition increases and correspondingly the stage pressure rise decreases.
However, even though the flow blockage at the rotor exit increases with tip clearance,
the axial variation in flow blockage generation within the rotor passage can be non-
monotonic. We also infer from Figure 3-25 that the flow blockage associated with the
formation of tip leakage flow is generated mostly in the leading edge region for medium
tip clearance. Subsequently, the passage of the wake-like tip leakage flow (Khalid et al.
[12], Valkov and Tan [24, 25]) through the rotor passage with a diffusing flow induces

additional flow blockage generation. However, the mixing out of tip leakage flow in the
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passage decreases the flow blockage so that when its mixing out becomes dominant
toward the rotor trailing edge region, the flow blockage can begin to decrease. This

is indeed reflected in the results shown in Figure 3-24.

The effect of the non-monotonic flow blockage generation in rotor passage is re-
flected in the pressure rise distribution as shown in Figure 3-26. Near the leading
edge, where flow blockage generation is large due to the formation of tip leakage flow,
the slope of pressure rise starts to drop when flow blockage is large enough (i.e. for
large tip gap). However, downstream of approximately mid-chord, the slope of pres-
sure begins to increase again as flow blockage generation decreases due to the mixing

out of the tip leakage flow.
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Figure 3-24: Flow blockage variation along axial chord for different tip clearances.
(Midspan LE: 0% midspan chord (y-axis) and Midspan TE: 100% midspan chord (red
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3.5 Effects of operating point on efficiency sensi-
tivity to tip gap

For tip gap larger than the optimum tip clearance and smaller than the threshold
value, the sensitivity of the efficiency to tip gap (i.e. the slope of the efficiency-gap
curve) depends on operating point. When the rotor is operating at lower mass flow
(i.e. toward stall), the pressure difference across the blade gap increases and drives
more tip leakage flow through the gap. As a results, the loss arising from the mixing
out of the tip leakage flow increases as the mass flow decreases. In addition, as we
move toward stall, the rotor becomes more fore-loaded (Figure 3-27 and 3-28), thus
tip leakage flow is formed further upstream near leading edge as shown in Figure
3-29 (The low-pressure region at the rotor tip (tip leakage core) is formed further
upstream with lower mass flow.). Thus, toward stall tip leakage mixing out process
starts earlier upstream for medium tip gap and hence at the exit of the rotor, tip

leakage flow would have more opportunity to mix out.

——1.16 design mass flow
(toward choke)

——at design

——-0.94 design mass flow
(toward stall)

Normalized Pressure coefficient C,

x/e,

Figure 3-27: Blade loading of rotor with 2.5% tip clearance at midspan for 3 operating
points.
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Figure 3-28: Blade loading of rotor with 2.5% tip clearance at 3%span from blade tip
for 3 operating points.
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Figure 3-29: Static pressure at the blade tip. Blue indicates low pressure and red
indicates high pressure. (Range of 0.3 between minimum C,, (blue) and maximum C,

(red))

In summary, for lower mass flow with tip gap smaller than the threshold value,

tip leakage flow increases due to higher pressure difference and the mixing out of this
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leakage flow begins right at the leading edge proximity. The tip leakage mixing loss in
the rotor passage is thus higher and the efficiency is therefore more sensitive to rotor
tip gap. This is shown in Figure 3-19 where the efficiency curve below a threshold

tip gap value is steeper toward stall.

4

= ) 5%span clearance at design

- 5%span clearance at design

«+e0es 2 5%span clearance at 0.94

! design mass flow
T 5%span clearance at 0.94 design

mass flow

Normalized Pressure Coeffident C,
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Figure 3-30: A comparison of the aft-shifting of blade loading at rotor tip with tip
gap at two operating points.

For large tip gap (more than 3.4% span), Figure 3-19 shows that the efficiency
becomes more desensitized to tip gap variation with decreasing mass flow (i.e. flat
efficiency curve for tip gap beyond the threshold value). This is due to the further
aft-shifting of the blade tip peak loading (with increasing tip gap) at decreasing mass
flow. As rotor tip gap increases from 2.5% span to 5% span, the peak loading at
the tip is moved aft by 8% chord at design mass flow but by as much as 17% chord
at 0.94 design mass flow. In other words, with decreasing mass flow toward stalling
value, tip leakage flow increases and thus the mixing loss increases for the same tip

gap size (i.e. lower efficiency for the“same tip clearance” with decreasing mass flow
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as shown in Figure 3-19). However, beyond a critical tip gap value, the attendant
mitigation in mixing loss from further aft-loading the blade tip (with increasing tip
gap) at decreasing mass flow more than compensates for the mixing loss arising from
the increase in tip leakage flow. Thus, the rotor efficiency can be less sensitive to tip
gap variation toward stall with the efficiency curve flattening out more at 0.94 design

mass flow than at design mass flow beyond 3.4% span tip gap.

3.6 Summary

Computational experiments have been designed and carried out to assess efficiency
sensitivity to tip clearance over a wide range of tip gap-to-span ratio, from vanishing
value up to 5% for an embedded compressor stage at Reynolds number ~ 2 x 106.
The results have shown that there are three distinct regimes of efficiency variation

with tip gap size as summarized below:

1. For tip clearance smaller than approximately 0.8% span, there exists an opti-
mum tip gap for maximum efficiency and it is set by the competing effects in
loss generation associated with casing/hub shear (which increases with decreas-
ing gap-to-span ratio) and mixing out of clearance flow (which decreases with
decreasing gap-to-span ratio). A scaling for optimum tip gap has been estab-
lished and shown to be able to satisfactorily quantify the value of the optimal
gap. The scaling delineates the parameter values (e.g. Reynolds number, oper-
ating points, stage aerodynamic and geometrical characteristics) that mark the
change in behavior of efficiency variation with gap-to-span ratio and compressor

operating points

2. For tip gap-to-span ratio ranging from about 0.8% to 3.4%, the efficiency varia-
tion with tip clearance is found to be in accord with Denton’s tip leakage mixing
model. The efficiency increases approximately on a linear basis when tip clear-
ance decreases and the dominant flow process responsible for the change in

efficiency in this tip gap range is the mixing out of tip leakage flow. For the em-
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bedded compressor stage assessed here, there is approximately 1 point efficiency

benefit for every 1% span decrease in tip gap size.

3. For tip clearance larger than 3.4% span, the efficiency sensitivity to tip gap is
reduced. When tip clearance increases, the blade tip peak loading and thus the
tip leakage flow formation are aft-shifted toward trailing edge. This reduces the
opportunity for the mixing out of the tip flow in rotor passage (and the tip flow
induced flow blockage and loss production as well) so that the tip leakage flow
can remain relatively unmixed at the rotor exit. As such the rotor efficiency
would become less sensitive to tip clearance variation beyond a critical gap value
set by two competing effects in loss generation: an increase in tip leakage mass
flow rate associated with increasing tip gap and a decrease in tip flow mixing

loss due to blade tip being aft-loaded as tip gap increases.

Based on the findings, we can also deduce an additional useful inference for the
application of Denton’s tip leakage mixing model. For rotor design with its tip peak
loading located in the immediate blade leading edge region, the assumption that the
mixing-out of tip flow is complete within the rotor passage is a good approximation.
For this situation Denton’s tip leakage mixing model is applicable. However, for rotor
design with aft-loaded tip, there is less opportunity for the tip flow to realize its
mixing-out loss generation potential. Therefore, Denton’s model is not applicable
here because of its inherent assumption of instantaneous mixing of tip leakage flow

with main flow.
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Chapter 4

Effects of tip clearance on
compressor performance in

unsteady flow

In chapter 3, we have asesssed and quantified the effects of tip clearance on an em-
bedded compressor stage performance using a mixing plane steady flow approxima-
tion. The mixing plane, appropriately located at an axial location within the intra
rotor-stator gap, eliminates the circumferential non-uniformity of the inlet flow to
the downstream stator (CFX-Solver modeling guide [2]). Hence, the solution does
not take into account the effects of the flow unsteadiness associated with the relative
motion of the rotor and stator blades.

However, the effects of the flow unsteadiness due to upstream wake and leakage
flow on loss in compressor stage can be rather significant (Smith [21], Valkov and
Tan[24, 25]). Thus, this chapter aims at assessing the effects of tip clearance on
compressor performance in unsteady flow. This is accomplished by replacing the
mixing plane approximation with a sliding plane in the intra rotor-stator gap, thus
changing steady flow computation to time-accurate unsteady flow computation in
the compressor stage. As described in chapter 2, phase-lag sliding plane option is
not available in CFX 12.0, thus unsteady calculation in CFX is performed with an

assumption of a unity rotor-stator blade ratio, despite the non-unity blade ratio of
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the stage. Therefore, the unsteady results presented here will provide correct trend
for unsteady flow effects in compressor stage but the numerical values will be different
from those expected in the actual ninth stage.

Three-dimensional unsteady flow fields in the stage are simulated for 2 different
tip clearances, 1.7% span and 5% span. The computed results are post-processed to
identify and quantify the time-averaged impact of flow unsteadiness associated with
rotor-stator interaction involving rotor tip clearance flow and wake. The effect of the
rotor tip peak loading design, i.e. that with aft-loaded rotor tip compared to the

original design, will then be assessed on a preliminary basis in the next chapter.

4.1 Past research work

There has been reseach work carried out in the past several decades that was directed
at understanding the effects of flow unsteadiness on compressor performance. Here
we only confine the review to the work by Smith and Valkov, whose researches present
the effects of the upstream flow non-uniformity (i.e. wake and clearance flow) on the
unsteady flow in the downstream blade row.

The arguments presented by both authors are cast in terms of flow circulation in
an inviscid incompressible flow. First, Smith [21] has presented a model on evolution
of an upstream wake in a downstream blade row. He explains that as the wake can
be represented as a region of velocity defect (i.e. negative axial velocity disturbance).
The disturbance flow is defined as the difference between the time-averaged flow
field and the instantaneous flow field. Thus, the wake region has negative axial
velocity disturbance and the main flow region has a positive axial velocity disturbance.
The wake defect region is then passed through downstream blade row in the an
unsteady manner as shown in Figure 4-1. The blue region represents the wake and the
orange region represents the main flow. Based on the difference in the axial veloéity
disturbance of the wake and the main flow, the disturbance vorticity associated with
the wake is in a radial direction as shown in Figure 4-1. The evolution of the fluid

contour (defined by the black contour line) through the stator is as depicted in Figure
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4-1.

Through the downstream blade row, the wake (as well as the fluid contour) is
stretched due to the higher velocity on the suction side of the blade. Thus, at the
exit. of the blade row, the length of the wake increases and the width of the wake
decreases. However, assuming inviscid incompressible flow, vorticity is constant with
time in a planar two-dimensional flow (i.e. velocity components which depends on
two coordinates x and #) and the flow circulation also remains constant (Kelvin’s
theorem). Consequently, the velocity disturbance (which is due to the difference
in the velocity of the wake and the main stream) is proportional to to the wake
width. Hence, passing a wake through a downstream blade row reduces the velocity
disturbance (as the wake width decreases) and thus decreases the potential for mixing

loss (i.e. yielding reversible work recovery).

TOPVIEW

Vorticity
disturbanceinto
the paper
(Radial Vorticity)
@ Vorticity
disturbance out
ofthe paper

@

o S Main flow axial velocity
disturbance (Positive)

Wake axial velocity

disturbance (Negative)

Figure 4-1: Evolution of wake velocity disturbance through a stator passage. The red
arrows represent axial velocity disturbance.

Valkov and Tan [24, 25| determined the loss generation associated with the un-
steady interaction of upstream tip leakage flow with stator and its impact on time-
average compressor stage performance. He found that at the inlet of the stator, tip
leakage flow appears as a jet with excess tangential velocity (tangential velocity dis-

turbance) and axial velocity defect (negative axial velocity disturbance). There are
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Figure 4-2: Streamwise vorticity disturbance of tip leakage flow

thus streamwise vorticity disturbance (associated with tangential velocity disturbance
as shown in Figure 4-2) and normal vorticity disturbance (associated with axial veloc-
ity defect, similar to the wake in Figure 4-1). As a result, the axial velocity defect in
rotor tip leakage flow is attenuated though the downstream stator in the same manner
as the wake (Smith [21]). In other words, the stretching of the wake-like part of the
tip flow is accompanied by an attenuation of the associated axial flow non-uniformity
of the tip leakage flow without an entropy increase and thus decreasing potential for

mixing loss.

As for the tangential velocity disturbance, Valkov explains that its associated
streamwise vorticity disturbance is attenuated through the stator in an analogy to
the change in streamwise vorticy through a diffuser. The flow through a diffuser is
decelerated, accompanying by a static pressure rise. Thus, a fluid contour will be
shortened and widened as shown in Figure 4-3 (red dashed line). Assuming inviscid
incompressible flow, a vortex line moves with the fluid (i.e. it moves as a material

line.). Thus, the shortening of the material line in the diffuser leads to a decrease in
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the streamwise vorticity through a diffuser. Similarly, the streamwise vorticity and

thus the tangential velocity disturbance decreases through a stator.
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Figure 4-3: Evolution of wake and tip leakage flow streamwise vorticity disturbance
through a diffuser, which is an anaologous to a stator passage.

To summarize, the attenuation of the tangential velocity excess and axial velocity
defect in tip leakage flow through downstream blade row implies that: (1) processing
of tip vortices in a stator passage is beneficial; and (2) most of the kinetic energy of the
vortex is recovered in the stator without any attendant increase in entropy. As noted
by Valkov and Tan [24, 25], the attenuation in tip leakage flow can be significantly
higher than that in wake. We will use the results from the work of Smith and Valkov
described in this section to interpret the computed unsteady flow in the embedded

compressor stage presented in the next section.

4.2 Results from unsteady simulations of the rotor-

stator stage

Computed results from unsteady rotor-stator stage calculations with rotor tip clear-
ance of 1.7% span and 5% span were assessed against the corresponding steady flow
results (note the mixing plane approximation inherently implies mixing out of tip flow

in the circumferential direction). Relative to the steady flow value, the time-average
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stage efficiency increases by 0.45% for 1.7% span tip clearance and by 0.7% for 5%
span tip clearance. The increase in efficiency when taking into account of the effects
of the flow unsteadiness can be explained using the work of Smith and Valkov: the
efficiency benefit arises from the attenutation of tip leakage flow in the downstream

stator row.
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a. Total vorticity disturbance b. Strearnwise component ¢. Normal component

Figure 4-4: Evolution of tip leakage flow vorticity disturbance through a stator pas-
sage. The axial planes shown move with tip leakage flow.

Computed results elucidating the evolution of vorticity disturbance, normal vor-
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Figure 4-5: Evolution of tip leakage flow entropy disturbance (contour) and velocity
disturbance (vector) through a stator passage at 95% span. (Figure is not to scale.)

ticity disturbance and streamwise vorticity disturbance of the tip leakage flow on axial
plane from a location upstream of the stator leading edge to one at the stator outlet is
shown in Figure 4-4. The contours (looking downstream from stator LE to TE) span

two stator passages (such that the contours span from the left midpitch of one stator
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toward the right mid-pitch of the adjacent stator). The white regions on the contour
represents the two stator blades. The vorticity disturbance has been derived from
a disturbance flow obtained by subtracting the time-average flow from the instanta-
neous unsteady flow. Similarly, the velocity disturbance and the entropy disturbance

on the spanwise plane at 95 % span (near the casing) are plotted in Figure 4-5.

As can be inferred from Figure 4-4, the streamwise component of the vorticity
disturbance in the tip leakage flow decreases through the stator. This has been ex-
plained by Valkov, using an analogy of a streamwise vorticity evolution in a diffuser.
As shown in Figure 4-3, assuming inviscid incompressible flow, vortex lines follows a
material line. However, the material line is shortened through a diffuser due to the
deceleration of the flow, thus the streamwise vorticity also decreases. As a result, the
streamwise vorticity disturbance and thus the associated tangential velocity distur-
bance of tip leakage flow is attenuated through pressure rise in downstream stator.

This is in agreement with the result shown in Figure 4-4.

In addition, Valkov argues that the axial velocity disturbance defect in the tip
leakage flow is also attenuated through the downstream stator in the same manner
as the wake. The tip leakage flow region associated with the axial velocity distur-
bance defect and the associated normal vorticity (Figure 4-1) is stretched through a
stator due to the velocity difference on the blade pressure side and suction side. The
unsteady results of the investigated stage are in agreement with Valkov’s argument
as depicted in the stretching of the tip leakage flow shown in Figure 4-5. In two-
dimensional planar flow, the normal vorticity and the circulation remain constant.
Therefore, the axial velocity disturbance decreases with the width of the tip leakage
flow. Finally, it is noted that the evolution of tip leakage flow in downstream stator
can be significantly three-dimensional. Thus, the normal vorticity disturbance of tip
leakage flow can be tilted and distorted through the stator passage so that we can
expect to see a change in the magnitude of the normal vorticity component as shown
in Figure 4-4.

In summary, the change in the time-average performance of the embedded com-

pressor stage computed based on unsteady three-dimensional flow is in agreement
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with the results presented by Smith and Valkov. The tangential velocity disturbance
as well as the axial velocity disturbance associated with tip leakage flow are atten-
uated in the downstream blade row. In addition, streamwise vorticity disturbance
is attenuated through the stator passage. For three-dimensional flow, the normal
vorticity disturbance associated with tip leakage flow could decrease through the sta-
tor passage. There is thus a performance benefit associated with tip leakage flow

attenuation in the downstream stator.

4.3 A hypothesis on compressor stage design guide-
line

We learnt from the results of chapter 3 that by aft-loading the rotor tip as much as
it is feasible, we can reduce the potential of generating mixing-out loss by the tip
leakage flow inside rotor passage. The consequence of this is that there is a reduced
sensitivity in efficiency variation with tip gap. We have also learnt from the work by
Valkov and Tan [24, 25] as well as the result presented in this chapter that unsteady
rotor-stator interaction results in significant attenuation of rotor tip leakage flow in
the following stator (analogous to wake attenuation noted by Smith [21]) and, as a
result, decreases the loss generation potential in downstream stator passage. Thus
there is an additional benefit to having the tip flow being relatively unmixed at
rotor exit through aft-loading the rotor tip. This unmixed tip leakage flow, which is
essentially wake-like, can then be advantageously attenuated in the following stator
to further reduce the opportunity for tip-induced loss and flow blockage generation.
We can apply the same conceptual framework of thinking to addressing the stator
hub clearance flow to maximize compressor performance by its prudent management
through design.

Thus to desensitize compressor performance variation with clearance gap, rotor
should be tip aft-loaded and hub fore-loaded while stator should be tip fore-loaded

and hub aft-loaded as much as it is feasible so as to reduce the opportunity for blade
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clearance flow induced loss and flow blockage generation. This would also create
environment for maximizing the benefits of reversible work from unsteady effects
through the downstream blade-row in attenuating the wake-like clearance flow. A

preliminary assessment of the hypothesis will be presented in the next chapter.
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Chapter 5

Hypothesis on compressor stage
design guideline for performance
enhancement: a preliminary

assessment

In this Chapter we implement a preliminary assessment of the hypothesis formulated
in Chapter 4. The hypothesis is restated here for ease of reference: For large indus-
trial gas turbine compressor with Reynolds number 2 x 10° to 7 x 108, the blade
surface boundary layer is relatively thin and robust. So, the dominant source of flow
blockage and loss generation is the leakage flow. Therefore, to reduce compressor per-
formance sensitivity to clearance gap variation, the compressor stage design should be
such that rotor is tip aft-loaded and hub fore-loaded while stator is tip fore-loaded and
hub aft-loaded as much as it is feasible so as to reduce the opportunity for blade clear-
ance flow induced loss and flow blockage generation. This creates an environment for
maximizing the benefits of reversible work from unsteady effects through the down-
stream blade-row in attenuating the wake-like clearance flow. It is hypothesized that
the overall performance benefit can include compressor performance enhancement as

measured in terms of efficiency, pressure ratio, broadening of useful operating range
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Figure 5-1: Comparison of blade loading between the original and the 20% chord tip
aft-loaded blade design at 2% span from rotor tip

Only one specifc aspect of the hypothesis is assessed: namely the improvement in
compressor stage efficiency at design by aft-shifting the rotor tip blade peak loading.
To this end, new rotor blade redesigns for 2 different tip clearances have been imple-
mented: (1) a new design for 1.7% span tip clearance in which the tip is aft-loaded
by 4% chord with an aft-loaded span extending approximately 5% span from blade
tip; (2) a new design for 5% span tip clearance for which the tip is aft-loaded by 20%
chord with an aft-loaded span extending over approximately 15% span from blade tip.
Figure 5-1 shows that the peak loading at the rotor tip is shifted by approximately 20
% chord from leading edge with the new design for 5% span tip clearance. In addition,
Figure 5-2 shows that at 15% span from the rotor blade tip, the peak loading is still
significantly aft-loaded with this new design, thus the redesign has an aft-loaded span
extending over 15% span from the blade tip. Steady simulations at design have been
done for both clearances and unsteady simulation at design has been done for the

new design of 1.7% span tip clearance. The results and the preliminary assessment
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Figure 5-2: Comparison of blade loading between the original and the 20% chord tip
aft-loaded blade design at 15% span from rotor tip

of the hypothesis are presented in this Chapter.

5.1 Effects of blade aft-loading in steady flow

It is found that the comparison of the steady flow fields between original design and
new tip aft-loaded design gives the same trend for both tip clearances. The figures
shown in this chapter are taken from flow fields of 5% span tip clearance rotor designs
but they are representative of the trend for both tip gaps.

As the blade tip peak loading is aft-shifted, the tip leakage flow formation is
delayed. Figure 5-3 shows that for the new design, tip leakage is formed further
downstream compared to the original design. This is also shown in the local entropy
generation rate contours at different axial location in rotor passage depicted in Figure

5-4 and Figure 5-5.
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Figure 5-3: Comparison of tip leakage mass flux (i.e. tip leakage formation) between
the original and the 20% chord tip aft-loaded blade design
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Figure 5-4: Local entropy generation near the casing, showing the formation and
mixing out of tip leakage flow for the original design with 5% span tip clearance
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Figure 5-5: Local entropy generation near the casing, showing the formation and
mixing out of tip leakage flow for the redesign with 5% span tip clearance

The tip leakage flow is clearly formed further downstream with the new design;
the tip leakage flow region (shown as a region with high local entropy generation) is
significantly smaller on the first axial plane close to the leading edge with the new
design (Figure 5-4 vs Figure 5-5). The second axial plane from leading edge shows
significantly higher local entropy generation with the original design; this implies that
mixing out of the tip leakage flow starts earlier upstream for the original design.

For the original design, the local entropy generation rate inside the tip leakage
flow region (i.e. the mixing out of tip leakage flow) starts to decrease downstream
of the second axial plane. However, for the new design, the local entropy generation
rate inside the tip leakage flow region starts to decrease downstream of the third
axial plane. In addition,the local entropy generation in the tip leakage flow on the

last axial plane at the rotor trailing edge is lower with the original design. These
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imply that the mixing out of tip leakage flow in rotor passage is less complete with
the tip aft-loaded design. Thus, the new tip aft-loaded rotor design has lower loss
generated in the rotor passage associated with the mixing out of tip leakage flow.
However, the steady state computed flow fields also show that with aft-loaded
rotor tip, the likelihood of flow separation on the blade suction surface in the rotor
tip trailing edge is increased. This can be attributed to the increase in adverse pressure
gradient in the rotor tip trailing edge region with blade tip peak loading being aft-
shifted. Figure 5-6 shows the presence of a substantial region of flow separation
(indicated as red region in the figure) on the tip trailing edge blade suction surface
(in the figure trailing edge is at the left while leading edge is on the right) for the
new design of 5% span tip gap. Similarly, the contours of the axial velocity on the
trailing edge axial plane also show a distinct region of reverse flow on blade suction

side in the tip trailing edge region with the new design (Figure 5-7).

Original design 20%chord aft-loaded
blade design

Figure 5-6: Comparison of flow separation on rotor blade suction side between the
original and the 20% chord tip aft-loaded blade design

The presence of a substantial region of flow separation would increase the loss

generated in the rotor passage. Figure 5-8 shows that in the blade passage from
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Figure 5-7: Comparison of axial velocity at rotor trailing edge between the original
and the 20% chord tip aft-loaded blade design

leading edge to 70% chord, the accumulative entropy generation is lower with the
new design; however, toward trailing edge, the mixing out of the tip leakage flow
of the new design (which starts further downstream) and the additional loss arising
from flow separation are more dominant compared to the original. For the new 5%
span tip clearance design, the additional loss due to flow separation is higher than the
decrease in loss inside the rotor passage due to the delayed tip leakage flow formation.

As a result, the total entropy generation (thus loss) inside the rotor domain increases.

The steady flow fields for the original and new designs with 5% span tip clearance
are also computed at another operating point toward stall with the mass flow reduced
by 5%. From the computed steady flow results, both stage efficiency and pressure
ratio decreases when aft-shifting the rotor blade tip loading (Figure 5-9); this is
principally due to the absence of tip leakage and separated flow attenuation process
in the assumed steady flow environment (see Chapter 4). However, in Figure 5-10
even though the rotor efficiency evaluated downstream of mixing plane (where tip
leakage flow is mixed out circumferentially) is lower for the aft-loaded design, the

rotor efficiency evaluated upstream of mixing plane is higher for the aft-loaded design
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Figure 5-8: Comparison of accumulative entropy generation in rotor domain between
the original and the 20% chord tip aft-loaded blade design

at 0.95 design mass flow operating point. This can be rationalized as follows.

Toward stall (decreasing mass flow), tip leakage flow increases because of higher
pressure difference across the blade and thus the loss due to tip leakage mixing be-
comes more dominant compared to the loss due to flow separation. As a result,
moving toward stall, the decrease in mixing loss generated inside rotor passage (up-
stream of mixing plane) due to the delay in tip leakage flow formation outweighs the
increase in loss arising from flow separation. This could then implies that the benefit
of reverible work recovery from tip leakage (as well as the separated) flow attenuation
process in unsteady flow will increase with decreasing mass flow. The implication
is that despite the observed flow separation accompanying aft-loading the blade tip,

there would be an overall performance benefit.
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Figure 5-9: Comparison of stage efficiency (left) and pressure ratio (right) between
the original and the 20% chord tip aft-loaded blade design at two different operating

points
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Figure 5-10: Comparison of rotor efficiency evaluated upstream of the mixing plane
(left) and downstream of the mixing plane (right) between the original and the 20%
chord tip aft-loaded blade design at two different operating points



5.2 Effects of blade aft-loading in unsteady flow

Unsteady flow fields have been simulated for the new design of 1.7% span tip clearance
with its tip peak loading aft-shifted by 4% chord. The time-averaged result based
on unsteady computations of this modified design stage shows that it has a 0.2 %
efficiency improvement over that based on the time-averaged result for the stage with
rotor tip fore-loaded. However, increasing flow separation on the rotor tip trailing
edge suction side is observed.

It is then suggested that a larger improvement in efficiency (could be up to 0.5%) is
possible if the rotor tip peak loading can be more aft-shifted. A difficulty is achieving
this is that aft-loading the rotor blade tip is often accompanied by flow separation on
the tip suction surface toward the trailing edge. It then implies that there should be
an optimum blade loading design that minimizes the total loss from the mixing out of
leakage flow (which decreases when aft-load rotor tip/stator hub) and flow separation
on the suction side of the rotor tip/stator hub trailing edge (which increases when
aft-load rotor tip/stator hub). In other words, it is suggested that rotor tip should
be aft-loaded as much as possible (up to the optimum peak blade loading location
when there is flow separation at rotor tip suction side). All these propositions and

suggestions will need to be quantified and assessed.

5.3 Summary

Preliminary assessment of the proposed blade design shows that with tip aft-loaded
rotor blade design, the tip leakage flow formation and mixing out process are delayed;
however, flow can begin to separate on the rotor trailing edge suction side. Thus,
by aft-loading rotor tip, there is a benefit from unsteady tip leakage attenuation
in stator passage. However there is a need to manage the additional loss arising
from increasing flow separation at the rotor tip suction side; this additional loss can
be somewhat mitigated in the rotor-stator unsteady flow environment in a manner

analogous to wake rectification (i.e. wake attenuation with attendant reversible work
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recovery) (see Chapter 4). We can then inferred that there should be an optimum
blade loading design that minimizes the total loss from the mixing out of leakage
flow (which decreases when aft-load rotor tip/stator hub) and flow separation on
the suction side of the rotor tip/stator hub trailing edge (which increases when aft-
load rotor tip/stator hub). Based on preliminary unsteady embedded rotor-stator
computed flow, there can be a more than 0.2 point efficiency benefit when aft-load

the rotor blade tip by 4% chord for the rotor with 1.7% span tip
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Chapter 6

Summary and future work

This chapter provides a concise summary of the thesis followed by delineating the key
research findings. It then concludes with a section on recommendations for future

work.

6.1 Summary

Computations were carried out to define rotor efficiency variation with tip clearance
ranging from 0.04% to 5% span. This aspect is of engineering relevance to axial com-
pressor in large industrial gas turbine where the rotor tip and stator hub clearance
can be less than 0.5% span in the front stages and as large as more than 5% span in
the rear stages. The rotor efficiency variation over this wide range of tip clearance is
established for an embedded compressor stage; the compressor stage used is represen-
tative of that in high-performance large industrial gas turbine where the operational
Reynolds number ranges from 2 x 10® to 7 x 108. Based upon the results from the
steady calculations, a hypothesis on compressor stage design guideline for overall
compressor performance enhancement is then formulated. Subsequently, additional
embedded stage computations, steady (based on mixing plane approximation) and

unsteady, are carried out for a preliminary assessment of the formulated hypothesis.
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6.2 Key findings

The key findings of this research includes new understandings of the flow physics un-

derlying the efficiency response to the change in blade end gap as well as a hypothesis

on a design strategy to improve compressor performance. These are delineated in the

following;:

1. There are three distinct regimes of rotor efficiency variation with tip gap size:

small tip gap (less than 0.8% span for the stage analyzed), medium tip gap (0.8%

to 3.4% span) and large tip gap (larger than 3.4% span). The distinguishing

features of each region are as follows:

(a)

For small tip gap, there exists an optimum tip gap for maximum efficiency,
which is set by the competing effects for loss generation associated with
casing/hub shear (which increases with decreasing gap-to-span ratio) and
mixing out of clearance flow (which decreases with decreasing gap-to-span
ratio). A scaling for optimum tip gap has been established and shown to
be able to satisfactorily quantify the value of the optimal gap. The scaling
delineates the parameter values (e.g. Reynolds number, operating points,
stage aerodynamic and geometrical characteristics) that mark the change
in behavior of efficiency variation with gap-to-span ratio and compressor

operating points.

For medium tip gap, the efficiency variation with tip clearance is found
to be in accord with Denton’s tip leakage mixing model. The efficiency
increases approximately on a linear basis when tip clearance decreases and
the dominant flow process responsible for the change in efficiency in this
tip gap range is the mixing out of tip leakage flow. For the embedded
compressor stage assessed here, there is approximately 1 point efficiency

benefit for every 1% span decrease in tip gap size.

For large tip gap, the efficiency sensitivity to tip gap is reduced. When

tip clearance increases, the blade tip peak loading and thus the tip leak-
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age flow formation are aft-shifted toward trailing edge. This reduces the
opportunity for the mixing out of the tip flow in rotor passage (and the
tip flow induced flow blockage and loss production as well) so that the
tip leakage flow can remain relatively unmixed at the rotor exit. As such
the rotor efficiency would become less sensitive to tip clearance variation
beyond a critical gap value set by two competing effects in loss generation:
an increase in tip leakage mass flow rate associated with increasing tip gap
and a decrease in tip flow mixing loss due to blade tip being aft-loaded as

tip gap increases.

2. For rotor design with its tip peak loading located in the immediate blade leading
edge region, the assumption that the mixing-out of tip flow is complete within
the rotor passage is a good approximation; for this situation Denton’s tip leakage
mixing model is applicable. However, for rotor design with aft-loaded tip, there
is less opportunity for the tip flow to realize its mixing-out loss generation
potential, therefore Denton’s model is not applicable here because of its inherent

assumption of instantaneous mixing of tip leakage flow with main flow.

3. For large industrial gas turbine compressor with Reynolds number 2 x 10° to
7 x 109, the blade surface boundary layer is relatively thin and robust. So, the
dominant source of flow blockage and loss generation is the leakage flow. There-
fore, to reduce compressor performance sensitivity to clearance gap variation,
the compressor stage design should be such that rotor is tip aft-loaded and hub
fore-loaded while stator is tip fore-loaded and hub aft-loaded as much as it is
feasible so as to reduce the opportunity for blade clearance flow induced loss and
flow blockage generation. This would also create an environment for maximizing
the benefits of reversible work from unsteady effects through the downstream
blade-row in attenuating the wake-like clearance flow. It is hypothesized that
the overall performance benefit can include compressor performance enhance-
ment as measured in terms of efficiency, pressure rise capability, broadening of

useful operating range and of island of peak efficiency.
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4. Preliminary assessment of the proposed design strategy shows that with tip
aft-loaded rotor blade design, the tip leakage flow formation and mixing out
process are delayed; however, it has been observed that flow begins to separate

on the rotor trailing edge suction side.

(a) It can thus be inferred that there should be an optimum blade loading
design that minimizes the total loss from mixing-out of leakage flow (which
decreases when aft-load rotor tip/stator hub) and from flow separation on
the suction side of the rotor tip/stator hub trailing edge (which increases
when aft-load rotor tip/stator hub). The former benefits from reduced
mixing out of tip leakage flow in the rotor passage as well as subsequent
tip flow attenuation in the downstream stator. The latter loss penalty can

be mitigated through an unsteady process analogous to wake attenuation.

(b) There is a 0.2 point efficiency benefit when the rotor blade tip peak loading
is aft-shifted by 4% chord for 1.7% span tip clearance.

6.3 Future work

The work presented in this thesis is based upon a single-stage calculation. However,
the proposed design guideline is best exploited in unsteady multi-blade-row environ-
ment for a high-performance multi-stage compressor representative of next generation
design. Thus, it is recommended that for future work, the effects of the proposed de-
sign strategy in multi-stage environment should be assessed (e.g. rotor-stator-rotor
or 2-stage unsteady flow computation).

Based upon the results presented in Chapter 3 and 4, a hypothesis on compressor
stage design guideline (for an overall compressor performance enhancement in terms
of efficiency, pressure rise capability, robustness to end gap variation and potentially
useful operable range broadening) has been formulated. Chapter 5 presents the pre-
liminary assessment of the hypothesis in terms of the benefit of the proposed redesign

on compressor efficiency improvement at design point. In other words, only one as-
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pect of the hypothesis has been assessed. The next follow-on research should thus
consist of the following assessments of the proposed compressor design strategy: (1)
assess the extent of performance robustness (i.e. efficiency retention) to blade end
gap variation, (2) determine and quantify the achievable broadening of the useful
operable range, (3) determine and quantify the extent of operating range over which
the retention of near design point efficiency is achievable (i.e. nearly flat efficiency
trend with corrected mass flow) , (4) use (1) to (3) to establish the criteria for the
optimum blade loading design (i.e. the location of the blade tip peak loading and the
spanwise-extent of the aft-loaded region), and (5) synthesize results in (1) to (4) to
delineate the attributes of multistage compressor design to enable retention of effi-
ciency with blade end gap variations and operating point as well as maximizing useful

operable range and island of peak efficiency.
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Appendix A

The change in the circumferential
averaged entropy profile between
rotor trailing edge and stator

leading edge.

Figure 3-19 shows a decrease in circumferential-averaged local entropy near the casing
from rotor trailing edge to stator leading edge. This may seem at first counter-intuitive
as global entropy actually increases from rotor trailing to stator leading edge due to
the mixing loss. In this appendix a simple model is shown to rationalize the possible

drop in local averaged entropy with an increase in global entropy.

Tip leakage flow region consists of low-pressure, low-axial velocity and high-
entropy fluid, while the main flow consists of high-pressure, high-axial velocity and
relatively low-entropy fluid. However, due to entrainment, a part of the fluid from
the main flow will move into the tip leakage flow region similar to a simple model

depicted in figure 1.

Assuming that the entropy generation (i.e. that from the mixing of two streams)

is confined within section 1, the specific entropy remains constant throughout section

105



1 _—
S1i = R LTI

S,

2eV 2e

Figure A-1: Model of an evolution of the local averaged entropy in a passage.

2 (89; = s2¢) and the balance of entropy flux yields

1381 + 252 + M1eSgen = M1eS1e T T2eS2 (A.1)

Note that in this appendix, m represents mass flow rate (i.e. m).

Let m, be the mass flow from section 2 to section 1 due to the pressure gradient.

Thus, by continuity

Mie = My + M (A.2)

Mge = My; —~ My : (A.3)

Equation A.1 then becomes

mlisli + mlesgen = mlesle - m052

mli_‘_sgen_il_e_ mcS_Q
M1, 514 S1i Mie 514

Sie -1 M Sgen + mc 5_2

+ -
813 Mie S14 Mie S14
S1e Sgen mc So
=14+ (= -1) (A.4)
S14 814 Mie S1i

Therefore, the circumferential averaged of the entropy in section 1 can decrease

(Le. &1 <1) if and only if
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Vi|imy s | Vo | e | 82| e
Casel | 1 1 3 2 2 11]0.1
Case2 | 1 | 1 | 3| 2 2 | 11]05
Case3 |50 |50 | 31150150 | 1 | 25
Table A.1: Case examples.
EWYE B
814 Mye  S1i
Sgen o Meq 52 (A5)
S1 My 814

In other words, if the contribution of the entropy generation or the loss due to the
mixing between the two streams is small enough (or approaching zero for streamline
deviation assuming no mixing), then the local averaged entropy of section 1 with
high-entropy inflow can decrease while the local averaged entropy of section 2 remains
constant. A simple example is shown in Table A.1.

Now, assuming that the injected mass flow m, is small compared to the main
stream m, and the stagnation temperature of the main stream and the injected stream
are the same, the maximum entropy generation due to the mixing of the two streams

can be approximated using equation 22 in Denton [8]:

Sgen = e (VE —WViVacosa) (A.6)

Mie

For maximum mixing loss, let & be 90 degree, then the left hand side of equation

A .5 becomes

me V2
Sgen - miel " 1 (A 7)
813 S1;

Let the temperature be 300 K and assume that all the mixing loss is realized (i.e.
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. Sgen Me 352
m 2ge Me (] — 52
le S1 Mie S14

Casel] 1.1 | 1x10* 0.06
Case2 | 1.5 [3.7x 1074 0.22
Case 3| 75 0.93 0.22

Table A.2: Examples on the change of the local averaged entropy in a passage.

the mixing of the flow in section 1 is completed), then the values of the left hand
side and the right hand side of equation A.5 are shown in table A.2. Because in Case
1 and 2 the right hand side is larger than the left hand side, the drop in the local
averaged entropy in section 1 due to streamline deviation is greater than the entropy
generation in section 1 due to the mixing of two streams. Thus, the local averaged
entropy in section 1 will decrease toward downstream. On the other hand, in case 3,
the increase in entropy from the mixing process is higher than the decrease in the local
averaged entropy due to streamline deviation. This implies that the right hand side of
equation A.5 can be greater or smaller than the left hand side, depending on the inlet
flow conditions as well as the completeness of the mixing out of the two streams. In
other words, even with additional loss due to mixing (and entropy increases globally),
local averaged entropy can either increase or decrease.

In the entropy profiles for 1.7% span and 5% span tip gap shown in Figure 3-
19, the circumferential-averaged local entropy decreases from rotor trailing edge to
stator leading edge. There is no additional loss from tip leakage flow formation, as
opposed to inside the rotor passage. The entropy generation due to the mixing of
the tip leakage flow with the main flow in the space between the rotor blade and the
stator blade in this stage is smaller than the drop in the local circumferential averaged
entropy due to streamline deviation (driven by the pressure difference between the
high-pressure main flow and low-pressure leakage flow region). Thus, even though
the global entropy increases from rotor trailing edge to stator leading edge due to the
mixing, the local averaged entropy near the tip can drop.

However, it should be stated that the main purpose of Figure 3-19 is rather to
show that the mixing out of the tip leakage flow of 1.7% span tip clearance is more

completed within the rotor passage than that of 5% span tip clearance. As shown in
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Figure 3-19, the entropy profile near the casing no longer signigicantly changes from
rotor exit (sliding plane) to stator leading edge for 1.7% span tip clearance, compared
to 5% span tip clearance. This indicates that the mixing out process of the tip leakage

flow is still significantly carried out downstream of the rotor for large tip gap.
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