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Abstract

Keywords: axial compressor design, hub leakage flows, aerodynamic losses

Choosing the stator hub design is one of the most important decisions in the early
design phase of an axial compressor. Two different designs have been successfully
employed over the last decades: cantilevered and shrouded. They strongly affect the
flow field and produce losses in different ways. In this study, a thoughtful analysis of
the impact of the stator hub configurations on the aerodynamic performance for two
different multi-stage subsonic axial compressors is carried out: a 4-stage low-speed
and a 5.5-stage high-speed one. Both compressors have been studied when equipped
with both cantilevered and shrouded vanes. The two main goals are to better under-
stand the impact of the stator hub architecture in a multi-stage axial configuration

and indicate how to achieve an optimum machine featuring shrouded stators.

For the 4-stage low-speed compressor, for which experimental data was already
available, the analysis focused on the stage matching and aerodynamic loss genera-
tion and propagation when the third stator hub configuration was locally changed
from cantilevered to shrouded. The results showed, that when the design of the
fourth rotor is kept unchanged and not tailored to the exit flow of the upstream
stator, the impact of the third stator hub configuration on the aerodynamic perfor-
mance is drastically high for the downstream fourth rotor and unexpectedly low for

the downstream fourth stator.

For the 5.5-stage high-speed compressor, the design of the first four stators was
changed from cantilevered to shrouded. For both configurations, first the regions of
higher losses and the stall mechanisms were investigated. Then a sensitivity analysis
was performed on a reduced model to assess how the losses depend on some selected
design parameters: clearances, degree of reaction, and stator hub camber line style in
the hub region. The results of the sensitivity study were used to design two improved
configurations featuring shrouded stators: one with a greater stall margin and one
with reduced sensitivity to radial clearances. Additionally, generic recommendations
were derived, that designers can use to identify an optimum configuration of a multi-

stage axial compressor featuring shrouded stators.
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1 Introduction

Gas turbines play a major role in generating secure, affordable, and environmentally
sustainable power. They are extensively used for a wide spectrum of applications,
which include aircraft and ship propulsion, and electric power generation for land
and offshore platforms. Gas turbines are able to match the specific requirements of
efficiency, reliability, quick start-up, flexibility, and environmental compatibility for

each of these applications.

The design of a gas turbine needs to take into account different engineering fields,
such as aerodynamics, heat transfer, solid mechanics, vibration, system control, ro-
tordynamics, and combustion. Over the last decades, the introduction of high speed
computers and modern numerical methods of calculation have facilitated the impro-
vement of the understanding of the flow physics underlying the gas turbines, thus
allowing the design of more efficient gas turbines. One major advantage of numerical
studies in comparison with experimental investigations is that they allow quick and
cheap modifications of the geometry. The understanding of the flow phenomena in
the compressors has been fundamental to obtaining a sufficiently high pressure ratio,
which is of significant importance in the performance cycle and plays a major role

as the temperature at the exit of the combustion chamber does.

As stated by Schobeiri [2], the major aerodynamic losses in a turbomachine are pro-
file loss, secondary flow loss, exit loss, loss due to trailing edge thickness, and loss
due to the trailing edge mixing in cooled gas turbine blades. Nowadays, one of the
main challenges in compressor design is the reduction of the losses in the endwall
regions, which are the most important but unfortunately the least well understood
parts of compressor flow [3]. For the stator hub configuration, there are two endwall
designs that have been used over the last years in industry: shrouded and cantile-
vered. Both configurations work efficiently, each having its merits and disadvantages
depending on design requirements and choice of aerodynamic loading within the
compressor. The aerodynamic characteristic of the machine is strongly affected by
the stator hub configuration. The studies of the aerodynamic performance carried
out by Jefferson and Turner [4], Freeman [5], Heidegger et al. [6], Swoboda et al. [7]
and Yoon et al. [8] showed, that the effect of the stator hub configuration strongly
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depends on the flow details of the specific case, which may be determined by gas
path geometry, blading style or even compressor physical size. The choice between
shrouded and cantilevered stator hub configuration has to be made during the preli-
minary design of a compressor in order to set the mechanical arrangement within the
overall component design process. Indeed, this choice is generally based on mecha-
nical considerations [9]. Additional factors such as weight, life, and cost play a role
in determining the stator hub configuration choice for a specific compressor design.
A cost reduction of up to 12% for each stage can be gained by using cantilevered
stators, as estimated by Campobasso et al. [10]. Beyond this, it may be required
to implement cantilevered stators in one section of a compressor and shrouded sta-
tors in another adjacent section. A significant advantage of the shrouded stator is,
that vibration problems can be more easily reduced or eliminated [3]. Furthermore,
the performance of the shrouded configurations strongly depends on the seal used
and, in recent years, different kinds of seal technology have been developed, such as
the hydrostatic advanced low leakage (HALO) seals [11], which allow designers to

strongly reduce the amount of leakage flow.

In the present study, two multi-stage subsonic axial compressors, a low-speed and
a high-speed, were investigated. For both machines, a configuration with cantilever-
ed stators and one featuring at least one shrouded stator were considered. Firstly,
the effects of the two stator hub configurations on the aerodynamic performance,
in terms of loss and efficiency, were deeply investigated using these two multi-stage
arrangements. Additionally, for the high-speed compressor, a sensitivity analysis was
performed to quantify the impact of selected geometric parameters, which are the
clearance size, the degree of reaction, and the camber line style in the stator hub
region. The results were used to design two enhanced shrouded configurations with
improved aerodynamic performance compared to the original cantilevered configu-

ration and to derive indications for axial compressor designers.

The structure of the work is the following: chapter 2 introduces the state-of-the-art of
the stator hub designs. Chapter 3 deals with the numerical and experimental investi-
gation of the low-speed research compressor (LSRC), aimed at analysing the impact
of the stator hub flow leakage in a section of the machine featuring a change of sta-
tor hub configuration. Chapter 4 is entirely dedicated to the high-speed compressor
(HSC). Firstly, the entire 5.5-stage model is numerically investigated by considering



the baseline cantilevered configuration and two shrouded configurations, achieved
by changing the stator hub design of the first four vanes. The two shrouded con-
figurations differ because of the clearance level used for the stators. Successively,
the best parameters of the machine are determined starting from a parametric ana-
lysis performed on a reduced model. The results of the parametric study are used
to design two improved shrouded configurations and to provide recommendations
for identifying the optimum design parameters of a multi-stage axial compressor. In

conclusion, chapter 5 gives a summary and overview of the work.

The results presented in this work originated from a three-years research project of
collaboration between Siemens Energy AG and the Department of Turbomachinery
and Flight Propulsion of the Technische Universitdt Miinchen as part of the joint
research Flexi Verdi in the framework of AG Turbo. The work was supported by the

“Bundesministerium fiir Wirtschaft und Technologie”.






2 Literature review

This chapter provides a review of the current understanding of the impact of the
stator hub architecture on the aerodynamic performance of a multi-stage axial com-
pressor. Firstly, the key role of the efficiency and the evaluation of the losses in
turbomachinery are introduced. Then, the leakage flows associated with the two
stator hub configurations, cantilevered and shrouded, and their state-of-art are re-

viewed. In conclusion, the motivation for the work is illustrated.

2.1 Losses in turbomachinery

Efficiency is one of the most important parameters for most turbomachines, in par-
ticular for gas turbine engines, since a small change in efficiency causes a large
proportional change in power output and/or fuel burn. Increasing the efficiency of
a turbomachine is extremely complex, as many factors play a role. The origin and
effects of loss of efficiency in turbomachinery have been intensively studied over the
last years. Denton [12] has highlighted the importance of focusing on the identi-
fication of the physical origin of the losses rather than using prediction methods.
Indeed, nowadays the loss mechanisms in some regions of the machine, such as the
endwall regions, are still not fully understood [3], and in practical applications the
performance predictions are very often based on correlations, which are empirically

tuned by each manufacturer to match the predictions of existing machines.

Over the last decades, different loss coefficients have been defined. They result in
the same value if the relative Mach number is lower than 0.3 [12] and there are no
moving endwalls relative to the aerofoil, i.e. the casing moves relative to the rotor
and the hub moves relative to the stator. For a higher relative Mach number, or when
the configuration includes rotating endwalls, the loss coefficients can be expected to

show a different trend.
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The loss coefficient based on the stagnation pressure, defined as:

e = P, (2.)
is probably the most conventional loss coefficient as well as the easiest to calcula-
te. Despite that, the entropy change based loss coefficient is a more accurate loss
coefficient for adiabatic machines. A change of isentropic efficiency can indeed be
caused by both heat transfer across temperature differences and irreversible flow
processes, such as viscous friction in the boundary layers of mixing processes, or
non-equilibrium processes, e.g. shock waves. Since turbomachinery can be mostly
approximated as adiabatic, the change of isentropic efficiency is directly propor-
tional to the entropy generated by every irreversible process in the machine. The

entropy change based loss coefficient is defined by Yoon et al. [8] as:

Tt,out _ Pt out
((cpln Ty im Rin Brin )/R)

(2.2)

gentropy =1~

Since the entropy is independent of the reference system, the change of entropy for

each row can be summed up to calculate the entropy change of the whole machine.

The choice of the most suitable loss coefficient is very important and, if inaccurate,
may result in misleading conclusions as pointed out by Yoon et al. [8]. They nume-
rically investigated, through detailed 3D Reynolds-Averaged Navier-Stokes (RANS)
calculations, in which the rotating surfaces of the leakage path were fully resolved,
a cantilevered and a shrouded stator vane with the same level of clearances by con-
sidering both the stagnation pressure based loss coefficient and the entropy change
based loss coefficient. They observed that the two loss coefficients give opposite re-
sults, the cantilevered design being the one with reduced stagnation pressure loss,
and the shrouded design being the one with lower entropy based losses. This is be-
cause the entropy change based loss coefficient includes the work input and takes
into account the energy added by the rotating surfaces, which is different for the
two stator hub configurations. The relative rotation between the stator and the hub
imparts energy to the hub flow for the cantilevered stators, whereas the rotating
inner leakage surface imparts energy to the seal cavity leakage flow for shrouded

stators. When performing 3D RANS calculations, in which the leakage paths and
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the associated rotating surfaces are modelled, it is essential to take into account the

different impact of the rotating surfaces for the two stator vane designs.

2.2 Stator hub designs

In the preliminary design of an axial compressor, one of the key decisions to be
made is the stator hub architecture. In Figure 2.1, a schematic sketch of the two
stator hub configurations is given. For the cantilevered stator hub configuration,
shown in Figure 2.1(a), the vane tip is extended toward the hub while maintaining
a reasonable gap between rotating and stationary parts. The leakage flow is driven
by the circumferential pressure difference between the pressure side (PS) and the
suction side (SS) of the stator vane, in the gap between the stationary vane and the
rotating hub. For the shrouded design, shown in Figure 2.1(b), an inner shroud is
attached to the stator vanes to ensure a better seal of this gap with a corresponding
increase of aerodynamic efficiency. Due to increasing pressure in the axial direction,

the leakage flow recirculates through the seal leakage path.

The cantilevered design normally requires an increased level of clearance or hub sur-
face roughness in comparison to the shrouded stator design to prevent damages to
the stator caused by the rotor spool [8]. For the cantilevered stator design there is
indeed generally more concern, in terms of possibility to have contact between the

stationary and the rotating part. The effect of having larger clearances or roughness

a) Cantilevered b) Shrouded

Figure 2.1: Stator hub configurations
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is negative in terms of efficiency but, on the other hand, the cantilevered design
allows smaller axial gaps between the rows. This has a positive impact on efficiency,
as it reduces the wetted surface, allows shorter and lighter compressors, and may
recover some of the wake region losses as demonstrated by Smith [13]. The shrou-
ded design allows reduced radial clearances in comparison with the cantilevered one;
however, additional leakage flow may occur in the circumferential segments. Fur-
ther advantages for the shrouded design are that the pinned hub reduces the risk
of vibrations, thereby allowing the aerofoils to be thinner than their cantilevered

counterparts.

As the cantilevered stator vane is easier to manufacture, the cost is generally lower.
Campobasso et al. [10] observed that the stage cost is reduced by circa 12% if
cantilevered stators are used. For the shrouded design, not only the manufacturing

costs per vane are increased, but also the weight and the radius of the stator vane.

Sealing technology

The kinds of sealing used for the shrouded design can be very different. Traditionally,
labyrinth seals and flexible brush seals have been used in turbomachinery, whereas

HALO seals are a more recent and innovative sealing technology.

The first studies on labyrinth seals, schematically shown in Figure 2.1(b), were con-
ducted starting from the 1940s and 1950s. More recently, Denecke et al. [14] expe-
rimentally investigated the performance of labyrinth seals, concluding that they are
inexpensive and robust against changes in the flow field [11]. The main disadvantage
of labyrinth seals is the requirement for a certain gap between the seal and the rota-
ting counter-part to prevent rubbing and structural damage. The gap can, therefore,
not be chosen to be arbitrarily small, which limits its ability to reduce leakage. A
possible solution is to apply comparably soft liners as the honeycombs, which not
only reduces the damage caused by the rotating part during rubbing, but also the
heat input [15].

A different kind of seal is the flexible brush seal. Flexible brush seals consist of a

flexible bristle package placed between a backing plate and a front plate. They have
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the advantage of requiring only a very small gap between the bristle package and
the rotor, thus allowing a reduced leakage mass flow. This small gap can be achieved
without severe risk of detrimental deterioration in case of rubbing due to the radial
flexibility of the bristles. Additional advantages are reduced weight, reduced axial
mounting space [16], and improved rotor dynamic characteristics. The rubbing that
is tolerated, however, increases the local heat in the rotor structure, which leads to
wear and increases the drag torque. To reduce these negative effects, Delgrado et al.
[17] and Andrés et al. [18] used a hybrid brush called “floating shoes”.

In recent years, novel adaptive seal designs have been developed, called HALO seals,
to reduce the leakage mass flow significantly, especially during part-load operations.
Both axial and radial movements, triggered by the pressure ratio, can be achieved wi-
thout any wear, ensuring superior seal performance for various operating conditions

maintained over a long life-time [11].

2.3 State-of-the-art of the stator hub configurations

The effect of the stator hub configuration on aerodynamic performance has been
the focus of many studies over the last decades. Jefferson and Turner [4], in 1958,
conducted one of the fist studies, which highlighted the influence of the shroud lea-
kage in multi-stage axial compressors. They experimentally investigated a six-stage
compressor ring equipped with shrouded and cantilevered stator hub configurations.
Their results showed that the shrouded configuration had lower efficiency and a re-
duced stall margin in comparison to the cantilevered one. However, the designs used
for the stator and for the cavity are not representative of a typical design employed

nowadays.

In the 80s, two important studies were published on this topic. In 1985, Freeman [5]
pointed out that the optimum design depends on the ratio of clearance and flow area.
His measurements led to the conclusion that, for a specific blading, the shrouded
design has improved performance with respect to the cantilevered one if the leakage
area is larger than 2.5 % of the flow area. Wisler [9], in 1988, observed that the

aerodynamic performance of well-designed shrouded and cantilevered stators are
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comparable, and that the decision about the stator hub design has to be based
on mechanical considerations rather than aerodynamic ones. Despite that, in the
middle of the 90s, two major studies were conducted by Heidegger et al. [6] and
Wellborn and Okiishi [19] to further analyse the effect of the two stator designs on

the aerodynamic performance.

In the work of Heidegger et al. [6], the flow through an axial compressor inner banded
stator seal cavity was numerically investigated when the seal cavity flow path and
the main path were simulated simultaneously. One of the most significant discoveries
made through this study was that the tangential velocity and the total temperature
for the leakage flow through the seal cavity greatly increased. Due to the fact that the
leakage flow exiting the cavity re-enters the main path, immediately upstream of the
stator aerofoil leading edge, with a higher tangential velocity than the main flow, the
flow incidence of the stator vane is larger close to the hub compared to the mid-span,
causing a region of separate flow on the suction surface of the stator aerofoil near
the hub. The authors observed that the injection of this high tangential-moment
seal cavity leakage flow needs to be taken into account in the stator design [20].
Other interesting discoveries are linked to a better description of the flow structure
inside the seal cavity, such as the vortices existing in both the seal cavity tranches
connecting the main flow path and the cavity, driven by the main passage flow and
the leakage flow. Additional findings are the fact, that the pitchwise distributions
in the tranches are affected by the stator passage flow-field only in the -10% of
the stator span, and the mixed positive and negative radial flows at the interface
between the main path and the seal cavity. Indeed, although the majority of the
fluid enters the seal cavity downstream of the stator vane and exits upstream, the
regions of reverse flow were found both for the upstream and downstream openings.
Upstream, they result from the potential field of the stator vane which forces mass
flow downward into the seal cavity, whereas downstream, positive radial velocities
were observed in the stator vane wake. The work included a parametric study of the
stator seal cavity to quantify the impact of the seal tooth gap, the wheel speed, the
cavity depth, the radial mismatch of the flow path, the axial trench gap, the hub
corner treatment, and the stator land edge treatment. Among them, the size of the
knife seal tooth gap was found to be the most sensitive parameter, whereas many of

these other parameters had very little impact.
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Similar results were achieved by Wellborn and Okiishi [19], who experimentally in-
vestigated the influence of the shrouded stator cavity flow on four stage low-speed
axial flow compressor aerodynamics. They firstly modified all four stators of a multi-
stage axial compressor to quantify the importance of the shrouded stator cavity flows
on the performance the machine. Then they made alterations only to the third sta-
ge cavity flows while the other stages were kept at the baseline configuration. This
allowed them to describe how shrouded stator cavity flow affects the aerodynamic
performance of an embedded stage. Also, the flow-field within the shrouded stator
cavity was investigated through detailed pressure and velocity distributions. They
observed that although the gap size did not alter the stall margin, the increasing
labyrinth seal-tooth leakage degraded compressor performance: an efficiency degra-
dation of 1% and a penalty of 3% in the pressure rise was found for each percent
increase in the seal clearance. In a multi-stage arrangement, overall performance is
affected both directly and indirectly by the leakage flow; the stator row, in which
the leakage occurred, is directly spoiled in the near-hub region by leakage flow, whe-
reas the performance of the downstream stage is influenced by the altered inlet flow
condition caused by the leakage flow in the upstream stator. Consequently, there is
a compound effect caused by individual leakages occurring; the leakage flow and the
loss distributions, as well as the stage matching, are altered and increasingly cause
deviation from the design intent along the flowpath of a multi-stage compressor.
The downstream rotor, in fact, does not tend to heal the maldistributed incoming
flow near the hub, so the flow distribution into the next stator is also modified by
providing a higher incidence near the hub. They emphasized that not only the sta-
tor row in which leakage occurs should be taken into account in the design phase
of a multi-stage axial compressor, but also all the downstream blade rows should be
considered. Furthermore, they observed that the flow within the cavity experiences
spatial and temporal variations, some due to the upstream potential flow field influ-
encing the next downstream blade row. In a different study, Wellborn and Okiishi
[21] used numerical simulations to resolve details associated with the interaction
between the primary and cavity flows. The results indicate that the fluid originating
in the stator upstream cavity collects on the suction side when the cavity tangential

momentum is low, but the fluid collects on the pressure side when it is high.

A higher stall margin but reduced work coefficient and efficiency resulted for the
cantilevered build both in the studies conducted by Swoboda et al. [7] and Cam-
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pobasso et al. [10], in which a multi-stage low-speed axial compressor, configured
with both cantilevered and shrouded stators, was investigated. The experiments of
Swoboda et al. [7] focused on the hub clearance vortex of the cantilevered build.
They proved that the higher stall margin for the cantilevered configuration is cau-
sed by the hub clearance vortex, which removes separation regions on the hub, thus
stabilizing the flow field because it acts against to the secondary flow in the pas-
sage. The stabilizing effect of the hub clearance vortex in the hub region reduces
the stator losses for the cantilevered build. Campobasso et al. [10], by performing
both numerical and experimental investigations, proved that a steady Navier-Stokes
solver is able to predict correctly the local details of the flow field in a multi-stage
arrangement. They stated, that the choice of the stator hub is mostly determined
by mechanical and economic aspects rather than aerodynamics ones. Indeed engine
direct operating and maintenance cost, as well as manufacturing cost of a shrouded

stator stage can be up to 10% higher than for a cantilevered one.

For shrouded compressor stator vanes, the tangential velocity of the leakage flow
within the seal cavity is determined by the combination of tangential momentum of
the passage flow entering the seal cavity via the downstream trench and the relative
motion of the rotating hub endwall. The influence of the tangential velocity of the
shrouded cavity on aerodynamic performance was deeply investigated by Demargne
and Longley [22] and Sohn et al. [23]. Both studies showed, that increasing the
tangential velocity has the effect of increasing the overall efficiency. Demargne and
Longley [22] studied the proprieties of the flow at the interface between the cavity and
the main path in a linear cascade by independently varying the two main parameters
controlling the interaction of shroud leakage and mainstream flows: leakage mass flow
and tangential velocity. Also, they used separate upstream and downstream slots to
simulate seal effects in a linear compressor cascade. They observed, that increasing
the leakage mass flow rate has a detrimental effect on the aerodynamic performance,
but increasing the cavity tangential velocity improves the performance of a stator
row. The impact of increasing the leakage mass flow was expected, but the impact of
increasing the tangential velocity highlighted new information. When the tangential
velocity of the flow in the cavity is increased, the stator vane stagnation pressure
loss decreases and the flow turning increases. At low cavity tangential velocity, the
leakage flow tends to strengthen the hub endwall secondary flow and to increase

the hub corner separation. As the tangential velocity approaches the wheel speed,
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the performance of the stator vane becomes largely insensitive to the amount of
flow leaking from the shroud cavity and, for tangential velocity above the freestream
values, the surplus tangential momentum of the leakage flow weakens the endwall
secondary flows and reduces the hub corner stall. The effects of the change in cavity
tangential velocity are not confined to the hub region, but affect the distribution of
blockage, flow turning, and loss across the entire span. Sohn et al. [23] focused on the
influence of the tangential velocity variation on the axial evolution of loss generated
by the leakage flow in the shrouded cavity and the vane passage. Their results show,
that increasing the tangential velocity of the leakage flow reduces loss by 10% to
50% for the chordwise locations in the passage and spreads the loss core, originally
concentrated in the suction side hub corner, in the pitchwise direction. The increase
of tangential velocity of the leakage flow also makes the near hub passage flow more
radially uniform, reducing the shear and resultant mixing loss between the passage
and leakage flows near the hub. However, as observed by Ozturk et al. [24], a higher
cavity tangential velocity increases the windage heating that affects the compressor

efficiency.

Kim et al. [25] have studied the streamwise evolution of loss within a shrouded
stator vane passage. They investigated a linear shrouded compressor cascade with
an actual seal cavity, that employed a secondary flow loop to vary the leakage flow
tangential velocity in the seal cavity. They observed, that the low momentum fluids
continuously move towards the vane suction side near the hub endwall, because of
the cross-passage pressure gradient. The losses successively increase until they reach
the upstream edge of the downstream cavity trench, then they decrease because the
cavity ingests high-loss fluids. Downstream of the cavity, the loss again begins to

increase due to the wake shed from the vanes.

Recently, Lange et al. [26] investigated a four-stage axial LSRC using both cantile-
vered and shrouded stators on stage three and leaving the other stages unchanged.
The aim of the work was to compare these two design philosophies under rear sta-
ge conditions, so the investigations were done within the third and fourth stage of
the compressor. Tests were conducted at four different hub gaps for the cantilever-
ed and three seal gaps for the shrouded. They observed that the shrouded vanes
are more sensible to sealing clearance than cantilevered. At the design point, the

shrouded performs better than the cantilevered for clearances less than 1.5% of the

13



2 Literature review

span, whereas near the stall, the cantilevered performs better for all the clearances
considered. However, an extensive hub corner separation was found on the suction
side of the shrouded stator even at the design point and with the smallest clearance.
When the clearance increases, the hub corner separation greatly increases and for
the larger clearance, it covers nearly the whole pitch and one third of the span. The
authors explained, that the large corner separation even at the smallest clearance
was a result of the large inlet blockage near the hub, which occurs due to the first
and second stator hub clearances, or the unconventional design of the cavity with a

fairly large mass flow recirculating through it.

Yoon et al. [8], while systematically investigating how the stator hub configuration
and the stage design parameters affect the hub leakage losses across the stator,
explained the higher sensitivity to the clearance observed by Lange et al. [26] for the
shrouded configuration in comparison with the cantilevered one as a consequence of
the single seal shroud employed. They in fact showed, that the use of multiple seals

desensitize the aerodynamic performance as the seal clearance increases.

Yoon et al. [8] demonstrated that the hub leakage loss depends on the stage design
parameters by using a simple analytical model for leakage flow, only including the
aerodynamic losses directly attributable to the leakage flow and to the mixing with
the main flow. In particular, for any given flow coefficient and work coefficient, the
choice of the degree of reaction was found to be critical. An increase of the degree
of reaction improved the efficiency of both the shrouded and the cantilevered con-
figurations, but mostly of the shrouded. This is a consequence of the fact that, for
the shrouded configuration, the increased degree of reaction has two positive effects:
it decreases the pressure rise across the stator, consequently decreasing the leaka-
ge loss, and it decreases the kinetic energy at the stator inlet. For the cantilevered
configuration, instead, there are two competing mechanisms: the positive effect cau-
sed by the kinetic energy decrease at the stator inlet is countered by the negative
effect of an increased circumferential pressure difference between PS and SS when
the pitch-to-chord ratio remains unchanged. For the cantilevered configuration, the
pitch-to-chord ratio is very important, as it affects both the vane loading and the
fraction of the leakage area. Increasing the pitch-to-chord ratio generally increases
the hub leakage loss for a cantilevered case. Comparing the cantilevered and the

shrouded design there is a break-even degree of reaction for which the shrouded con-
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figuration performs better. However, the performance of the shrouded configuration
can be improved by increasing the number of seals and, for an adequate number of
seals, the shrouded design always performs better than the cantilevered one. Addi-
tionally, the aerodynamic efficiency of the shrouded stator design is larger for a high
degree of reaction. Therefore, a very effective way to increase the efficiency across a
shrouded stator consists of combining a high degree of reaction with a multiple seals
shroud. However, the blade loading across the rotors as well as the Mach number
at the rotor inlet tends to increase when the degree of reaction is increased, thus
resulting in higher rotor tip leakage loss and profile loss. For a low degree of reaction,

the cantilevered configuration performs as efficiently as the shrouded one.

2.4 Motivation of the work

The choice of the optimum stator hub design is nowadays still very complicated, as
the effect of the stator hub configuration strongly depends on the specific flow field
being considered. However, the recent development in high performance computers
has facilitated deep investigations of the flow field in a turbomachine configured with
shrouded stators. This allows engineers to simulate detailed Computational Fluid
Dynamics (CFD) models, in which the cavities are entirely recreated, thus avoiding
the need for leakage models, and their effect on aerodynamic performance is fully
considered [27].

In this work, detailed numerical studies are conducted with two major objectives.
The first one is to better understand the impact of the stator hub architecture in
a multi-stage axial configuration. In the past, many studies, such as Wellborn and
Okiishi [21], have shown, that not only the stator row that is changed, but also all
the downstream blade rows should be considered in the design phase of a multi-stage
axial compressor. However, there is hardly anything published in the open literature
on how the stator hub configuration affects the flow field of downstream stages in
multi-stage axial compressors by investigating in detail the aerodynamic losses and
efficiency for each downstream row. The impact of the stator hub on loss generation
and transmission in a multi-stage machine is considered for two different subsonic
multi-stage axial compressors: the LSRC and the HSC one. For the LSRC compressor

only the third stator is altered from cantilevered to shrouded, whereas the other
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rows are left unchanged. The data generated by CFD simulations are firstly verified
against the experimental (EXP) data, then used to go further into detail in those
regions of interest in which experimental data could not be gathered or was simply
not available. For the HSC, the first four stators are equipped firstly as cantilevered
and then as shrouded. For both machines, the study of the loss generation and
transmission is conduced by considering one baseline cantilevered configurations, in
which all the stators are configured as cantilevered, and two shrouded configurations,
which differ because of the clearance levels. Indeed, as shrouded stators generally
allow smaller clearances than the cantilevered ones, a fair comparison between the
two stator designs requires reduced clearances for the shrouded stators. Therefore,
we consider a shrouded configuration with the same clearance level employed for the

cantilevered configuration and one with reduced clearances.

The second objective of the work is to determine the specific machine’s best para-
meters for a multi-stage axial compressor featuring shrouded stators. A parametric
study is firstly performed on a reduced model, consisting of 2.5 stages of the original
5.5-stage model. For the reduced model, both a configuration with exclusively shrou-
ded stators and one with only cantilevered stators is considered. The inlet boundary
conditions differ between the shrouded and the cantilevered configurations, and are
derived by simulating the relative stator hub designs for the entire model. The use
of the reduced model allow us to perform a sensitivity study more quickly by spee-
ding up the design process. The parameters investigated are: the clearances of the
gap/sealing, the impact of the degree of reaction, and the impact of the camber
line distribution in the stator hub region. Only for the clearances study both the
cantilevered and the shrouded configurations are considered. Instead, for the degree
of reaction and the stator near-endwall geometry study, only the shrouded configu-
ration is investigated. Successively, the results of the parametric study are used to
design two improved configurations, by combining the best results of the degree of
reaction study and the endwall profile style one. Eventually, indications that desi-
gners can use to identify a good configuration of a multi-stage axial compressor with

shrouded stators are derived.
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3 Validation of modelling a
low-speed multi-stage axial
compressor

In the present chapter!, the impact of changing the stator configuration from canti-
levered to shrouded is investigated in a low-speed multi-stage axial compressor with

respect to stage matching effects as well as loss generation and propagation.

Numerical analysis is carried out on those stator hub clearance settings, which are
particularly relevant for considering the stage-wise effects of shrouded stator clea-
rance change, and for which experimental data is available from the measurements
of Lange [29]. The analysis firstly compares the experimental and numerical results
for the two configurations in order to validate and prove the simulation results in
those planes, for which traverse data is available. Then, the numerical data is used
to further investigate those regions of interest, where experimental data could not be
taken or is simply not available. The polytropic efficiency and absolute total pressure
ratio across each compressor stage are considered. The trend observed is explained
using the radial distributions of the deviation and the diffusion factor, as well as

radial distributions and the 2D contour plots of the total pressure loss coefficient.

This provides an improved understanding of one of those regions in the axial com-
pressor, which, although key to efficiency and stability, is still not fully understood
in the context of multi-stage arrangements. Given the state-of-the-art for the effects
of stator leakage flow in a multi-stage axial compressor, the present study narrowly
investigates the aerodynamic mechanisms involved when the stator hub configurati-
on at a given stage is changed and influences the performance and flow field details

of the downstream stage.

!Part of the content of this chapter is based on the paper “Interacting Effects in a Multistage
Axial Compressor Using Shrouded and Cantilevered Stators”, De Dominicis et al. [28] published
on the Journal of Propulsion and Power, Volume 37, Number 4 on July 2021; reprinted by
permission of the American Institute of Aeronautics and Astronautics, Inc. See appendix D for
more details.
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3 Validation of modelling a low-speed multi-stage axial compressor

3.1 Compressor configurations and experimental data

available

Figure 3.1 depicts the Dresden LSRC investigated in this study. It is a large-scale rig
featuring an inlet guide vane (IGV) and 4 stages, using a repeating stage design, and
running at a nominal rotational speed of 1000 rpm. The LSRC, described in detail by
Miiller et al. [30] and Boos et al. [31], has been in operation since 1995 at the Dresden
University of Technology [32]. The reference blading was designed as a large-scale
model, being representative of the middle/rear stages of a high pressure compressor.
It is built vertically upright to give flow measurements easy access anywhere along
the flow path.

The present geometry was experimentally investigated by Lange et al. [1] to quantify
and describe the effect of increased stator hub clearances for both design options,
cantilevered and shrouded, and provide high quality experimental data for CFD vali-
dation. The experimental study of different clearances, conducted by Lange et al. [1],
focused on the third and fourth vane by using identical rotors and rotor clearances,
and configuring the third stator either in cantilevered or shrouded configuration. For

the cantilevered configuration, all stages were configured with cantilevered stators

IGV + 4 identical stages \
Reynolds Number, rotor inlet, MS, DP 5.7-10°
i
Mach Number, rotor inlet, MS, DP 0.22
st Design Speed 1000 rpm
: ' Mass Flow, DP 25.35 kg/s
Mean Flow coefficient, DP 0.553
Enthalpy coefficient , DP 0.794
Hub diameter 1260 mm
Hub to tip ratio 0.84
Axial gaps between all blade rows, MS 32mm
= E IGV rotor stator
Blade number 51 63 83
Chord length, MS | 80 mm 110mm| 89 mm
5 Stagger angle, MS | 82.8deg| 49.3deg| 64.0deg
TR Solidity, MS 0.941 1.597 1.709

Figure 3.1: LSRC, parameters for the reference building, Lange et al. [1]
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3.1 Compressor configurations and experimental data available

R3 S3 R4 R3 S3 R4

i

a) Increased seal clearance: 3.3% span b) Reduced seal clearance: 1.6% span

Figure 3.2: LSRC, geometry of the cavity for the two shrouded configurations

and four different hub clearance levels were considered. The shrouded configuration
was investigated as a local third stator modification within the 4-stage cantilevered
configuration, at three different seal gaps and rates of seal leakage mass flow through

the cavity. The design point as well as near-stall conditions were analysed.

The cantilevered configuration is composed of an IGV and 4 stages. All the rotors
have a tip gap of 1.25% span, i.e. approximately 1.3% of the chord length, and the
first and second stators have hub gaps of 4.0% span, whereas the third and fourth
stators have a hub gap which varies from 1.5% span, i.e. approximately 2.0% of the
chord length, to 2.5% span, 4% span, and 5% span. For the shrouded configurations,
only the third cantilevered stator was replaced with a shrouded stator including
endwall fillets (radius of approx. 6.7% of span). The cavity, depicted in Figure 3.2,
was chosen to match real design features, and a simple sealing ring was used instead
of the typical labyrinth seal to allow additional measurements through the cavity.
Here, with the aim of quantifying the effects of the seal clearance size, three different
clearances were considered for the shrouded configurations: 1.0% span, 1.6% span,
and 3.3% span. Instead, the hub gap used for the fourth stage was left unchanged and
equal to 5% of the span. The isolated influence of the leakage flow on the third stage’s
performance, when the hub configuration is changed, as well as the influence of the

third stage leakage flow on the fourth stage downstream, can be easily identified
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3 Validation of modelling a low-speed multi-stage axial compressor

efficiency [-]

2 3
t/s [%]

Figure 3.3: LSRC, isentropic efficiency with varying clearances [1]

since only the third stator hub configuration was changed by leaving unchanged the

stages one, two, and four.

Re-configuring the third stator revealed that the shrouded stator is more sensitive to
sealing clearance changes than the cantilevered stator with varying hub clearances.
As shown in Figure 3.3, at the design point the shrouded configuration (S) has higher
efficiency in comparison to the cantilevered (C) only if the clearance is lower than
1.5% span, whereas close to stall, the cantilevered configurations show always higher
performance. Furthermore, the efficiency of the shrouded configuration, both at the
design and near-stall points, strongly decreases when the clearances are increased.
This can be a consequence of the high mass flow rates though the cavity, the high
inlet blockage at the hub, but also, as pointed out by Yoon et al. [8], the geometry

of the cavity with a single seal.

inlet outlet

-
—
—
—
—
—
—
—
—

Figure 3.4: LSRC, geometry of the cantilevered configuration. In orange are shown
the locations of the mixing plane interfaces

20



3.2 Numerical Setup

The blading in a meridional view of the LSRC, shown in Figure 3.4, was employed
to carry out further numerical analysis of this 4-stage arrangement at those stator
hub clearance settings which are particularly relevant for considering the stage-wise
effects of shrouded stator clearance change, and for which experimental data are

available from Lange’s measurements [29].

Table 3.1: LSRC, stator tip levels considered

T/s Name Abbreviation
1.6% | Reduced clearances R
3.3% | Increased clearances 1
5.0% Large clearances L

Table 3.1 reports the different clearance levels investigated. For the cantilevered
configuration, the hub gap of 5.0% span for the third and fourth stators was selected,
whereas for the for the shrouded configurations, in order to quantify the effects of the
seal clearance size, the two different clearances shown in Figure 3.2 were considered
for the third stator: firstly a 3.3% span; then the seal clearance was reduced to 1.6%

span.

3.2 Numerical Setup

The aerodynamic predictions for the cases described in this study were obtained
using the DLR’s CFD code TRACE [33], which solves the compressible three-
dimensional Navier-Stokes equations in a rotating frame of reference:

0Q oF oG 0H [0F, 0G, 0H, .

o ot Lo _ . 1
5 T ag T an T o % T on T e +5 (3.1)

The solution vector is Q = %[p, pu, pv, pw, pE)T, whereas the specific relative to-
tal energy E is defined as £ = e + $(u? + v? + w?) — sw?(y? + 2%) and J =
d(&,n,¢,t)/0(x,y,z,t) is the transformation Jacobian into a cell-local curvilinear
coordinate system. The source term S, containing the effective Coriolis and centri-
fugal forces, is S = %[O, 0, pw(yw + 2w), pw(zw — 2v), 0]7. A density-based scheme is
used for the solution of the discretized equations. Density and pressure are coupled

through the ideal gas equation of state p = pRT.
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3 Validation of modelling a low-speed multi-stage axial compressor

In the present work, steady three-dimensional RANS equations were solved. The
idea behind the RANS equations is the Reynolds decomposition [34], whereby an

instantaneous quantity, such as velocity, is decomposed into its mean and fluctuation:

U(z,y,z,t) = (U(z,y,2,t)) —u(z,y,z,t), (3.2)

where the mean quantity (U(z,y,z,t)) is defined as:

<U( 7y7z7t T / 7y7z)t (3-3)

The Reynolds decomposition leads to the closure problem, since a consequence of
the Reynolds decomposition is that the Reynolds stresses (u;u;) are unknown for
the equations governing the mean velocity field. The closure problem consists of ha-
ving only five independent equations and six unknowns. To determine the Reynolds

stresses, i.e. to close the equations, it is necessary to include a turbulence model.

Over the last decades, two kinds of turbulence models have been developed: the eddy
viscosity turbulence models, that use the Boussinesq hypothesis, and the Reynolds
stress models, where a model transport equation is used for each Reynolds stress
component. The Boussinesq hypothesis is based on the proportionality between the

Reynolds stresses and the local velocity gradients:

_ o(Us) | 0(Uy) 2

where v7 is the turbulent viscosity or the eddy viscosity. The turbulent kinetic energy

ij (34)

k is by definition equal to the half of the trace of the symmetric tensor formed by
the Reynolds stresses:

The two equation shear stress transport & — w turbulence model based on Wilcox
[35] was employed in this study. The two partial differential equations are solved for
the turbulent kinetic energy k and turbulent frequency w. The turbulent frequency
w is defined as w = ¢/k, where € = 2v (s;;5;;) is the rate of dissipation of turbulent
kinetic energy, in which s;; = (gzl + Buj) The k —w turbulence model is an eddy
viscosity turbulence model. This turbulence model is well established not only in
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3.2 Numerical Setup

the treatment of the viscous near-wall region and in the accounting for the effects
of streamwise pressure gradients, but also for numerical stability, as a consequence
of simplicity. In fact, it allows Dirichlet boundary conditions and doesn’t involve
damping functions. The model’s limit is in the treatment of non-turbulent free stream
boundary conditions, where a boundary condition on w is required and the calculated

flows are very sensitive to the specified value.

To accurately capture the flow field near-wall surfaces, the low-Reynolds-number
wall condition approach was used. This requires a fine mesh resolution close to the
walls to achieve an average value of distance from the wall measured in viscous
length y* equal to circa one. The definition of ¥, in accordance with Wilcox [36],
is:

yt = Y ith w, = T—w, (3.6)

v p

where y is the distance of the first cell from the wall, v is the local kinematic
viscosity, and u, is the friction velocity. The distance from the wall normalized by the
viscous length scale y* determines the relative importance of viscous and turbulent
processes. The size of the first cell depends on the thickness of the boundary layer:
the thinner it is, the smaller are the cells on the boundary layer, and therefore the

number of cells for the model increases.
Specifications of the solver used

In this project, the solver TRACE, developed by DLR’s Institute of Propulsion and
Technology in Cologne specifically to model and investigate turbomachinery blade

rows, was used. It is a well established solver for turbomachinery applications [33],
37, [38], [39], [40], [41]

The solver was set as non-linear and steady, meaning that the steady RANS equati-
ons were solved. The equations are spatially discretized using a finite volume method.
The spatial accuracy is second order for the governing equation, and first order for
the transport equations of the turbulence model. The parameter entropy fix, which
defines the Harten-Hyman Entropy-Fix [42] for Roe Solver [43], i.e. the lower entropy
limit in the computations of the Roe fluxes at cell faces, is set to 0.002. This value

is a compromise between high numerical dissipation, and hence the high stability
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3 Validation of modelling a low-speed multi-stage axial compressor

of the computation achieved by the larger value of the Harten-Hyman Entropy-Fix,
and the greater accuracy of the solution achieved with lower values. The Fromm
scheme [44], in conjunction with the vanAlbadaSqr limiter, were used for the spatial
discretization of the spatial derivatives for structured mesh. The limiter influences
the gradients needed for the flux computations on the cell faces. This setting controls
the limiter for the RANS equations but not for the additional transport equation

for turbulence.

The discretization of the pseudo time operator is done using the predictor-corrector
method [45]. It is an implicit Euler method and allows a Courant-Friedrichs-Lewy
(CFL) number higher than 1. The CFL number defines the pseudo step of the pseudo

time marching method used to solve the RANS equations.

The solution method applied to the transport equations of the turbulence models is
an incomplete LU factorization. The rotational effect Bardina was used to increase
the stability of separated flow. Furthermore, the Kato-Launder-modification, which
alters the turbulence model production terms to reduce the tendency of the turbu-
lence equations to over-predict turbulence production in regions with large normal
strain, i.e. regions with strong acceleration or deceleration, was included in the mo-
del. For the heat flux model, the standard constant Prandtl number was used. The
turbulent Prandtl number, i.e. a non-dimensional term defined as the ratio between
the momentum eddy diffusivity and the heat transfer eddy diffusivity, was set to
0.9.

The numerical boundary conditions were matched to experimental data from the
rig, which was designed to have a uniform flow without swirl at the entry of the
IGV. Radial profiles of total pressure, total temperature, swirl angle, and radial flow
angle were imposed at the inlet of the numerical domain, positioned at the axial
location of measurements in the test rig. The inlet turbulence intensity was 0.05
and the inlet turbulence length scale was equal to 0.0001 m. A static pressure outlet

boundary condition was applied in conjunction with radial equilibrium.
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3.2 Numerical Setup

Ideal gas was used as the working fluid, with the specific gas constant equal to 287.06
J/kgK and the specific heat ratio equal to 1.4. Sutherland’s law was used to relate

dynamic molecular viscosity to temperature:

3
Toer+S (T \2
/“L - /“LTef T+ S <Tref> . (37)

The reference temperature T,..; was 273 K, the reference molecular viscosity fi..r at
the reference temperature was 1.7198 x 107> Ns/m?, and Sutherland’s constant S
was 110 K. A constant Prandtl number of 0.72 was used for the thermal conductivity
model. The mixing plane approach was used all the way through the 4-stage machine.
It is based on the non-reflecting boundary conditions developed by Giles [46] and
Saxer et al. [47], in which the flux average is conserved at the interface. The locations
of the mixing planes, depicted in orange in Figure 3.4, remained constant in the two
configurations. Associated with this, single-passage models were applied to each of
the 9 blade/vane rows. A non-matching fluid-fluid interface, which performs a flux
conservative interpolation between non-matching grids, was used between the cavity

and main flow path.

Mesh

The grid generator Autogrid of Numeca was used to model the geometry of the
compressor. A structured mesh was generated for each row. The geometry was ex-
actly replicated from the test rig including fillets. For the shrouded configuration,
the leakage cavity of the third stator was modelled. It was fully meshed, resolving

every detail of the stator shroud cavity.

Table 3.2: LSRC, evaluated grid sizes and results of the grid independence study

Grid n | no. of cells | m [kg/s] | Rut1n | GCLyv1n (%)
1 22 347 456 26.499 1.1107 0.0133

2 16 309 424 | 26.502 1.1135

3 11 813 632 26.507

The grid size of the cantilevered configuration was varied keeping the endwall spacing
constant in order to make an adequate choice, ensuring results largely independent
from the mesh. The Grid Convergence Index (GCI) method, based on the Richardson

extrapolation [48], was carried out. The mass flow rate at the outlet of the machine
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3 Validation of modelling a low-speed multi-stage axial compressor
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Figure 3.5: LSRC, numerical error as a function of cell number

was used to evaluate the three grids. Table 3.2 shows the number of cells n for each
grid, the value of the mass flow rate at the outlet, the grid refinement factor R,
and the grid convergence index, whereas Figure 3.5 shows the numerical error as a

function of the number of cells.

According to the results, a mesh with 16 309 424 cells is considered to be sufficiently
reliable to ensure grid independence and an averaged y* value lower than 1. Ro-
tor blades are meshed with approximately 1 800 000 cells, whereas approximately
2 000 0000 cells are used for the stator vanes. Radially, 90 points are used for each
aerofoil, to which 21 points are added within the tip clearance for the rotors and 30
points within the hub clearance for the stators. The two cavities, shown in Figure 3.2,
were meshed with 922 752 cells and 1 171 584 cells respectively. A structured mesh

was used for the cavities.

3.3 Results

The numerical simulations of the 4-stage axial LSRC at selected settings of stator
hub clearance were carried out at the design point to use the results experimentally
achieved by Lange [29] with the aim of enhancing the understanding of the flow field
changes induced in the downstream fourth stage by the leakage flow in the third

stator. The experimental data allow the verification of the data achieved by CFD
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3.3 Results

simulations, confirming that the CFD is able to predict the flow phenomena linked

with both the shrouded and the cantilevered configuration sufficiently well.

The results of the numerical simulations were then used to further assess the local
aerodynamic behavior and the resulting stage interaction, which the stator hub con-
figuration of the third stator induces in the fourth stage. In order to quantify the
effects of different sealing clearances, two different shroud sealing clearances were
considered. The different trends of the two stator hub configurations in terms of po-
lytropic efficiency and the stage total pressure ratio were investigated by means of
radial distributions of total pressure losses as well as the deviation and the diffusion
factor across each row of the third and the fourth stage, with the aim of gaining
insight into loss generation and transmission as well as the matching effects which
characterize the two stator hub configurations. The secondary flow phenomena, lin-
ked with the two stator hub configurations, were investigated through 2D contour
plots of the total pressure loss coefficient of the third stator, fourth rotor, and fourth

stator.

3.3.1 Comparison of experimental and numerical data

The velocity and flow angle definitions used in the present analysis are shown in
Figure 3.6. The mass-averaged radial distributions of normalized absolute total pres-
sure, normalized axial velocity and absolute exit swirl flow angle downstream of the

third stator and the fourth rotor are shown in Figure 3.7 and Figure 3.8 respective-

ly, both for the cantilevered and the shrouded configurations at the larger stator

hub/seal clearances: 5.0% span for the cantilevered configuration, CLE, and 3.3%

Figure 3.6: LSRC, velocities and flow angles definitions
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3 Validation of modelling a low-speed multi-stage axial compressor

span for the shrouded configuration, SIE. Each quantity was normalized by means

of the corresponding mass-averaged value.

Overall, the numerical results agree reasonably well with experimental data, captu-
ring the main trends for both stator hub configurations even though the shrouded
case shows slightly more discrepancy between experiments and CEFD results. Defi-
ning the reasons for these differences between experimental and numerical data is not
trivial: they may be linked to both measurement inaccuracies and to the selection

of numerical models in the computational study, such as the turbulence model.

The decision to solve the steady 3D Reynolds-Averaged Navier-Stokes equations with
mixing planes at the interfaces between rotors and stators may limit the accuracy of
the numerical predictions as observed by Lange [29], since the local influence of the
upstream rows are not fully carried downstream due to circumferential averaging
imposed at the interfaces. The uncertainty and data process errors for the experi-
mental data have been reported by Lange et al. [1]: they are smaller than 0.5% of
the midspan axial velocity for any velocity component and smaller than 0.25 de-
grees for the flow angles, whereas the total pressure ratio has been derived with a
repeatability of £0.02%.

Considering Figure 3.7, the numerical prediction of the normalized absolute total
pressure is in very good agreement with the experimental data in the area between
40% and 70% of the span both for the cantilevered and the shrouded configurations
with larger seal clearance. Closer to the hub, in the inner 40% of the span, CFD
predicts a lower absolute total pressure in comparison with the experimental data.
There, the experimental and the numerical data present a different trend for the
for the shrouded configuration; the normalized absolute total pressure distribution
resulting from the CFD is almost linear, whereas the experimental data present a
local minimum at 5% of the span. For the cantilevered configuration, the positions
along the span of the local maximum and minimum of the absolute total pressure
are numerically well predicted. For the axial velocity, the comparisons between ex-
perimental and CFD data show a similar trend with respect to the absolute total
pressure: good agreement between 40 and 70% of the span, with CFD predicting

close to the hub a lower value than the experiment proposes. For the cantilever-
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Figure 3.7: LSRC, radial distributions of normalized absolute total pressure, norma-
lized axial velocity, and absolute exit swirl flow angle downstream of the third stator
at the DP operating conditions

ed configuration, the local maximum and minimum in the hub region of the axial
velocity are located at the same relative span; therefore the experimental and the
numerical data are slightly off-set close to the hub. As observed for the normalized
absolute total pressure, the experimental data show, for the shrouded configuration,
a local minimum at 5% of the span not confirmed by the CFD which shows an al-
most linear trend. The numerical predictions of absolute exit swirl flow angles are in
very good agreement with experimental data for both the designs considered along

the full span.
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Figure 3.8: LSRC, radial distributions of normalized absolute total pressure, nor-
malized axial velocity, and absolute exit swirl flow angle downstream of the fourth
rotor at the DP operating conditions

Considering Figure 3.8, for the cantilevered configuration, the normalized absolute
total pressure achieved by means of CFD study is in very good agreement with the
experimental data in the area between 40 and 80% of the span. Closer to the hub, in
the inner 40% of the span, the CFD predicts a slightly lower absolute total pressure;
nevertheless the local maximum and minimum of the absolute total pressure are
located at the same relative span. A lower value of the absolute total pressure,
in comparison with the experimental data, can be also observed for the shrouded

configuration in the inner 40% of the span. However, in this case, the difference is
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higher and the position of the local minimum in the hub region is not matched.
As a consequence of the discrepancies close to the hub, in the shroud region, the
experimental and the numerical data are slightly off-set. For the axial velocity, the
comparisons between experimental and CFD data show small discrepancies for both
the cantilevered and the shrouded case, with CFD predicting a higher value than
the experiment proposes. This applies for both configurations along the entire span,
with the exception, for the shrouded configuration, of the region between 8% and
35% of the span, where lower normalized absolute axial velocity are predicted by
the CFD. The absolute exit swirl flow angles are lower in the CFD. The region of
higher discrepancies between experimental and numerical data is, for the absolute
exit swirl flow angles, close to the shroud, in the region of 75-95% of the span. The
radial position of the local maximum and minimum in the hub region of the exit
swirl flow angle is matched with a good agreement for the cantilevered configuration;
whereas for the shrouded configuration, CFD predicts a local maximum at 20% of

the span, but this is not confirmed by the experimental results.

The value of the mass flow rate through the cavity for the SIE configuration is, as
shown in Table 3.3, in sufficient agreement with the experimental data. The mea-
surement uncertainty of the shroud leakage flow was 0.5% of compressor mass flow.
Hence, it was decided to use the leakage flow in CFD at the lower boundary of the

uncertainty band.

Table 3.3: Cavity mass flow rate for the shrouded design with large clearance at the
DP operating condition

mcavity/m [%}
EXP 1.85
CFD 2.3+0.5

The comparison of the experimental and CFD data confirms that the CFD is able to
predict the dominant features of the flow, both when the third stator is configured as
cantilevered and as shrouded. However, better matching with experimental data was
observed for the numerical results of the cantilevered configuration when compared
to those achieved for the shrouded configuration, in particular in the inner 40% of
the span. Although there is no perfect match between experimental and numerical
results, and this could not really be expected using the mixing plane approach and

studying high level of stator clearances, the comparison confirms that CFD modeling
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3 Validation of modelling a low-speed multi-stage axial compressor

approach taken here is valid to locally model and analyse flow phenomena linked
with the two stator hub configurations within the domains across the third and

fourth stage.

3.3.2 Effect of the stator hub configuration on the

aerodynamic performance of downstream blade rows

The CFD results, which have been verified in the previous section by comparisons
to available experimental data, are used to investigate the impact of the third stator
hub configuration on the aerodynamic loss and flow field changes induced in the
downstream fourth stage, the inlet flow conditions of which are strongly affected by
the type of leakage flow from the upstream third stator. The results of the numeri-
cal simulations are used to go further into detail where experimental data are not

available.

Based on the work of Lange et al. [1], the clearance sensitivity on this compressor
was higher for the shrouded configuration. Therefore, in terms of loss generation
in the hub region a 5.0% hub clearance on the cantilevered stator appeared to be
approximately equivalent to a 1.6% shroud seal clearance on the shrouded stator.
These two clearance values were anticipated in the present numerical simulations.
However, in order to consider shroud clearance sensitivity and improve the under-
standing of the effect of the shroud seal clearance, two different clearances of the
shrouded configuration were studied: 1.6% of span, SRE, and an increased clearance
of 3.3% of span, SIE. Figure 3.9 shows the polytropic efficiency and the absolute
total pressure ratio at the design flow across the four stages of the compressor in the
two configurations, cantilevered and shrouded, and considers two different clearances
for the shrouded design. It emerges that, since the redistribution of the flow field
induced by stator configuration changes in the third stage is not large enough to
influence the upstream stages, the first two stages are hardly affected. In contrast,
the third stage itself and the fourth stage are strongly affected by the stator hub
configuration change on the third stator. CLE and the SRE show a similar behaviour
in terms of polytropic efficiency for the first three stages; however the efficiency of

the cantilevered configuration on the fourth stage is lower than the efficiency of the
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efficiency [-]
total pressure ratio [-]

Figure 3.9: LSRC, polytropic efficiency and absolute total pressure ratio at the DP
operating conditions for each stage

two shrouded designs in the fourth stage. SIE follows the same trend as SRE only
in the first two stages. An important difference in terms of the polytropic efficiency
between the two shrouded configurations can be observed in the third stage, where
the performance of SIE has deteriorated in comparison with that of SRE. In the
fourth stage, the two shrouded configurations show an equal reduction of the ef-
ficiency with respect to the third stage. The absolute total pressure ratio of CLE
and SIE decreases almost linearly from the first stage to the third, with a higher
slope for the shrouded configuration. This slope is substantially reduced for both
configurations between the third and the fourth stage. SRE shows, instead, a linear
trend of the absolute total pressure ratio only in the first two stages; in the third
stage the slope is already substantially reduced, and in the fourth stage the absolute

total pressure ratio has increased with respect to the upstream stage.

In order to gain a deeper insight into the understanding of the flow mechanisms
related to the third stator configurations, the individual low phenomena in the third
and fourth stages are deeply investigated by means of both radial distributions and
2D contour plots. Figures 3.10, 3.11, and 3.12 show the radial distributions of the

total pressure loss coefficient, the deviation and the diffusion factor.
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Figure 3.10: LSRC, radial distributions of the total pressure loss at the DP operating
conditions for the cantilevered configuration and the shrouded configuration with two
different levels of clearances

The radial distribution of the total pressure loss coefficient is defined as:

DPt.in (rzn) — D¢ out(rout)
f ressure\’) = : — 3.8
P ( ) pdyn,in(rin) ( )

with p; corresponding to the circumferential mass-averaged absolute total pressure
for stators and circumferential mass-averaged relative total pressure for rotors. It
is evident that only the lower 50% of the span is strongly affected by the third
stator hub configuration. According to expectation, there are small changes behind
the third rotor when only the third stator configuration changes. Considering the
total pressure loss coefficient, see Figure 3.10, a local improvement of the third rotor
performances can be observed near the hub, when for the shrouded case the clearance
is reduced from 3.3% to 1.6% of the span. In terms of the third stator, CLE and
SIE visibly cause a higher total pressure losses profile in the hub region, with the
maximum located at the same relative span, very close to the hub, and higher in
value for the cantilevered configuration. A different flow structure characterizes the
two designs: in the cantilevered case, the rotating hub accelerates the fluid in the
hub region and a clearance vortex is formed due to the leakage flow rolling up. For
the shrouded configurations, the flow re-entering the main path is transported to
the suction side of the stator vane by the pitchwise pressure gradient in the aerofoil

passage. The boundary layer tends to separate on the suction side of the shrouded
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stator vane as a combined effect of the low momentum fluid collected there and the
adverse pressure gradient. Since the stator hub configuration was changed only in
the third stator, while stages one, two, and four remain unchanged, the fourth stage
is indirectly influenced by the leakage flow in the third stage, since different inlet
conditions are imposed at the inlet of the fourth rotor depending on the leakage flow
on the third stator. The loss distribution on the fourth rotor shows large differences
between the two stator hub designs in the hub region: the cantilevered configuration
reaches the minimum value at the hub, negative in sign, whereas both the shrouded
configurations reach their maximum value at the hub, positive in sign. Negative
losses close to the hub are caused by radial re-distribution of near-endwall flow
and passage vortex interaction with the low momentum fluid at the wall. Despite
negative losses at the hub for the cantilevered configuration, a large portion of the
span, between 15% and 40%, shows large losses. The resulting mass-averaged value
of the total pressure losses on the fourth stator is higher for the cantilevered design
than for the shrouded designs. Even if to a lower extent, the fourth stator is also
influenced, indirectly, by the change of the third stator hub configuration. The total
pressure losses for the cantilevered configuration in the fourth stage are very similar
to the losses in the third stage, in particular very close to the hub. This result was
expected since, for the cantilevered configuration, the third and fourth stators have
not only the same design but also the same hub gap. The total pressure losses of the
two shrouded configurations are instead higher in the fourth stage with respect to
the third one. The large total pressure losses in the fourth stage for the cantilevered
configuration are mostly responsible for the reduced polytropic efficiency in the

fourth stage in comparison with the two shrouded configurations, see Figure 3.9.

Considering the radial distributions of the deviation, see Figure 3.11, it is evident
that in the third stator, the two shrouded configurations have a deviation at the
hub much lower than in the cantilevered case. This is a direct consequence of the
leakage flow entering the main path through the cavity, which increases the passage
vortex strength in the inner 10% of the span and consequently reduces deviation. For
the shrouded configurations, the flow re-entering the main path grows the boundary
layer; therefore the deviation for the cantilevered configuration is lower in the region
of 15-60% of the span. The flow structures in the tip region are very similar for the
three cases considered. At the outlet of the fourth rotor, the minimum value of the

deviation is higher when the third stator is shrouded. For the cantilevered design, the
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Figure 3.11: LSRC, radial distributions of the deviation at the DP operating con-
ditions for the cantilevered configuration and the shrouded configuration with two
different levels of clearances

minimum value of the deviation lies at the hub. In terms of the fourth stator, small
differences between the stator hub configurations can be observed. The effect of the
third stator leakage flow affects the fourth stator deviation in the region between
10% and 70% of the span.

Figure 3.12 depicts the radial distributions of the diffusion factor. It is defined as:

DE(Y) = (1 ) ()) + [00n(7in) = Voonc(rour) 59)

Vin (Tin) 20Vin (T'in)

where the first term on the right-hand side, (1 — M), represents the mean de-

Vin (Tin)
| Vg,in (Tin ) —Vg,out (Tout) |
20in (Tin)

turning divided by the the solidity, equal to blade chord/blade pitch, which is im-

celeration of the flow and the second term, , represents the flow
portant as this determines how well the flow is guided by the blades. v corresponds
to the circumferential mass-averaged absolute velocity for stators and circumferen-
tial mass-averaged relative velocity for rotors. On the third stator, the loading of
the cantilevered configuration is substantially higher in the hub region in compari-
son with the two shrouded configurations. This is a direct consequence of the hub
clearance leakage, which increases the diffusion in the hub region. Changes in the

diffusion factor occur across most of the span for both the third and the fourth stage:
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Figure 3.12: LSRC, radial distributions of the diffusion factor at the DP operating
conditions for the cantilevered configuration and the shrouded configuration with
two different levels of clearances

an increased value of loading in the upper span and a decrease of loading in the lower
span for the shrouded configuration with a smaller seal clearance, with respect to the
one with a larger seal clearance, can be observed for all the rows considered. This is
consistent with the total pressure loss and the deviation previously mentioned: the
decreased blockage near the hub forces less fluid to pass above, thus loading the tip

and unloading the hub.

The improved pressure ratio of SRE in the fourth stage in comparison with SIE and
CLE, see Figure 3.9, results from a combined effect of lower deviation, i.e. higher
exit flow angles, both in the fourth rotor and in the fourth stator, and reduced total

pressure losses.

Figure 3.13 shows the 2D distributions of the total pressure loss coefficient, defined

as:
n\"n) ou ou 79
gpressure(ra 9) = P, (r 4) B, t(r é ) (310)
pdyn,in(rin)

with p; corresponding to the circumferential mass-averaged absolute total pressure

for stators and circumferential mass-averaged relative total pressure for rotors. The
2D contour plots of the total pressure loss coefficient, see Figure 3.13, allow us

to easily identify the secondary flow phenomena of the third stator cantilevered
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3 Validation of modelling a low-speed multi-stage axial compressor

configuration, such as the aerofoil wakes V1. The clearance vortex V2 results from
the circumferential pressure difference between the pressure side and the suction side.
It is located on the pressure side of the vane, since it corresponds to the clearance

vortex of the adjacent vane. A three-dimensional corner separation, V3, evolves

Configuration S3 R4

CLE
5})1‘68811.7’6 (r7 0)

SIE

SRE

‘ ) /2N wn
\—= >/ \= ) =~

Figure 3.13: LSRC, area plot of total pressure loss coefficient at the DP operating
conditions

on the suction side of the stator vane for the shrouded configurations. The corner
separation is reduced for the shrouded case with smaller seal clearance, as it is mainly

caused by low momentum cavity leakage fluid which re-enters the main path ahead
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of the stator from the upstream opening of the cavity [49] and, due to the cross-
passage pressure gradient, collects on the suction side of the blade/vane, resulting
in a high loss region in the hub suction side corner [25]. A large corner separation
has been observed by Lange et al. [1] even for small clearances. The cause of this
might be the large inlet blockage near the hub or the non-standard design of the
cavity and seal arrangement. Since the blockage and loss distribution on the third
stator are affected by the leakage flow, the inlet flow conditions of the downstream
rotor are modified by the stator hub configuration of the upstream stator. Despite
that, for the two configurations with larger seal clearance, i.e. CLE and SIE, the
total pressure loss coefficient of the fourth rotor shows a similar trend: a huge region
of losses, due to the three-dimensional corner separation V3, on the suction side of
the blade/vane which is extended over a large percentage of the span and, especially
for the cantilevered case, for more than half of the distance between the suction
side and the pressure side of the adjacent blade/vane. This leads to higher losses in
the cantilevered configuration for the fourth rotor. For the shrouded configuration
with reduced seal clearance, it may be interesting to observe that the decrease of
total pressure losses in the fourth rotor affects not only the hub region but, to a
lesser extent, also the shroud region. The fourth stator is also affected by the stator
hub configuration of the third stage, but mostly within the inner 25% of the span.
Large endwall separations, V4, are clearly visible, possibly due to the fact of this
stator being the last stator, with no downstream rotor. The shrouded case with
reduced seal clearance shows, for all three rows investigated, a trend similar to the
one achieved with larger clearance; however, the losses are drastically reduced. These
results confirm the trend already observed in different, previous studies by Swoboda
et al. [7], Sohn et al. [23] or Froebel et al. [50]: namely, a decrease of the mass flow

through the cavity results in a decrease of the total pressure losses.

The 2D contour plots of the total pressure loss coefficient, shown in Figure 3.13,
provide a deeper insight into the flow structure resulting from the two stator hub
configurations in the downstream stages, and confirm the trend observed for the
radial distribution of the total pressure loss coefficient in Figure 3.10. Evidently, the
total pressure losses on the fourth rotor are higher for the cantilevered configuration
and lower for the shrouded case with reduced clearance, whereas the losses on the
fourth stator are similar in all three cases. The trend of the polytropic efficiency, see

Figure 3.9, is a direct consequence of the total pressure loss coefficient: in the fourth
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3 Validation of modelling a low-speed multi-stage axial compressor

stage, higher total pressure losses for the cantilevered configuration result in lower
polytropic efficiency, as well as lower total pressure losses for SRE results in higher
efficiency. The large three-dimensional corner separation on the third stator of SIE
shown in Figure 3.13, is mainly responsible for the polytropic efficiency deterioration
of the third stage that is observed for SIE in comparison with SRE.

3.4 Conclusion

In this chapter the impact of stator hub leakage in a section of a 4-stage axial LSRC
featuring a local third stage change of stator hub configuration was investigated.
As a starting point, a verification of CFD, as being able to correctly predict the
dominating phenomena of the flow for both cantilevered and shrouded configura-
tions, was performed by comparing experimental and numerical results. Then, the
CFD modeling was used to investigate the effects of the stator hub configuration
on aerodynamic loss generation and transmission, as well as stage matching; radial
distributions of the deviation and the diffusion factor, as well as radial distributions
and 2D contour plots of the total pressure loss coefficient, gave insight into the flow
phenomena induced in the downstream stage by the change of stator 3 hub confi-
guration, and explained the trend observed for stage polytropic efficiency and stage

pressure ratio.

The results showed that the rotor upstream is only slightly influenced by the stator
hub configuration, whereas the stage downstream is strongly affected in the lower
50% of annulus height. The polytropic efficiency and the absolute total pressure ratio
at the design flow for each stage of the machine show that, for the cantilevered and
for the shrouded configuration with smaller clearance, the polytropic efficiency be-
haves similarly in the stages upstream and including the stage where the stator hub
configuration was altered. The downstream stage instead shows a lower polytropic
efficiency for the cantilevered case in comparison with both the two shrouded designs,
caused by larger total pressure losses in the downstream stage for the cantilevered
configuration. The trend of polytropic efficiency for the two shrouded configurati-
ons is similar for the upstream stages, whereas for the shrouded configuration with
increased seal clearance, the performance of the altered stage deteriorated, due to a

large three-dimensional corner separation on the altered stator. The predictions of
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the absolute total pressure ratio show that the cantilevered and the shrouded with
increased clearance follow a similar trend, with the total pressure ratio decreasing
along the machine, whereas the shrouded with reduced clearance has, in the stage
downstream of the altered stage, a higher absolute total pressure ratio with respect
to the upstream stage. This is a consequence of the combined effect of lower de-
viation and reduced total pressure losses, both in the downstream rotor and in the

downstream stator.

In conclusion, when the design of the fourth rotor is kept unchanged and not tailored
to the exit flow of the upstream stator, the impact of the third stator hub configura-
tion alteration is drastically high on the fourth rotor aerodynamic performance, and
consequently, due to reduced rotor pressure ratio, the downstream stator changes

the aerodynamic performance by unexpectedly low increments.
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4 Investigation of a high-speed
multi-stage axial compressor

The analyses of the last 5.5-stage of a high-speed 11-stage axial compressor are
presented in this chapter!. Starting from the baseline cantilevered configuration of
the entire model, in which all the stators are configured as cantilevered and have the
same level of clearance, two shrouded configurations are achieved by changing the
stator hub configuration of the first four stators of the 5.5-stage compressor model.
The two shrouded configurations differ because of the level of clearance considered

for the stator vanes.

Firstly, the regions of higher losses for both the cantilevered and the shrouded stator
hub configurations are identified, and the loss generation and propagation in the

multi-stage arrangements are evaluated.

Successively, a parametric study is performed on a reduced model, consisting of 2.5
stages of the entire model. The parameters investigated are: the clearances of the
gap/sealing, the impact of the degree of reaction, and the impact of the camber line
distribution in the stator hub region. The results are used to design two improved
shrouded configurations for the compressor under investigation. Furthermore, gene-
ric recommendations for determining the improved designs of a multi-stage axial

compressor with shrouded stators are derived.

4.1 Baseline cantilevered geometry and set-up

The geometry of the baseline cantilevered configuration. taken from a design study,
is shown in Figure 4.1. As the entire model consists of the last 5.5 stage of a 11-
stage compressor, the first stage considered is stage 7. The position of the inlet is

located on the measurement plane of the inlet boundary conditions. The compressor

IPart of the content of this chapter is based on the paper “Numerical Evaluation of Losses in
Shrouded and Cantilevered Stators of a Multi-Stage Axial Compressor”, De Dominicis et al.
[51], Proceedings of the ASME Turbo Expo, 2021.
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inlet bleed S9
2

outlet

[}
bleed S8
¥
bleed S11

Figure 4.1: HSC, baseline cantilevered geometry of the entire model. The locations of
the bleeds for S8, S9, and S11 are shown in green, and the locations of the interfaces
are depicted in orange

includes three bleeds, on S8, S9, and S11, taking approximately 2%, 3%, and 1% of
the inlet mass flow of the compressor. As shown in Figure 4.1, for the bleed of S9 a
bleed slot is gridded, whereas for the bleeds of S8 and S11 a sink located at the hub
is used due to their smaller mass flow. All the stators are configured as cantilevered,
having the same levels of clearance of approximately 1.5% of the S7 span. Also the
outlet guide vane (OGV) has the same clearance of the stators. The clearances of

the rotors instead vary from stage to stage.

Figure 4.1 depicts the locations of the interfaces, which correspond to the evaluation
stations for the flow proprieties calculations. Their shape is curved, and is adapted
to the geometry of the aerofoil to maintain a constant distance to the interfaces.
Their locations are not varied for all the configurations considered. The mixing plane
approach, based on the non-reflecting boundary conditions developed by Giles [46]
and Saxer et al. [47], is used for the whole machine from inlet to outlet except for the
connection between S11 and OGV. There, a non-matching fluid-fluid interface, which
is a conservative cell approach of second order accuracy as described by Yang et al.
[52], is imposed. As only one passage is modelled, periodic boundary conditions are

used. The solid walls are modelled as viscous walls using wall functions treatment.

The numerical boundary conditions are matched to the numerical results achieved
from the simulation of the 11-stage compressor. Radial profiles of total pressure,
total temperature, swirl angle, radial flow angle, turbulence intensity, and length
scale are imposed at the inlet of the numerical model. A radial distribution of static

pressure is employed as the outlet boundary condition.
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4.2 Numerical Setup

Specifications of the solver used

Steady three-dimensional RANS are solved in conjunction with the SST x — w tur-

bulence model. An introduction of the RANS equations is given in section 3.2.

The two-equation SST k —w turbulence model is employed in the formulation given
by Menter [53]. The two partial differential equations are solved for the turbulent
kinetic energy k and turbulent frequency w. The Menter SST x — w turbulence
model is an eddy-viscosity turbulence model, and such as, it has a limitation in
correctly predicting the onset and the amount of separation in adverse pressure
gradient flows [54]. However, Johnson and King [55] clearly demonstrated that, the
ability of an eddy viscosity model to predict strong adverse pressure gradient flow
is ultimately determined by the eddy viscosity in the wake region. Therefore, in the
Menter SST x —w the classical eddy viscosity formulation was redefined as described
by Mentor [56] so as not to violate Bradshaw’s observation [57]. Bradshaw noted that
the principal turbulent shear stress is proportional to the turbulent kinetic energy
in the wake region of the boundary layer. The model name SST, which means Shear
Stress Transport, is given by the modification to the eddy viscosity, in which the
wall-bounded flow takes into account the effect of the transportation of the principal

turbulent shear stresses.

The model is designed to yield the best behavior of two well-established turbulence
models, i.e. the kK —w and the xk — ¢ turbulence model, which are combined by means
of a blending function. The x — w turbulence model based on Wilcox [58] is used
in the sublayer of the boundary layer. An introduction of the model is given in
section 3.2. The standard k — € turbulence model [59] is used in the free stream
and in the wake region of the boundary layer. The k — € and the kK — w turbulence
models have the same expression for vy and the same x equation. They differ only
for inhomogeneous flows, where the x — € turbulence model contains an additional

term.
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4 Investigation of a high-speed multi-stage axial compressor

The performance of the k — ¢ turbulence model at a free stream boundary layer
was studied by Cazalbou et al. [60] and has been proved to be more accurate in
comparison with the k — w turbulence model. It is a widely used turbulence model
and over the years many modifications have been proposed to improve performance
for a specific class of flows. The two model transport equations are solved for the
turbulent kinetic energy x and the dissipation €. The dissipation e describes how
the kinetic energy is transformed into internal energy by the work of the fluctuating
O,

velocity gradients 5 against the fluctuation of deviatoric stresses 2vs;; and is, by
J

definition, non-negative. The standard model transport equation for € is empirical
and contains a number of model constants. Close to the walls, in flow characterized
by high adverse pressure gradients, it may lead to discrepancies, such as too high

skin friction coefficients as observed by Rodi et al. [54].

Concerning the other solver specifications, those described in section 3.2 are used,
except for the value of the lower entropy limit in the computational of the Roe fluxes
at cell faces. This value is set to 0.075, as recommended for configurations with wall
functions. Thermally perfect gas is used as the working fluid, with the specific gas

constant and the specific heat ratio function of the temperature.

Mesh

A structured mesh was generated for each row of the baseline cantilevered confi-
guration by using the commercial grid generator Autogrid from Numeca. The GCI
method, based on the Richardson extrapolation [48], was used to choose the grid
size, ensuring results independent from the mesh. The number of cells were varied
by keeping the endwall spacing constant. The mass flow rate at the outlet of the
machine was used to evaluate the three grids. Table 4.1 shows the number of cells n

for each grid, the value of the mass flow rate i at the outlet, the grid refinement fac-

Table 4.1: HSC, evaluated grid sizes and results of the grid independence study for
the cantilevered baseline configuration

Grid n | no. of cells | m [kg/s] | Rps1n | GCLyi1n [%)]
1 22949 120 | 595.72 | 1.3393 0.0491

2 9 552 064 595.82 | 1.3681

3 3 730 288 595.89
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4.2 Numerical Setup

Figure 4.2: HSC, grid topology at the hub

tor R, and the grid convergence index GCI. The results show that a mesh with 9.55
million cells is sufficiently reliable to ensure grid independence for the cantilevered

configuration.

The solid wall cell width, equal to ¥y = 5e — 5 m, was chosen to guarantee a non-
dimensional y* value adequate for the wall treatment with wall functions. Indeed,
to save computational time, in this work the wall treatment approach with wall
functions was used. In order to do that, firstly the results achieved with the wall
functions mesh were validated against those of a more accurate low-Reynolds mesh.
The validation, which is reported in appendix A, has proven a very good agreement
between the two approaches, thus has demonstrated that the wall functions approach

is able to capture sufficiently correctly the flow phenomena.
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Figure 4.3: HSC, grid topology at the interface between R8 and S8 at the hub
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I viscous
I moving

zonal interface
B bleed

mixing-plane

Shroud Cavity interface
\/Interfaces

a) R9 mesh b) S9 mesh

Figure 4.4: HSC, stage 9 mesh details

At the interfaces, the same grid resolution was used perpendicular to the interface
itself. Figure 4.2 shows the grid topology at the hub and in Figure 4.3 is depicted
the detailed view of the interface between R8 and S8 at the hub. Figure 4.4(a) and
Figure 4.4(b) show the mesh details of respectively R9 and S9. The radial grid reso-
lution is identical in each row, consisting of 89 points with 17 points in the hub and
tip clearances. To save computational time, the points are clustered in the regions
where large radial changes of flow properties are expected, such as solid boundaries
and regions of tip leakage flow. This guarantees a sufficient grid refinement in these
regions. Conversely, fewer points are used in the areas where limited radial changes
of flow properties are expected, such as at midspan. The number of points used for

each row is shown in Table 4.2.

Table 4.2: HSC, number of cells for each row for the cantilevered baseline configu-
ration

R7 RS R9 R10 R11
745 M | 870M | 7.36 M | 9.24 M | 885 M

ST S8 S9 S10 S11 oGV
957M | 832M [ 939 M | 823 M | 821 M | 9.96 M

4.3 Assessment of different stator hub configurations

To assess the impact of the stator hub design in the 5.5-stage axial machine, we

consider, as reference configurations, both the baseline cantilevered configuration,
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4.3 Assessment of different stator hub configurations

equipped exclusively with cantilevered stators, and a shrouded one, of which the

first four stators are equipped with shrouded stators.

The first four stators have, for each configuration investigated, the same clearance
level. Instead the clearances of the rotors, of the OGV and of S11, remain unchanged
across the different configurations. The clearance level of the two reference configu-
rations is different. Nominal clearances, equal to circa 1.5% of the S7 span, are used
for the reference cantilevered configuration and reduced clearances, equal to appro-
ximately 1.1% of the S7 span, are employed for the reference shoulder configuration.
Indeed cantilevered vanes require relatively large hub-to-endwall clearances to avoid
rubs and possible catastrophic damage, whereas shrouded vanes allow smaller clea-
rances, as the impact between the seal and the fins is not so dangerous as it would
be for cantilevered stators. Additionally, we consider a shrouded configuration with

the same clearances as those used for the reference cantilevered configuration.

4.3.1 Shroud cavity definition

Starting from the baseline cantilevered configuration, the reference shrouded confi-
guration was derived by replacing the stator hub design of the first four cantilevered
stators with shrouded ones. Figure 4.5 depicts the geometry of the cavity. It is the
typical geometry of a labyrinth seal. The upstream axial opening has a rounded
shape which facilitates the re-entering of the leakage flow into the main path with
lower losses. The shape of the hub line is modified to be adapted for the rounded

shape of the cavity in the upstream axial opening.

Figure 4.5: HSC, geometry of the cavity
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4 Investigation of a high-speed multi-stage axial compressor

The number of fins is selected to achieve for each stator similar values of leakage mass
flow, total temperature, and tangential velocity difference between the upstream and

downstream axial openings of the cavity as those available.

Although the same kind of geometry is used for all the cavities, the geometry of each
cavity is adapted to the specific stator geometry. Indeed, the cavity specifications
depend on the span of the relative stator s as shown in Figure 4.5. A constant
upstream axial opening of circa 5 mm and a constant downstream axial opening of
circa 4 mm is used for all the cavities with the exception of S9 downstream axial
opening. There, because of the larger axial space available between the S9 trailing

edge and R10 leading edge, an axial distance of 10 mm is used.

4.3.2 Aerofoil modification

For the two reference configurations, the aerofoil design was maintained unchanged,
with the exception of the position of the maximum thickness along the span, which
was adapted for the shrouded vanes, aiming to account for the mechanical require-
ments of the shrouded configurations. Indeed, the cantilevered design is pinned only
on the casing, whereas the shrouded design has also a connection at the stator hub.
This reduces the vibration problems but increases the weight and the radius of the

vane.
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Figure 4.6: HSC, thickness-to-chord ratio distributions for the cantilevered and the
shrouded stator vanes
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4.3 Assessment of different stator hub configurations

The different structural requirements of the two stator hub configurations lead to
different thickness distributions along the span as shown in Figure 4.6. For canti-
levered vanes, the thickness-to-chord ratio increases gradually from hub to shroud.
Instead, for shrouded vanes, the value of the thickness-to-chord ratio is maximum at
the hub and the shroud, and has its minimum at circa 30% of the span. At midspan
the two distributions coincide. The value of the maximum thickness, as well as the

other vane parameters, remains instead unchanged.

4.3.3 Introduction of shrouded stators

The reference shrouded configuration is depicted in Figure 4.7. The locations of the
mixing plane interfaces, which are unchanged respect to the reference cantilevered
configuration shown in Figure 4.1, are selected to have the entire cavities within the

stator domains, thus avoiding interfaces inside the cavity.

The location of the bleed of S8, directly on the hub for the cantilevered configuration,
is moved into the cavity for the shrouded configuration. The bleeds on S9 and on

S11 are instead left unchanged between the two configurations.

The introduction of the cavities requires the introduction of non-matching interfaces
at the axial openings between the cavities and the main path. As shown in Figure 4.8
only for S9, a fluid-fluid interface is used, between the main path and the cavity,

both for the upstream and the downstream openings. For the other stators, a fluid-

bleed S9
m

outlet

Figure 4.7: HSC, reference shrouded geometry of the entire model. The locations of
the bleeds for S8, 59, and S11 are shown in green, and the locations of the interfaces
are depicted in orange
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[l viscous

. I moving
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Figure 4.8: HSC, shrouded set-up

fluid interface is used for the upstream opening and a mixed fluid-solid interface is
employed for the downstream opening, thus improving the mesh resolution in those

regions with reduced axial space.

4.3.3.1 Mesh of the shrouded stator

Table 4.3: HSC, number of cells for each cavity for the reference shrouded configu-
ration

ST S8 S9 S10
7T95M [ 7656M | 784 M | 713 M

For the shrouded configurations, the labyrinth seals are meshed and resolved in every
detail including fillets. Table 4.3 reports the number of cells for each cavity for the

reference shrouded configuration.

Figure 4.9: HSC, S8 cavity mesh

Figure 4.9 depicts the mesh of S8 cavity. At the interfaces between the cavity’s

upstream and downstream openings and the main path, the same cell width was
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used. The mesh used for the main path is the same as the one used for the cantile-

vered configuration, described in 4.2.

4.4 Simulation of the baseline cantilevered and the

two shrouded configurations

In this section, three configurations of the entire 5.5-stage model are considered.
They are the baseline cantilevered with nominal clearances, CNE, and the two
shrouded configurations with different levels of clearance, SRE and SNE. SRE is
the shrouded configuration with reduced clearances and SNE the shrouded configu-
ration with nominal clearances. Indeed, due to the fact that shrouded stators require
for mechanical reasons smaller clearances in comparison with cantilevered stators,
the two reference configurations, CNE and SRE, have different clearances. However,

also a shrouded design with the same clearances as the cantilevered is considered.

The aim of the study is to identify the regions of higher losses as well as to give
further inside into the mechanism of loss generation and transmission in a multi-
stage axial compressor configured both with cantilevered and with shrouded stators.
Furthermore, for the shrouded design, it is investigated how the losses change when
the clearance is increased. The stall behaviour is investigated for the two reference
configurations to identify the causes of the stall when different stator hub designs

are used.

4.4.1 Overall performance

The isentropic efficiency and the total absolute pressure ratio are shown in Figure 4.10
for the cantilevered configuration and the two shrouded configurations across the en-
tire operational range. The points DP, T'S, and NS represent the operating conditions
design point, towards-stall point, and near-stall point, respectively. They are used

in subsection 4.4.4 to analyse the stall behaviour.
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Figure 4.10: HSC, entire model, overall performance for the CNE, SRE and SNE
configurations. DP, TS, and NS denote respectively the operating conditions design
point, towards-stall point and near-stall point

The isentropic efficiency is defined as:

Pht is
77 = 2 s 41
P, (4.1)
where Py, ;s is the power output calculated by assuming the process isentropic, and
Py, is the real power output. This formulation accounts correctly for the impact of
the bleed flows, which is essential in this study because the position of S8 bleed is
different for the cantilevered and for the shrouded configurations. Indeed, as shown in

Figures 4.1 and 4.7, S8 bleed is located on the hub for the cantilevered configuration

and in the cavity for the shrouded ones.

In Figure 4.10, we observe that the shrouded configuration with lower clearances,
SRE, performs best across the entire operational range in terms of isentropic effi-
ciency. In comparison, the cantilevered configuration, CNE, has lower performance,
which is even more deteriorated for the shrouded configuration with nominal clea-
rances, SNE. For all the configurations considered, the peak efficiency, i.e. the design
point DP, is located at the same corrected mass flow. The stall margin of the CNE
configuration is larger compared to the two shrouded configurations. Also, the stall
margin of the shrouded configurations is adversely affected when the clearance level

increases.
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4.4 Simulation of the baseline cantilevered and the two shrouded configurations

In terms of total pressure ratio, SRE has a higher total stagnation pressure ratio
compared to SNE across the whole operational range. CNE has a total pressure ratio
similar to SNE for large mass flows and between the two shrouded configurations

for small mass flows.

4.4.2 Stage performance

The performance of each stage is shown in Figure 4.11. The local corrected mass
flow is represented on the x-axis for each stage. For isentropic efficiency and total

pressure ratio respectively, the same scales are used across the different stages.

At the DP operating conditions, the performance of CNE with respect to the two
shrouded configurations varies from stage to stage. For stage 7, 9, and 10 CNE has
an efficiency similar to SRE, whereas for stage 8, CNE has lower efficiency, even
in comparison with SNE. This is a direct consequence of the bleed on stator 8§,
which is located at the hub for the cantilevered and on the cavity for the shrouded.
Also for stage 11, CNE shows slightly lower efficiency in comparison to the two
shrouded configurations. The aerofoil design of stage 11 remains unchanged for the
3 configurations and the changes in performance observed here are only a result of

the different upstream flow field.

At the NS operating conditions, the relation of the efficiency level between the three
configurations is unchanged for all the stages considered, except for stage 8. The
isentropic efficiency of SRE is higher for each stage, whereas it is lower for SNE.
Only for stage 8, SNE has higher isentropic efficiency than CNE.

The total pressure ratio of stage 7 shows an offset between the cantilevered con-
figuration and the two shrouded configurations, which instead have a very similar
total pressure ratio. Starting from stage 8, differences in terms of total pressure ratio

between the two shrouded configurations are observed towards stall.
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Figure 4.11: HSC, entire model, stage performance for the CNE, the SRE and SNE
configurations
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4.4 Simulation of the baseline cantilevered and the two shrouded configurations

The analyses of the stage performance highlights that, for all the configurations
considered, stage 8 and stage 11 are the weaker stages. Therefore in the subsection

4.4.4 these stages are investigated more in detail.

4.4.3 Design point analysis

The analysis goes more in detail by investigating the radial distribution of the losses

for each row at the design point.

The choice of the most suitable definition of a loss coefficient is very important

and, if chosen inadequately, may result in misleading conclusions as pointed out by
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Figure 4.12: HSC, entire model, radial distributions of the entropy change loss coeffi-
cient at the DP operating conditions for the CNE, the SRE and SNE configurations
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4 Investigation of a high-speed multi-stage axial compressor

Yoon et al. [8]. De Dominicis et al. [51] have demonstrated that, in a multi-stage
axial compressor featuring a change of stator hub configuration, the entropy loss
coefficient defined by the Equation 2.2 should be used. The entropy change based
loss coefficient takes into account the energy added by the rotating surfaces, which
differs for the two stator hub configurations. The relative rotation between the stator
and the hub imparts energy to the hub flow for the cantilevered stators, whereas
the rotating inner leakage surface imparts energy to the seal cavity leakage flow
for shrouded stators. The impact of the energy added by the rotating surfaces is
different not only for the stator featuring a change of stator hub configurations but

also for the downstream rows.

Figure 4.12 depicts radial distributions of the entropy change loss coefficient for each
row at the design point. As the impact of the stator hub is limited to the inner 30% of
the span, only this region is analysed. As expected, the flow field on R7 is only slightly
affected by the redistribution induced by the downstream stator changes. The impact
on S7 is, however, evident. S7 experiences a change of stator hub configuration, so
the key feature causing the losses to be generated is different for the two stator
designs. For the cantilevered case, the clearances vortex, which develops from the
pressure side to the suction side of the vane in the gap between the rotating hub
and the stationary stator, plays a major role. For the shrouded configurations, the
leakage flow recirculates through the cavity, moving from the downstream opening
to the upstream one, driven by the axial pressure difference across the stator. The
leakage flow re-enters the main path upstream of the leading edge and, due to the
low momentum of the leakage flow, generates a three-dimensional corner separation

on the suction side of the vane.

Considering the loss distributions on S7, it emerges that only the lower 25% of the
span is affected by the change of the stator hub configuration. In the comparison of
the cantilevered design with the two shrouded ones, the entropy change loss coeffi-

cient indicates lower losses at the hub for the cantilevered stator configuration.

Since R8 is the first row downstream of S7, it is strongly affected by the upstream
change of the stator hub configuration. Very close to the hub, i.e. between 1% and 6%

of the span, the shrouded configurations show higher losses in comparison with CNE,
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4.4 Simulation of the baseline cantilevered and the two shrouded configurations

and SNE has slightly lower losses than the one with reduced clearances. Between
6% and 11% of the span, the two shrouded configurations have higher losses with

respect to the cantilevered, with SNE having larger ones.

For S8, the maximum value is, for CNE, lower than the one for the shrouded cases
and is located at 1% of the span. In the region between 7% and 27% of the span, the
entropy losses of the cantilevered design are slightly larger than those of both the
two shrouded ones. The loss distributions of S8 are strongly impacted by the bleed,
which is positioned at the hub for the cantilevered configuration and in the shroud

cavity for the two shrouded configurations, as shown in Figure 4.1 and Figure 4.7,

respectively.

Regarding stage 9, the R9 of the cantilevered configuration shows a different trend
than the R8, R10, and R11. This is due to the bleed on the S8 hub, which has
reduced the boundary layer at the S8 outlet, and hence also at the R9 inlet. For
the shrouded configuration with higher clearances, the loss coefficients show great
losses with respect to the other two configurations. On S9, the losses of the shrouded
configurations are evidently higher than the cantilevered, with SNE showing larger

losses, especially in the region between 5% and 19% of the span.

As a consequence of the upstream S9 flow field, the impact of the stator hub con-
figuration on R10 is expanded over 30% of the span for the shrouded configuration
with higher clearances. For S10, the losses of the two shrouded configurations are

limited to 20% of the span, and are larger for the case with higher clearances.

Stage 11 is only indirectly affected by changes of stator hub configuration. The chan-
ges on S11 are only the consequences of the changes to the stator hub configurations
in stators 7, 8, 9, and 10. For R11 the same considerations made for the other rotors
apply, whereas for S11 the loss distributions are those typical of a cantilevered con-
figuration. The impact of the upstream change in stator hub configuration appears
in up to the 25% of the span. Close to the hub, the entropy change losses are consis-
tently different for the cantilevered and the two shrouded configurations, although

the stator hub configuration of S11 remains unchanged for the three configurations.
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4 Investigation of a high-speed multi-stage axial compressor

4.4.4 Near-stall analysis

To understand the stall mechanism of the investigated stage block, firstly the flow
development that leads the machine towards the stall is considered. In this secti-
on, the stall behaviour of the two reference configurations, i.e CNE and SRE, is
investigated, whereas the near-stall analysis for SNE is reported in appendix B. The
main focus is to understand if and how the stators hub configuration affects the stall

mechanism of the machine.

For each configuration, the stall analysis is conducted by considering the radial
distributions of the entropy loss coefficient at three different corrected mass flows,
which are the design point DP, towards-stall point TS, and near-stall point NS.
Those points are highlighted in Figure 4.10. The regions found to be critical are
then more deeply analysed through 3D plots, which show the reverse flow region
and the entropy contours, downstream of the trailing edge of the blade/vane row

under investigation.

4.4.4.1 Cantilevered configuration

Figure 4.13 depicts the radial distributions of the entropy change loss coefficient for
each row of CNE at the three different corrected mass flow operating conditions DP,
TS and NS, highlighted in Figure 4.10. Moving from the DP operating condition
towards the stall, the region of increased losses is limited to the tip region for R7
and is found mostly in the hub region for S7. Starting with RS, instead, changes can
be observed both at the hub and at the casing for all the rows when DP, TS, and
NS are compared. R8 shows a very similar loss in the hub region for DP and TS,
but a large increase of losses in the region between 16% and 36% of the span for NS.
S8, close to the hub, has very similar losses for NS and TS, whereas, between 10%
and 20% of the span, for NS shows larger losses transmitted downstream by the loss
distributions on R8. As observed for the design point analysis in Figure 4.12, the
bleed on S8 impacts the loss distributions of R9, as it reduces the boundary layer
at S8 outlet. As a consequence, they show in the hub region a different trend in
comparison with R8, R10 and R11.
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4.4 Simulation of the baseline cantilevered and the two shrouded configurations

For the rotors, the losses at TS and NS operating conditions compared with those
at the DP, are lower close to the hub but larger moving towards midspan. In the tip
region instead, the losses increase when the mass flow is decreased. For the stators,
we observe an opposite trend. Compared with the losses at the DP, the losses at TS

and NS, are lower close to the tip and larger in the hub region.

In general, by moving downstream, the losses become larger in terms of absolute
value and more expansive across the span both for the rotors and the stators. In
particular, S11 experiences a large region of losses in the hub region for T'S and NS
operating conditions in comparison with DP. It is extended up to 40% of the span

at TS operating condition and up to midspan at NS operating condition. At T'S and
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Figure 4.13: HSC, entire model, radial distributions of the entropy change loss coef-
ficient at the operating conditions DP, TS and NS for the CNE configuration
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entropy change
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Figure 4.14: HSC, entire model, near-stall for the CNE configuration. The regions
of negative axial velocity on R8 are depicted in red and the entropy contours down-
stream of the rotor trailing edge are depicted in green
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Figure 4.15: HSC, entire model, near-stall for the CNE configuration. The regions
of negative axial velocity on S11 are depicted in red and the entropy contours down-
stream of the rotor trailing edge are depicted in green

NS operating conditions, the loss distributions of the entropy change loss coefficient

reach, between 10% and 15% of the span, a similar maximum value.

The near-stall analysis is taken to more detail by investigating the causes of the
increase of losses in the region between 16% and 36% of the span for R8, and in the

hub region for S11, when the back pressure is increased. Figures 4.14 and 4.15 show

the reverse flow region and the entropy contours downstream of the blade/vane row
trailing edge, respectively, for R8 and S11, at the operating conditions DP, TS and
NS.

In Figure 4.14 we observe a large reverse flow region in the hub region for R8 at NS
operating condition. This reverse flow region cannot be observed at DP operating
condition and is very limited at TS. This is in agreement with the trend observed

in Figure 4.13 for the radial distributions of the entropy change loss coefficient, in
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which at DP and TS the loss distributions are very similar. Instead, at NS, R8 shows
an increase of losses in the region between 16% and 36% of the span. However, the
circumferential extension of the reverse flow region at NS, shown in the entropy con-
tour plot, is limited. Therefore, the large region of reverse flow on RS is not causing

the numerical stall of the machine.

For S11, depicted in Figure 4.15, we observe a large region of reverse flow in the
hub region for the operating conditions TS and NS, whereas at the DP operating
condition it is very limited to the leading edge. At TS and NS, the reverse flow
region affects the entire chord length. It causes the large increase of losses observed
in Figure 4.13 and takes the machine to stall. This is confirmed by the entropy con-
tour plots. Both at TS and NS, the region of reverse flow is extensively extended

circumferentially.

4.4.4.2 Shrouded configuration with reduced clearances

Figure 4.16 depicts the radial distribution of the entropy change loss coefficient for
each row of SRE at the three different corrected mass flow operating conditions DP,
TS and NS highlighted in Figure 4.10.

When the compressor back pressure is increased from the DP operating condition
to NS operating condition, the region of increased losses is mostly limited to the tip
region for R7 and to the hub region for S7. This is in agreement with the observations
made for CNE. Also for SRE, starting from RS, there are changes in losses both in
the hub and in the tip region. Considering R8, we observe a relevant difference
in the loss distribution between the shrouded and the cantilevered configuration.
Indeed, R8 does not show a marked increase of losses in the hub region at NS.
However, slightly higher losses are visible between 5% and 35% of the span for NS
in comparison to DP and TS. This is a beneficial consequence of the altered inlet
flow conditions for R8, resulting from the change of the S7 stator hub configuration

from cantilevered to shrouded.

In the hub region, the change of stator hub configuration of the first four stators,

from cantilevered to shrouded, results in different loss distributions, as discussed for
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4 Investigation of a high-speed multi-stage axial compressor

the design point analysis in Figure 4.12. However, the same considerations made for
CNE, when the mass flow is decreased, applies for SRE with the exception of S8 and
R9. This is a consequence of the different location of S8 bleed for the cantilevered and
the shrouded configuration. S8 bleed is located within the cavity for the shrouded
configuration and directly at the hub main gas path contour for the cantilevered
configuration. Therefore, when the two stator hub configurations are compared, it
emerges, that for the shrouded configuration, S8 bleed not only has less effect on
the loss distributions of S8 but also on those of the downstream row R9. It follows,

that R9 loss distributions have a similar trend in comparison to the other rotors.

Similarly, as observed for CNE for the rotors, the losses at TS and NS operating

conditions are, in comparison to the losses at the DP, lower close to the hub and larger
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Figure 4.16: HSC, entire model, radial distributions of the entropy change loss coef-
ficient at the operating conditions DP, TS and NS for the SRE configuration
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Figure 4.17: HSC, entire model, near-stall for the SRE configuration. The regions of

negative axial velocity on R8 are depicted in red and the entropy contours down-
stream of the rotor trailing edge are depicted in green

entropy chgnge .>P\ : >r\ ’ %
loss coefficient [-] :
)‘ '.j_'.f:f |

high
a) DP b) TS c) NS

low

Figure 4.18: HSC, entire model, near-stall for the SRE configuration. The regions of
negative axial velocity on S11 are depicted in red and the entropy contours down-
stream of the rotor trailing edge are depicted in green

moving towards midspan. For the stators, the hub losses increase gradually when the
mass flow is decreased. Conversely, at the tip, the losses increase gradually when the
mass flow is decreased for the rotors, instead for the stators T'S and NS result in lower
losses close to the casing but higher losses towards midspan. The loss distributions

at the tip show limited changes across the two stator hub configurations.

Also for the SRE configuration, by moving downstream, the level of entropy change
loss coefficients become larger and losses are more expansive across the span both for
the rotors and the stators. S11 losses increase drastically at the TS and NS conditi-
ons. Similarly as for CNE, the losses extend up to 40% of the span at TS operating
condition and 50% of the span at the NS operating condition. The maximum value
of losses is very close for both TS and NS operating conditions, and corresponds to

the value of maximum loss for CNE.
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4 Investigation of a high-speed multi-stage axial compressor

With the aim to understand the reason for the reduced losses occurring on R8 and
the causes of the large losses on S11, the respective regions of reverse flow and
the entropy contours at the DP, TS and NS operating conditions are presented in

Figure 4.17 and in Figure 4.18 for R8 and S11, respectively.

For RS, depicted in Figure 4.17, the region of reverse flow at the NS operating con-
dition is drastically reduced compared to the one observed for CNE in Figure 4.14.
At NS operating condition, the region of reverse flow is mostly limited in the trailing

edge hub region and its circumferential extension is relatively small.

In Figure 4.18, S11 shows similar regions of reverse flow as those observed for the
cantilevered configuration in Figure 4.15. Therefore, the change in stator hub confi-
guration of the first 4 stators has not changed the stall behaviour of the machine. S11
is the row taking the machine to numerical stall, not only for the CNE configuration,
but also for SRE.

4.4.5 Key Outcomes

In this section, the entire model compressor block was investigated, consisting of the
last 5.5 stages of an 11-stage axial compressor. Starting from the baseline cantile-
vered configuration of the entire model, in which all the stators are configured as
cantilevered and have the same level of hub clearance, the reference shrouded con-
figuration was obtained by changing the stator hub design of the first four stators.
The clearance level of the reference shrouded configuration is smaller than that of
the baseline cantilevered configuration, because this general advantage of the shrou-
ded approach was exploited here. Indeed, cantilevered stator vanes require relatively
large hub-to-endwall clearances to avoid rubs and possible catastrophic damage,
whereas shrouded stator vanes allow smaller seal clearances. However, a shrouded
configuration with the same clearance level of the cantilevered configuration was also

considered in this study.

For all the configurations investigated, the first four stators have the same clearance

level and the clearances of the rotors as well as those of S11 and OGV were main-
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tained unchanged. The stator aerofoil designs were left unchanged, apart from the
thickness-to-chord ratio distribution, which is different for cantilevered and shrouded
vanes. For the two shrouded configurations, the cavities were fully meshed and re-
solved. To physically account for the three bleeds, at S8, S9, and S11, the isentropic

efficiency was formulated based on the output power.

The overall performance CFD prediction have shown, that the shrouded configura-
tion with reduced clearances performs better in terms of efficiency. However, when
the clearances were increased to match those of the cantilevered configuration, the
shrouded design resulted in lower efficiency compared to the cantilevered one. In
terms of stall margin, the cantilevered configuration shows a greater stall margin
relative to the two shrouded configurations. Considering the individual stage per-
formance, we have observed, that the better performing configuration changes from

stage to stage, and the weaker stages are stages 8 and 11 for all three configurations.

The design point analysis, conducted using the entropy loss coefficient, has shown,
that the two stator hub architectures, cantilevered and shrouded, result in a diffe-
rent distribution of the losses for all rows except R7. S7 is the first row upstream
which experiences a change of stator hub configuration, therefore the impact on the
upstream flow field of R7 is very limited. Instead, distinct changes in the loss distri-
butions can be observed for S7 and the downstream rows. The changes are, however,
limited to 30% of the span. In general, when moving downstream, the differences
are larger in terms of absolute values and more expanded across the span both for
the rotors and the stators. Although S11 is only indirectly affected by changing the
upstream stator hub configurations and remains unchanged for the two configurati-
ons, also the loss distributions of S11 are consistently different for the cantilevered
and the two shrouded configurations. The trend observed for the two shrouded con-
figurations is similar, with the configuration with larger clearances showing larger

losses.

The near-stall analysis of the two reference configurations, the cantilevered with
nominal clearances and the shrouded with reduced clearances was conducted by
considering the operating conditions DP, TS, and NS. It has shown, that for both

configurations S11 has a large region of reverse flow at the hub for TS and NS opera-
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ting conditions, which causes the machine to stall. Additionally, for the cantilevered
configuration at NS a region of reverse flow on the R8 hub was observed, which is

strongly reduced in the case of the shrouded configuration.

4.5 Sensitivity analysis

In this section, a parametric study is performed on a reduced model of the 5.5-stage
axial compressor analysed in section 4.4 to quantify the impact of some significant
parameters. Those are the clearance level of the first four stators for both the can-
tilevered and the shrouded configurations, the degree of reaction, and the endwall
stator vane geometry, only investigated for the shrouded configuration. The results
of this sensitivity study are used in section 4.6 to design two improved shrouded

configurations.

4.5.1 Reduced model

Figure 4.19 shows the reduced model with shrouded stators investigated in this
section of the work. It consists of stage 8, stage 9, and R10 of the shrouded baseline
configuration presented in Figure 4.7. The inlet of the reduced model coincides with
the mixing plane between S7 and RS in the entire model, whereas the outlet of the
reduced model coincides with the mixing plane between R10 and S10 of the entire
model. Similarly, a reduced model for the cantilevered configuration was derived
starting from the model shown in Figure 4.1. The inlet boundary conditions differ
between the shrouded and the cantilevered configurations as they are derived by

simulating the entire model using their individual stator hub designs.

The running clearances of rotors and stators used for the reference reduced models,
shrouded and cantilevered, are the same as those used for the entire model. Nominal
clearances, equal to approximately 1.5% of the S7 span are used for the reference
cantilevered configuration, and reduced clearances, equal to approximately 1.1%
of the S7 span, for the reference shrouded configuration. For each configuration

considered, only the clearances of the stators has been changed, maintaining the
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Figure 4.19: HSC, reduced shrouded model. The locations of the bleeds for S8, and
S9 are shown in green, and the locations of the interfaces are depicted in orange

rotor clearances unchanged. The two stators have the same level of clearances for

each configuration.

A reduced model was used to achieve faster results and speed up the design process.
Indeed, the variations in the degree of reaction and the stator near-endwall profile
geometry required an iterative process to maintain unchanged the pressure ratio and

the incidence across the different configurations investigated.

4.5.2 Assessment of different hub clearances and seal gaps

Clearances play an essential role in determining the performance of an axial com-
pressor. For multi-stage compressors, the impact of the clearances can be even more
significant because the cumulative impact of leakage flow not only degrades the local
performance, but also alters the stage matching intended by the designers. For rotor
blades with normal operating clearances, a general rule is to expect a 1 to 1.5 point
reduction in efficiency for every 1% increase in the clearance-to-height ratio [61, 5].
The stall margin can be reduced by up to 6% for every 1% increase in clearance-
to-chord ratio [9]. The size of the clearances is not constant over time. It strongly
depends on thermal effects and, during the lifespan of the machine, the clearance
inevitability increases because of wear. Furthermore, the stages’ loading affects aer-
ofoil and seal erosion, with greater pressure differences promoting faster erosion [19].
Therefore, in the design phase of an axial compressor, the behavior of the machine

over a range of reasonable clearance values needs to be investigated.
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4 Investigation of a high-speed multi-stage axial compressor

Avoiding the clearances is impossible; however, different kinds of designs have been
developed resulting in different kinds of leakage flows [8]. Cantilevered stators require
relatively large hub-to-endwall clearances to avoid rubs and possible catastrophic
damage of the drum. Shrouded vanes, instead, allow smaller clearances, as the impact
between the seal and the fins is not so dangerous as it would be for a cantilevered
stator. Furthermore, in the recent years, different sealing technologies have been

developed to reduce the amount of leakage flow [11] for shrouded configurations.

The focus of this section is to understand, whether increased stator clearances change

the stall mechanism both for the cantilevered and the shrouded configuration.

4.5.2.1 Methodology

The clearance level of the two stators of the reduced model, i.e. S8 and S9, was
systematically varied from small clearances to large ones. For each clearance level
considered, both stators have the same absolute clearance value. The rotors clearan-

ces remained unchanged.

The study was performed both for the cantilevered and the shrouded configuration.
Figure 2.1 depicts the aerofoil-clearance arrangement for the cantilevered and the

shrouded designs.

Four different clearances are considered, representative of typical clearances used
for axial compressors in stationary gas turbines. Table 4.4 summarises the different
clearance levels investigated and the clearance-over-span 7/s for each stator. 7,.f is
the nominal clearance and corresponds to the reference clearance for the cantilevered

model.

Table 4.4: HSC, clearance study, stator tip levels considered

T)Trey | T/5 S8 | T/5 S9 Name Abbreviation
0.70 0.0111 | 0.0127 | Reduced clearances
1.00 0.0159 | 0.0182 | Nominal clearances
1.43 0.0226 | 0.0260 | Increased clearances
2.00 0.0317 | 0.0363 Large clearances

H—=Zx
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4.5.2.2 Overall performance

efficiency [-]

5

corrected mass flow [kg/s]

total pressure ratio [-]

—=o— CRR
CNR
CIR

CLR

corrected mass flow [kg/s]

a) Cantilevered configurations

gl

>0

cC L

oF DP

2t

2|

o r

[ TS

- NS

i 5
o 1

corrected mass flow [kg/s]

total pressure ratio [-]

—e— SRR
——e—— SNR
——o— SIR
SLR

corrected mass flow [kg/s]

b) Shrouded configurations

Figure 4.20: HSC, clearance study, overall performance

Figure 4.20 shows the overall performance of the cantilevered and the shrouded

configurations. The overall performance considers only stage 8 and stage 9, thus

excluding R10.

We observe a clear trend of decreasing isentropic efficiency across the entire opera-

tional range when the stator clearances are increased, both for the shrouded and the

cantilevered configurations. This trend was expected, as it was observed in many

studies (e.g. [5], [19], [26]).
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4 Investigation of a high-speed multi-stage axial compressor

The peak efficiency remains at the same mass flow for the cantilevered configurations
with varying clearances, whereas, when the clearances are altered for the shrouded
configuration, the peak efficiency slightly shifts towards higher mass flow for larger

clearances.

Considering the total pressure ratio, for high mass flow the impact of the clearances
is very limited, both for the cantilevered and the shrouded configurations. When the
clearances are increased, the total pressure ratio slightly drops. Moving toward smal-
ler mass flows, the configurations with larger clearances results in a more pronunced

reduction of total pressure ratio and in a reduction of stall margin.

Efficiency vs. clearance at the design point

The sensitivity of the isentropic efficiency to the clearances level at the design point

is shown in Figure 4.21. The design point is highlighted in Figure 4.20.

For each of the clearances considered, the cantilevered configuration, C, has higher
efficiency when compared with the shrouded one, S. However, to fairly compare the

cantilevered and the shrouded design, a smaller clearance should be used for the

efficiency [-]

05 1 15
‘C/’cref[-:I

Figure 4.21: HSC, clearance study, isentropic efficiency vs. clearance levels for the
cantilevered and the shrouded configurations
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latter. Indeed, as pointed out in chapter 2, shrouded vanes allow reduced clearances

in comparison with the cantilevered ones.

For reduced clearances, the two configurations have similar efficiency. When the
clearances are increased, the shrouded design is more strongly impacted, showing a
larger sensitivity to the clearance level than the cantilevered one. Consequently, to
achieve the same efficiency of the cantilevered configuration with nominal clearances,

smaller clearances are required for the shrouded configuration.

4.5.2.3 Cantilevered configuration

With the aim to deeply understand how the clearances affect the two different stator
hub configurations, a more detailed analysis was performed. The analysis includes

stage performance, design point and near-stall analysis of radial loss distributions.

Firstly, for the cantilevered design and then for the shrouded one, the reference
and the larger clearances are considered. The larger clearances are the same for
the two configurations, whereas the reference clearances correspond to the nominal
clearances for the cantilevered configuration and to the reduced clearances for the

shrouded configuration.

Stage performance

In Figure 4.22; the stage performance is shown for stages 8 and 9 by using the local

mass flow and the same scale for the efficiency and for the total pressure ratio.

In general, for both stages, the trend is in agreement with the overall performance

shown in Figure 4.20(a). Indeed, when the clearances are increased, we observe a

decrease of the efficiency and a shift of the total pressure towards lower level. The
reduced efficiency, despite larger for stage 9, can be observed in both stages, whereas
the pressure shift mostly happen in stage 9. R9 is strongly affected by the upstream
S8 change, whereas the impact on the upstream RS8 is very limited. However, when

the back pressure is increased to reach the stall, CLR shows an earlier roll-over
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Figure 4.22: HSC, clearance study, stage performance of CNR and CLR

behavior of the characteristic, both for stage 8 and 9. The altered S8 clearance
affects the stage 8 efficiency but, except for the near-stall region, has limited impact
on the total pressure ratio. Stage 9 has both a reduced efficiency and a drop of total

pressure ratio across the entire operational range.

Design point analysis

The radial distributions of the entropy change loss coefficient at the design point are
depicted in Figure 4.23 for the CNR and CLR configurations. Only the lower 50%

of the span is shown, the differences being limited in this region.

Comparing the distributions of the entropy change loss coefficient of the reduced

cantilevered configuration with nominal clearances, CNR, with those of the enti-
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Figure 4.23: HSC, clearance study, radial distributions of the entropy change loss
coefficient at the DP operating conditions for the CNR and CLR configurations

re cantilevered configuration with nominal clearances, CNE, which are depicted in
Figure 4.12, we do not observe any significant difference. This was expected, because
the boundary conditions imposed at R8 inlet to the reduced model were taken from

the 5.5-stage model.

In Figure 4.23 we observe marked differences for all the row except R8 when the
clearances are increased from the nominal to the larger ones. S8 and S9 show higher
losses for CLR up to respectively 30% and 35% of the span. R9 and R10 have lower
losses for CLR close the hub but larger losses toward midspan. In general, by moving
downstream the differences between CNR and CLR are more expanded along the

span, being up to 45% of the span for R10.
Near-stall analysis

To study the stall behavior of the machine, the DP, TS, and NS operating points, as
shown in Figure 4.20, are firstly considered for the nominal and then for the large

clearances.

Figure 4.24 depicts the the near-stall analysis for the CNR configuration. In com-
parison with the entire model, CNE, depicted in Figure 4.13, the reduced model
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Figure 4.24: HSC, clearance study, radial distributions of the entropy change loss
coefficient at the operating conditions DP, TS and NS for CNR

‘A
R
—

e

-

‘re‘la‘tiv‘(-':‘s‘pap ‘[-‘]
r(—:"lailtiv‘e‘s‘paﬁ ‘[—‘]
re‘la‘tiv‘e‘s‘pal‘w ‘[-‘]
re‘la‘tiv‘e‘s‘pap ‘[-‘]
re‘lailtiv‘e‘s‘paﬁ ‘[—‘]

oL
entropy change
loss coefficient [-]

entropy change
loss coefficient [-]

entropy change
loss coefficient [-]

entropy change
loss coefficient [-]

entropy change
loss coefficient [-]

CLR DP
CLRTS
mmmmme CLR NS
CNR NS

Figure 4.25: HSC, clearance study, radial distributions of the entropy change loss
coefficient at the operating conditions DP, TS and NS for CLR and at the NS

operating condition for CNR

shows marked differences in the rotors losses both at TS and NS, especially for R8
tip and R10, as a consequence of stages 8 and 9 being further throttled to search
the stall regime for this shorted stage block. Indeed, considering the reduced model,
the tip losses of R8 increase significantly when the back pressure is increased and,

for R10, the maximum value of the losses at TS and NS is considerably larger and
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more expanded across the span. For the CNR configuration, R10 is the row driving

the machine to stall.

Considering Figure 4.25, we observe for CLR a similar losses trend as the one obser-
ved for CNR, with the absolute value larger for the larger clearances. Also for CLR,
R10 is causing the stall of the machine. The R8 and R9 tip losses increases, moving
towards the stall, are for CLR similar to the one of CNR. This indicates that the
total pressure bent observed for stage 8 and 9 for CLR, which indicates a earlier
stall for CLR in comparison with CNR, is mainly driven by the larger losses on S8
and S9 respectively.

4.5.2.4 Shrouded configuration

The same analysis performed for the cantilevered configuration with two level of
clearances is now conducted for the shrouded stator design. In this case, the reduced
and the large clearances are considered. It has to be mentioned, that for the shrouded
configurations the difference between the two clearances levels considered is larger
than in the cantilevered study, which was based on the reduced and the nominal

clearances.

Stage performance

The stage performance of the shrouded configurations for the two levels of clearances,
SRR and SLR, is depicted in Figure 4.26 by using the local mass flow and the same

scale for the efficiency and for the total pressure ratio respectively.

When the clearances are increased, similarly as observed for the cantilevered con-
figuration, a decrease of efficiency can be observed for both stages 8 and 9, being
significantly greater for stage 9. The total pressure drop on stage 8 is very limited,
whereas it is marked for stage 9. At throttled operating conditions, the characte-
ristics of the configuration with large clearances tends to roll over earlier both for

stage 8 and, more evidently, for stage 9.
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Figure 4.26: HSC, clearance study, stage performance of SRR and SLR

Performance deterioration with increasing clearances for the shrouded design were
observed for the 5.5-stage configuration in Figure 4.11. However, for the entire model,
the difference in clearance levels investigated were smaller, being the nominal and

reduced clearances.

Design point analysis

Figure 4.27 shows the radial distributions of the entropy change loss coefficient at
the design point for SRR and SLR in the lower 50% of the span.

For SRR, no visible differences can be observed between the reduced model and the
5.5-stage model, depicted in Figure 4.12. Large differences can instead be observed
in Figure 4.27 between the SRR and SRL starting from S8. These differences are
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Figure 4.27: HSC, clearance study, radial distributions of the entropy change loss
coefficient at the DP operating conditions for the SRR and SLR configurations

limited and close to the hub for S8 and R9, but relatively evident and extended across
the span for S9 and R10. The large efficiency reduction observed in Figure 4.26 for
stage 9 is therefore mostly caused by S9.

Near-stall analysis

In accordance with the near-stall study performed for the cantilevered configuration
with two levels of clearances, the operating conditions DP, TS, and NS, shown in
Figure 4.20, are also considered for the shrouded configuration, equipped firstly with

reduced and then with large clearances.

Figure 4.28 depicts the stall analysis considering radial distributions of the entropy
change loss coefficient, for the reduced shrouded configuration with reduced clea-
rances, SRR. Although the trend is similar to the one observed in Figure 4.16 for
the entire shrouded configuration with reduced clearances SRE, the reduced model
shows greater losses moving toward the stall, especially at R8 tip and R10. This
was also observed for the cantilevered configuration and is a consequence of stages 8
and 9 being further throttled to search the stall regime for this shorter stage block.
The large losses on R10 at NS, extended across a huge portion of the span, indicate

that R10 is the row taking the machine to stall for the reduced model. Therefore,
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condition for the SRR configuration

for CNR, CLR and SRR configurations, R10 is the row driving the machine to stall

for the reduced model.
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Comparing the stall mechanism of SLR, depicted in Figure 4.29, with SRR, depicted
in Figure 4.28, we observe for all rows except R8 large differences in the trend of
the losses. Indeed R8, being the first row upstream, is only slightly affected by the
downstream stator changes. S8 hub losses are strongly increased for SLR already at
the TS operating condition, however S9 is the row which presents the larger increase
of losses when the back pressure is increased, thus causing the deteriorated perfor-
mance observed for stage 9 in Figure 4.26. R10 presents large separations across
most of the span, which are, in the lower 58% of the span, greater in comparison
with SRR. Also for SLR, R10 drives the machine to stall. The reduced stall margin
of SLR results from the very large region of high losses on S9.

4.5.3 Assessment of different degrees of reaction

The impact of the degree of reaction on the shrouded reduced model is analysed in
this section. For a compressor stage, the degree of reaction is defined as the ratio of

the rotor static enthalpy rise and the stage static enthalpy rise:

o Ahrotor
B Ahstage.

A (4.2)
A low degree of reaction implies, that most of the static pressure rise occurs in the
stator and, conversely, a high degree of reaction implies that little enthalpy change

occurs in the stator and the majority takes place in the rotor.

The choice of the degree of reaction depends on constraints such as the compressor
module’s axis-symmetric inflow and outflow [3], [63]. A common approach is a degree
of reaction of 50%, which results in an equal aerodynamic loading of rotor blade and
stator vane. Furthermore a 50% degree of reaction means, that the rotors and stator
aerofoils have a similar shape. However, the degree of reaction is not always a free

design parameter.

Cumpsty [3] observed, that a change of the degree of reaction has a low impact on the
stage efficiency but, as shown by Casey [63], the three-dimensional flow phenomena,

such as the rotor tip leakage flow and the stator vane endwalls flow, were neglected
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4 Investigation of a high-speed multi-stage axial compressor

in Cumpsty’s study. Ortmanns [64] investigated the effects of changing the degree
of reaction, including the three-dimensional phenomena for a conventionally loaded
high pressure compressor stage. He showed, that the correlation between the overall
stage efficiency at constant pressure ratio and the degree of stage reaction is low.
Nevertheless, he observed, that the degree of reaction has a direct impact on the
rotor tip leakage flow and the secondary flow phenomena in the stator endwall region,

both driven by static pressure gradients within the respective rotor/stator passage.

In this section, the methodology used in this work to change the degree of reaction is
first explained. Then, four different configurations with different degrees of reaction

are considered.

4.5.3.1 Methodology

The design of the SNR configuration was varied to consider four different degrees of
reaction. The SNR configuration is used as the original configuration for both the
degree of reaction analysis and the stator near-endwall profile style modification,

presented in section 4.5.4.

The original geometry of aerofoils corresponds to the baseline cantilevered configu-
ration introduced in section 4.1 except for the thickness-to-chord ratio distribution,

that was adapted to the new hub architecture as described in section 4.3.2.

The very first step in changing the degree of reaction was a preliminary assessment
at the aerofoil midspan by using the velocity triangles. Starting from the SNR con-
figuration, the stage inlet absolute angles were changed by a certain desired delta ¢
as shown in Figure 4.30. The four configurations with different degrees of reaction
considered are presented in Table 4.5. They have the same design flow coefficient and
work coefficient at the DP. The velocity triangles at the outlet of the rotors were
calculated by imposing constant work across the rotors. The inlet axial velocity was

kept unchanged for each row.
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ROTOR

Figure 4.30: HSC, degree of reaction study, rotor inlet velocity triangles, original
geometry depicted in red, new geometry depicted in blue

The preliminary assessment indicated how the metal angles of each row should be
changed at midspan to achieve the desired swirl angles and consequently an altered
degree of reaction. These results were then used as a starting point to change the
geometry of the entire aerofoil. A tool-kit based on Matlab and Numeca Autoblade
was used for this purpose [65]. The true chord length was maintained unchanged. The
leading edge was the stacking point for both the rotors and the stators; however,
the stator vanes were then translated to keep constant the axial location of the
trailing edge. The decision to maintain the axial location of the stators’ trailing
edge was driven by the need to maintain the length of the stage (rotor + stator),
in order to have comparable results across the different configurations. The lengths,
that must be kept unchanged are shown in Figure 4.31: the distance A between the
rotor TE and the mixing plan interface, the distance B between the downstream

edge of the upstream axial cavity opening and the stator LE, and the distance C

Table 4.5: HSC, degree of reaction study, changes of stage inlet absolute angle con-
sidered

name | §[°]
SNR 0
DOR1 | 10
DOR2 | 5
DOR3 | -5
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4 Investigation of a high-speed multi-stage axial compressor

between the upstream and the downstream upstream axial opening of the cavity.
Other design parameters kept constant are the maximum thickness and the leading
and trailing radii. Also the camber line, lean, and bow distributions were maintained.

The geometry of the cavity was only altered in the x-direction.

The new CFD setup was prepared by adapting the inlet flow condition to stage
8. Indeed, for the first stage of the model, the inlet swirl angles were changed by
modifying the inlet boundary conditions by the desired delta . R9 and R10 receive
instead, as input, the exit flow of the previous stator, which was changed to obtain

the desired swirl flow change ¢.

To preserve the stage and rotor total pressure ratios, both integral and radial, as
well as the incidence of all aerofoil sections, iterative corrections of the metal angle
distributions were performed using 3D simulation. Indeed, the newly designed ae-
rofoils are required to match the pressure ratio, both integral and radial, and the

incidence of the starting configuration at the design point.

rotor new MP new
TE interface stator LE
AN yd e

stator LE

Figure 4.31: HSC, degree of reaction study, constant lengths when the degree of
reaction is changed, original geometry depicted in red, new geometry depicted in
blue
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4.5.3.2 Geometry

The aerofoil geometries of stage 8 and the locations of the mixing planes are shown

in Figure 4.32. The original configuration SNR is depicted in red.

Rs\% /

) DOR1 ) DOR2 DOR3

Figure 4.32: HSC, degree of reaction study, stage 8 aerofoil geometries and mixing
plane locations at midspan. The original geometry is depicted in red

The configurations DOR1 and DOR2 have a greater absolute inlet flow angle in
comparison with SNR, whereas DOR3 has a smaller one. For DOR1 and DOR2,
the larger absolute inlet flow angle results in a smaller rotor stagger angle. The
rotor turning must increase to maintain the stage pressure ratio, thus the stator
flow turning decreases. Oppositely, for DOR3, the smaller absolute inlet flow angle
results in a higher rotor stagger angle and a smaller degree of flow turning on the

rotor blade, resulting in a higher turning on the stator vane.

The change of the degree of reaction is not local, but instead affect the entire height,
both for rotors and stators. For the rotors, an increased degree of reaction results in

a larger static pressure rise.
4.5.3.3 Overall performance

Figure 4.33 shows the overall performance for the four different degrees of reaction,

by considering only stage 8 and stage 9, thus excluding R10.

Observing the efficiency at the design point, DOR2 maintains the same efficiency
as SNR, whereas DOR1 and DOR3 have distinctly lower efficiency, which is very
similar. This trend is maintained moving towards the stall for all the configurations
except for DOR1, which has a lower decrease in efficiency very close to stall in compa-

rison to the other configurations. However, DORI1 stalls much earlier in comparison
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Figure 4.33: HSC, degree of reaction study, overall performance

with the other configurations. DOR2 is, at the near-stall operating conditions, the

configuration with higher efficiency.

Both DOR2 and DOR3 show an increased stall margin of the machine, however
DORS3 has lower efficiency across the entire operational range. Thus DOR2 results

as the best configuration among the four investigated.

Considering the total pressure ratio, the four configurations show the intended same

value at design point and only small differences towards the stall.

4.5.3.4 Stage performance

Figure 4.34 shows the performance of individual stages of the four configurations

considered.

Both for stage 8 and stage 9, SNR and DOR2 perform similarly across the entire
operational range, with DOR2 having slightly larger efficiency close to stall. There,
DOR2 has lower total pressure ratio for stage 8, when compared with the SNR, but

higher pressure ratio for stage 9.
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Figure 4.34: HSC, degree of reaction study, stage performance

DORI1 has reduced efficiency both for stage 8 and stage 9 and, for stage 8, has a
different efficiency trend in comparison with the other configurations. DOR3 shows
similar performance as SNR for stage 8, but lower efficiency and lower total pressure
ratio for stage 9. This indicated, that the lower efficiency observed in the overall

performance for DOR3, Figure 4.33, is mostly caused by deficits occurring is stage
9.

4.5.3.5 Design point analysis

At the design point, the four configurations are analysed in more depth. Table 4.6
tabulates the values of degree of reaction for each stage of the configurations inves-

tigated.
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4 Investigation of a high-speed multi-stage axial compressor

Table 4.6: HSC, degree of reaction study, values of configurations considered

SNR | DOR1 | DOR2 | DOR3
Stage 8 | 0.54 | 0.65 0.60 0.46
Stage 9 | 0.47 | 0.62 0.54 0.39

Compared to SNR, DOR1 and DOR2 have for both stages a larger degree of reaction
whereas DOR3 has reduced values. Although the change of stator exit flow angle
has the same amount, but is opposite for DOR2 and DORS, the variation of degree
of reaction for both stage 8 and stage 9 is greater for DORS3.

Figure 4.35 shows the loss distributions across the span for each row for the four
different degrees of reaction at the design point, which is marked in Figure 4.33.
When the degree of reaction is increased, i.e. for DOR1 and DORZ2, the tip losses
increase for all the rotors while the stator hub losses decrease. Indeed a higher degree
of reaction requires a higher enthalpy change across the rotors. In particular, R8 has

a very large increase of losses related to the tip vortex for DORI.

On the other hand, when the degree of reaction is decreased, i.e. for DOR3, the

tip leakage losses decrease and the stator shroud leakage losses increase. A smaller
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Figure 4.35: HSC, degree of reaction study, radial distribution of the entropy change
loss coefficient at the DP operating conditions for the SNR, DOR1, DOR2, and
DOR3 configurations
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Configuration R8 R9 R10
SNR

DOR1

DOR2

DOR3

Figure 4.36: HSC, degree of reaction study, the regions of negative axial velocity at
the mid-clearance height of the rotors for SNR, DOR1, DOR2 and DOR3 at the DP

operating conditions are depicted in red
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degree of reaction results in a larger static enthalpy change across the stator, thus
larger static pressure difference between the upstream and the downstream axial
opening of the inner shroud cavity. For S8 the increase of losses is however limited,

whereas for S9 it is large.

These observations are in agreement with the regions of reverse flow at mid-clearance
height of the rotors at the DP operating conditions, as shown in Figure 4.36, which
depicts in red contours of negative axial velocity. Three-dimensional separation wi-
thin the compressor can be identified and assessed when considering regions of low
or negative axial velocity. This can be done in 2D or 3D views of the flow field,
plotting contours of axial velocity, which identify reverse flow regions and therefore
give evidence of potential flow separation occurring. In comparison with SNR, all
the rotors of DOR1 and DOR2 have greater reverse flow patches, whereas those of
DORS3 have smaller ones. For all the configurations, R9 is the rotor with smaller

reverse flow patches at the tip in comparison with R8 and R10.

For DORI1 the regions of reverse flow are more expansive both in the axial and the
circumferential directions. In particular, for RS, the reverse flow region includes a
large portion of the inlet. This results in the large entropy change loss coefficients
to be observed at R8 tip for DORI1 in Figure 4.35.

4.5.3.6 Near-stall analysis

The near-stall analysis is conducted for the original configuration, SNR, and the
best degree of reaction configuration, DOR2, with the aim to better understand
why DOR2 has a higher efficiency at the near-stall operating conditions and a larger
stall margin compared with SNR. The results considered are the entropy change
loss coefficient, the regions of reverse flow at the mid-clearance height of the rotors,
and the regions of reverse flow and the entropy contours downstream of the stators’

trailing edge at the operating conditions DP, TS and NS.

Figure 4.37 depicts, for SNR, the radial distributions of the entropy change loss
coefficient for the DP, TS and NS highlighted in Figure 4.33. For all the rows, the

trend is similar to the one seen in Figure 4.29 for the SLR configuration, even if the
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Figure 4.37: HSC, degree of reaction study, radial distribution of the entropy change
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tion and at the NS operating condition for the SNR configuration

absolute values of the losses are lower for the configuration with nominal clearances,
SNR. When the mass flow is decreased, the losses increase considerably on S9 and
R10, thus taking the machine to stall. Also RS tip losses are strongly affected by an

increase of back pressure.
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Figure 4.39: HSC, degree of reaction study, near-stall for the SNE and DOR2 con-
figurations. The regions of negative axial velocity on S8 are depicted in red and the
entropy contours downstream of the stator TE are depicted in green
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Figure 4.40: HSC, degree of reaction study, near-stall for the SNR and DOR2 con-
figurations. The regions of negative axial velocity on S9 are depicted in red and the
entropy contours downstream of the stator TE are depicted in green

Considering the entropy change loss coefficient at operating conditions the DP, TS
and NS for DOR2 in Figure 4.38, a large increase of the tip losses can be observed
when the mass flow is decreased in comparison with the SNR in particular for R8
and R10. In the tip region the losses of DOR2 at TS are similar to those observed for
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NS R8 R9 R10
SNR
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Figure 4.41: HSC, degree of reaction study, the regions of negative axial velocity at
the mid-clearance height of the rotors for the SNR and DOR2 configurations at the
NS operating conditions are depicted in red

SNR at NS. At the hub, S8 has only a smaller decrease of hub losses for DOR2 when
compared with SNR, whereas S9 a considerable one. This decrease of hub losses on

S9 delays the inception of the stall and results in a larger stall margin for DOR2.

The regions of reverse flow at the operational points DP, TS and NS on S8 and S9,

are presented in Figures 4.39 and 4.40 respectively. For S8, we observe the positive

impact of the increased degree of reaction only at NS where there is a reduction
of the region of reverse flow for DOR2 in comparison with SNR. For S9, we see an
improvement of the flow conditions already at the TS, where the endwall reverse
flow region, despite limited for SNR, is smaller for DOR2. A strong improvement of
the flow conditions in the hub region can be observed at NS for DOR2.
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4 Investigation of a high-speed multi-stage axial compressor

Figure 4.41 depicts the regions of reverse flow at the mid-clearance height of the
rotors for the SNR and DOR2 configurations at the NS operating conditions. In
agreement with the entropy change loss coefficient, we observe that when the mass
flow is reduced, the reverse flow regions increase both in the axial and the circumfe-
rential directions. DOR2 has, for each rotor, increased regions of reverse flow when
compared with SNR, and, similarly as observed in Figure 4.36 for the design point
operating condition, also at the NS operating condition R9 is the rotor with smaller

regions of reverse flow.

4.5.4 Assessment of different endwall profile styles

Aerofoil geometry specification is at the very heart of compressor design. The key
aerofoil parameters are camber line, chord length, maximum thickness, leading and
trailing edge radii, and thickness, lean, and bow distributions. The camber line
distribution specifies the aerofoil geometry, as it describes the curvature and the
chord-wise loading distribution of the profile. When designing a row of aerofoils, the
aim is to achieve the desired turning with minimum loss and the greatest possible
tolerance for incidence changes. Traditionally, the C-series or the NACA-65 series
have been used in the specification of axial compressor aerofoils. As pointed out by
Gallimore et al. [67], changing the chord-wise shape of the aerofoil sections has often
been thought a way to affect the aerofoil lift distribution near endwall sections. There
is indeed no doubt that profile re-design can affect the overall pressure field, but only
when a significant part of the aerofoil is modified. Modifications concentrated more
locally near the endwalls are likely to behave like endbends, i.e. the radial change in
profile geometry is too rapid for the pressure field to adjust to the new aerofoil shape,
and pressure remains mostly dictated by the mid-region, remote from the endwalls.
However, Wisler [68] employed twist gradients in the stator endwall region, where
vector diagrams were tailored to produce vane twist and to have a hub-strong total
pressure profile produced by the rotors. This resulted in improved stator hub flow

and overall compressor performance.

The improvement of the endwall performance by means of CDA section shape was
first investigated by Behlke [69], showing that increasing the camber rate of the rear

portion of an aerofoil can reduce the endwall losses. Wang et al. [70] improved the

94



4.5 Sensitivity analysis

adiabatic efficiency and the total pressure of the NASA Rotor 37 by altering the

camber line and thickness distributions.

More recently, Schrapp et al. [71] numerically investigated the efficiency influence of
the camber line distribution at the rotor tip at different tip clearances in a 1.5 stage
low-speed axial flow compressor. Starting from a baseline compressor, six designs
were derived. For each design, the camber line at the tip section of the rotor was re-
placed by an analytically given camber distribution. The camber line designs ranged
from extreme front load to extreme rear load. The camber line was changed at the
rotor blade tip and blended into the original blade over the upper 30% of the blade
height. The results indicated a slight correlation between the rotor tip camber line
style and rotor losses. Additionally, the pressure increase, that occurs as the rotor
tip vortex goes through the passage, remained generally unchanged with varying

camber line styles.

In this section, the impact of the camber line style in the endwall region is sys-
tematically investigated by considering four different camber line styles?. For each
camber line distribution considered, an analytical description of the geometry was
imposed at the hub section and blended into the lower 30% of the span. For each
configuration considered, the two stators were always modified using the same cam-
ber line distribution, whereas the rotors were maintained unchanged. The pressure
ratio and the incidence of each aerofoil were kept constant across the different con-
figurations. The effects of the camber line distribution on the overall performance,
stage performance, and radial distributions as well as flow field details at the design

and near-stall points were evaluated in detail.

4.5.4.1 Methodology

Figure 4.42 depicts the four alternative camber line styles employed at the hub
section of the two stator vanes. As for the degree of reaction study in section 4.5.3,
the original configuration is the shrouded with nominal clearance, called SNR. It

is equipped with the reference camber line style, which is the typical front-loaded

2Part of the content of this section is based on the paper “Numerical Analysis of the Influence
of Near-Endwall Camber Line Distribution on Leakage Losses of Axial Compressor Shrouded
Stators”, De Dominicis et al. [66], International Society for Air-Breathing Engines, 2022.
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distribution where the majority of the flow turning along the chord happens in the
first 20% of the chord length. In this section, the design changes were limited to the

two stators, whereas the rotor blades are maintained unchanged.

—_
=
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- —  CAM1
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Figure 4.42: HSC, endwall profile study, camber line styles considered

The camber line distributions are defined by means of the following polynomial

function:

glm,z) =z * (2™ — '™ + 25™) (4.3)

with a range of x € [0,1] and the parameter m varied to define the different camber
lines. If the coefficient m is set to zero, the circular-arc distribution is obtained,
which exhibits continuous turning of the flow. For m > 0 rear-loaded distributions
are obtained, on which the majority of low turning happens in the rear part of the

section. Table 4.7 presents the coefficients used for each configuration considered.

Table 4.7: HSC, endwall profile study, camber line configurations considered

name | m
CAM1 | 0
CAM2 | 1
CAM3 | 2

To identify suitable camber line distributions, the tool MISES [72, 73] was used. MI-
SES is a 2D blade-to-blade solver which allows designers to evaluate the aerodynamic

performance of arbitrary aerofoil section geometries in a fast manner. Although the
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results of MISES simulations are limited to 2D flow and no secondary flow phenome-
na are taken into account, it is widely used in the aerofoil design process to design
most of the sections of rotors and stators. A major benefit is the fast calculation
time. Thus, the aim of this step is a preliminary assessment of the geometries rather
than solving the 3D flow field in detail. This gives an insight into which camber line
distributions are worth to be investigated though detailed and more time-consuming
3D RANS simulations.

Once the new camber line distribution was determined, a tool-kit based on Matlab
and Numeca Autoblade was used to generate the new stator aerofoils. The desired
camber line distribution was blended into the original aerofoil geometry over the
lower 30% of the stator vane height, leaving the upper 70% of the stator unchanged.
Indeed, after setting the new geometry parameters and distributions for the first
section at the hub, the tool-kit for aerofoil design interpolated between the hub
section and a specific section located at approximately 30% of the span, from which,
further up, the original stator vane remained unchanged. The same section, section
9, was used for both stators 8 and 9. The new stator vane designs, with the changed
near hub region, were then applied to the 2.5 stages of the compressor. The axial
chord of all aerofoil sections was kept unchanged, and their stacking point was chosen
to be the LE.

As for the degree of reaction study in section 4.5.3, an iterative process was performed
to match the stage and rotor total pressure ratio, both integral and radial, and the
incidence at the DP. The matching was achieved by modifying the stators exclusively.
The trailing edge metal angles were adjusted in the lower 15% of the stator span
and leading edge metal angles in the lower 30% of the span. The leading edge
was modified in order to match the stator incidence, while the trailing edge was
changed to match downstream rotor incidence. The thickness distribution was kept

unchanged.

4.5.4.2 Geometry

For the different configurations considered in this section, Figure 4.43 depicts the

geometry of the stator vanes at the hub sections for S8. The original geometry, which
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corresponds to the geometry of the reference shrouded configuration, or rather of
the baseline cantilevered configuration introduced in section 4.1 with the adaptation

of the thickness-to-chord ratio described in section 4.3.2, is shown in red.

CAM1 CAM2 CAM3

/

v

Figure 4.43: HSC, endwall profile study, sketch of the aerofoil geometries at the hub
section. The original configuration SNR is shown in red

As the axial chord is kept constant, the true chord changes when different camber
line styles are used. The changes are very limited close to the LE whereas they
became evident moving towards the TE. Indeed, the camber line determines how
the aerofoil is arched, i.e. how along the chord the turning is distributed. The camber
line style has a strong impact on the aerofoil’s sectional two-dimensional boundary
layer and pressure distribution. All the new configurations move the loading to the
rear, with CAMI1 providing a continuous turning of the flow along the chord and,
CAM2 and CAMS3 having the majority of flow turning happening in the rear part

of the aerofoil section.

4.5.4.3 Overall performance

Figure 4.44 shows the overall performance resulting from the different stator endwall
camber line distributions. The performance was only predicted considering stage 8
and stage 9, but excluding R10. The position of the DP, TS and NS are highlighted.

These points are used in the section 4.5.4.6 for the near-stall analysis.

At the design point, hardly any change can be observed in terms of both efficiency
and total pressure ratio comparing the different configurations. Instead, moving
toward the stall, all the new configurations bear a gain in efficiency in comparison

to SNR. Among them, CAM1 is the configuration performing better.
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Figure 4.44: HSC, endwall profile study, overall performance

The stall margin of SNR is smaller than on all the other configurations investigated.
However, the stator vanes of SNR were originally designed for a cantilevered con-
figuration, therefore the endwall geometry was not optimised for the shrouded hub

configuration.
4.5.4.4 Stage performance

The stage performance, depicted in Figure 4.45, shows a trend very similar to the
one observed for the overall performance in Figure 4.44. The performance at the
design point is very similar for all the configurations considered, whereas, moving
towards the stall, the newly designed configurations perform better than the original
one both in terms of efficiency and total pressure ratio. Despite both stages follow
this trend, the beneficial effect of the new endwall sections are more visibly on stage
9. Stage 9 not only has a new stator vane geometry, but it is also affected by the
upstream change of the S8 vane geometry. However, for stage 9, a very limited

performance improvement can be observed at the DP.

Both for stage 8 and stage 9, CAM1 performs better in comparison with all the

other configurations investigated.
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Figure 4.45: HSC, endwall profile study, stage performance

4.5.4.5 Design point analysis

The radial distributions of the entropy change loss coefficient are presented in

Figure 4.46 for the four configurations with different camber line styles considered.

In general, both for the rotors and the stators, a very similar trend is observed in
the hub region for all the configurations. However, some small differences such as
the lower losses of the newly designed configurations for S9, between 3% and 10% of

the span and the loss increase on R10 in the lower 10% of the span can be observed.

Considering the profile isentropic Mach number distributions on the stators at 5%,
20% and 50% of the span at the design point, depicted in Figure 4.47, we see local

changes. Indeed, having maintained the metal angles unchanged, the effective inci-
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Figure 4.46: HSC, endwall profile study radial distributions of the entropy change
loss coefficient at the DP operating conditions for the SNR, CAM1, CAM2 and
CAMS3 configurations

dence is impacted. At 5% of the span, all the newly designed configurations reduce
the effective incidence, as indicated by the smaller LE suction side spikes. Among
them, CAMI1 is the configuration with lower effective incidence both for S8 and S9.
At 20% of the span, the differences between the newly designed configurations and
the original one are less marked and at 50% of the span hardly any change can be
spotted in the distribution of the isentropic Mach number. This trend was expected
because only the lower 30% of the stator vanes were modified and it is in agreement
with the trend observed in Figure 4.46 for the radial distribution of the entropy
change loss coefficient at the DP. The isentropic Mach number distributions of the

rotors are presented in appendix C.1 for the sake of completeness.

4.5.4.6 Near-stall analysis

The near-stall analysis is conducted for the best endwall section configuration,
CAM1, with the aim to better understand how the configuration of vane and endwall
increases the efficiency at near-stall operating conditions, and how stall is delayed,
thus stall margin is extended. The stall analysis for the original configuration, SNR,

is conducted in section 4.5.3.
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Figure 4.47: HSC, endwall profile study, profile isentropic Mach number distributions
for S8 and S9 at 5%, 20% and 50% of the span at the DP operating conditions

Figure 4.48 shows, for CAMI1, the radial distributions of the entropy change loss
coefficient at the DP, TS and NS operating conditions, highlighted in Figure 4.44.
Additionally, the SNR at the NS operating condition is shown in red. At the NS,
despite the loss trend of CAMI1 is very similar to the one of SNR, both S8 and S9
have lower losses at the hub. This applies especially for S9 in the region between
0% and 18% of the span. R10 inlet flow conditions are therefore improved and this
delays the stall.

Figure 4.49 and Figure 4.50 show in red, for S8 and S9 respectively, the regions of

reverse flow and in green, the entropy contours downstream of the stator trailing
edge at the operating conditions DP, TS and NS of SNR and CAM]1. For S8, hardly
any change can be observed at the DP and TS between the SNR and CAM1. Instead,
at NS, SNR has a region of reverse flow at the hub, which does not appear for CAM1.

Thus the newly designed stator aerofoil eliminates the region of reverse flow for S8.
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Figure 4.48: HSC, endwall profile study, radial distributions of the entropy change
loss coefficient at the operating conditions DP, TS and NS for the CAM1 configu-
ration and at the NS operating condition for the SNR configuration
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Figure 4.49: HSC, endwall profile study, near-stall for the SNE and CAM1 confi-
gurations. The regions of negative axial velocity on S8 are depicted in red and the
entropy contours downstream of the stator TE are depicted in green

Considering S9, we observe some differences not only at the NS but also at the T'S. As
for S8, at the DP the two configurations behave very similarly. This is in agreements
with the overall and stage performance. At TS, the two configurations show a small

region of reverse flow close to the TE in the hub region for S9, which is very small
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Figure 4.50: HSC, endwall profile study, near-stall for the SNE and CAMI1 confi-
gurations. The regions of negative axial velocity on S9 are depicted in red and the
entropy contours downstream of the stator TE are depicted in green at the operating
conditions DP, TS and NS

for CAM1, whereas visibly larger for SNR. At NS, the difference between SNR and
CAM1 are more evident. For S9, CAM1 is not removing the endwall reverse flow

region but strongly reducing it.

4.5.5 Key Outcomes

In this section, a parametric study was performed on a reduced model of the entire
5.5-stage model to quantify the impact of selected significant design parameters. The
parameters considered in the sensitivity study were the clearance levels, the degree
of reaction, and the endwall stator vane geometry. The impact of the clearances was
considered both for shrouded and cantilevered configurations, whereas the impact of
the degree of reaction and the endwall camber line style was considered only for the
shrouded configuration with nominal clearances. For these two studies, the design

flow coefficient and the work coefficient were maintained constant.

The reduced model consists of stages 8, stage 9 and R10. The inlet of the reduced

model coincides with the mixing plane between S7 and R8 for the entire model,
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whereas the outlet of the reduced model coincides with the mixing plane between
R10 and S10 for the entire model. The inlet boundary conditions differ between
the shrouded and the cantilevered configurations, and are derived by simulating the
entire model using their respective stator hub sealing approach. Using a reduced
model allowed us to perform the sensitivity study more quickly by speeding up the

design process, especially when the pressure ratio and incidence need to be matched.

In the clearance study, the stator aerofoil geometry was maintained unchanged bet-
ween cantilevered and shrouded vanes, except for the thickness distribution along the
span. The clearances considered varied from 0.7 to 2.0 of the nominal clearances. As
expected, we observed a decrease of efficiency and stall margin when the clearances
were increased for both designs. Furthermore, the study of the efficiency sensitivity
to the clearance size has proven, that the shrouded configuration is more sensitive
to an increase of clearances. R10 has been found to be the row triggering stall of the
machine, both for the shrouded and cantilevered configuration with different levels

of clearance.

The impact of the degree of reaction was investigated by considering 4 different
degrees of reaction for the shrouded configuration, while keeping the design flow co-
efficient and the work coefficient constant. Starting from the shrouded configuration
with nominal clearances, two designs with a higher degree of reaction and one with a
lower degree of reaction were considered. A limited increase of the degree of reaction
results in very similar performance as the original model’s at the design point, but
with an improved efficiency at the near-stall operating conditions and with a greater
stall margin. This is a consequence of the reduced hub losses for S9, which delay the
stall of the machine. However, a too large increase of the degree of reaction results in
a decreased stall margin and lower efficiency across most of the operational range, as
the rotor tip leakage vortex grows drastically. A lower efficiency was also predicted
for the configuration with a reduced degree of reaction. In this case, the losses at
the rotor tips are reduced, but those in the stator hub regions increase to a larger

extend, thus driving the observed performance deterioration.

To evaluate the impact of the camber line distribution of the stator vanes in the hub

region near the inner shroud, four different camber line styles were considered. For
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4 Investigation of a high-speed multi-stage axial compressor

each of them, the new camber line distribution was imposed in the aerofoil section
at the hub and blended into the section at 30% of the span. As for the degree
of reaction study, the original configuration was the shrouded configuration with
nominal clearances and, the design flow coefficient and the work coefficient were
kept constant. All the newly designed camber line distributions give very similar
performance as the original configuration at the design point and all of them are
driven to stall by the same row, R10. All of them result in a larger stall margin
gained by the reduced losses occurring in the S9 hub region, which improve the
inflow condition of R10. The configuration, which results in a greater stall margin,

is the one with circular-arc camber line distribution.

For all the designs considered in the parametric study, R10 is the row taking the
machine to stall. However, the stall margin of the machine is strongly affected by
S9 loss distribution, which is strongly affected by the parameters considered in the
sensitivity study. S9, being the second stator downstream, is not only directly im-
pacted by the stator vane design changes, but it is also indirectly affected by S8
changes. The sensitivity study has revealed, that without changing the clearances
and keeping the flow designs and work design constant only minor performance im-
provements could be achieved at the design point while considerable improvements

were achieved at the near-stall operating points.

The results of this sensitivity study were eventually used in the following section 4.6

to design two improved shrouded configurations.

4.6 Improved configurations

In the previous section, a parametric study was conducted on the reduced model to
understand the impact of each of the following parameters: the clearance level of the
stators, the degree of reaction, and the stator near-endwall profile style at the hub.
In this part of the work, the best designs resulting from the parametric analysis are

combined with the aim to generate two improved configurations.
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The two improved configurations differs because of their degree of reaction, but have
the same stator endwall profile style. Indeed, the analysis presented in section 4.5.3
indicates the configuration DOR2 as the best one among those considered for the
degree of reaction study. DOR2 has an increased stall margin and efficiency at the
near-stall operating conditions when compared with the original configuration SNR,
but has limited effect at the design point. Because the performance of the original
configuration SNR are also very promising, both DOR2 and the baseline degrees of
reaction are considered in this section. In terms of camber line distribution, CAM1,
which corresponds to the circular-arc stator near-endwall profile style, is the best
configuration, both in terms of efficiency and stall margin among the configurations

investigated in the near-endwall profile study.

The performance of the two improved configurations are compared with that of the
two reference configurations: the reference cantilevered configuration with nominal
clearances and the reference shrouded configuration with reduced clearances. Indeed,
as one of the main goals of the present work was to investigate the aerodynamic
performance of the shrouded configuration against that of the cantilevered one,
in this part of the work it was not only studied how the two improved designs
enhance the flow field in comparison with the reference shrouded configuration, but
also the original cantilevered design was considered. As shrouded stators generally
allows smaller clearances in comparison to cantilevered stators when accounting
for mechanical requirements, to fairly compare the cantilevered and the shrouded
configurations the reference clearances introduced in section 4.3 are used in this
section for the two stator hub configurations. Nominal clearances were set for the

cantilevered configuration and reduced clearances were used for the shrouded one.

The two improved designs are investigated by considering the overall performance,
the stage performance, and radial distributions as well as flow field details at the
design point and near-stall. Also, a sensibility study to investigate the impact of the

clearance levels on the efficiency at the design point is presented.
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4 Investigation of a high-speed multi-stage axial compressor

4.6.1 Methodology

As presented in Table 4.8, the following four configurations are considered: the refe-
rence cantilevered configuration, CNR, the reference shrouded configuration, SRR,
the shrouded configuration with the circular-arc profile camber line distribution at
stator hubs, OPT1, and the shrouded configuration with the same degree of reaction
as DOR2 and the circular-arc profile camber line distribution at stator hubs, OPT2.

Table 4.8: HSC, improved configurations, configurations considered

name | degree of reaction | camber line | clearances
CNR baseline baseline nominal
SRR baseline baseline reduced
OPT1 baseline CAM1 reduced
OPT2 DOR2 CAM1 reduced

The parameters which define the aerofoil geometries, with the exception of the
thickness-to-chord ratio, were kept unchanged when the reference shrouded con-
figuration was derived from the baseline cantilevered configuration. Consequently,
both CNR and SRR have the baseline degree of reaction and the baseline stator cam-
ber line style. All the shrouded configurations are equipped with reduced clearances,
equal to approximately 1.1% of the S7 span, whereas the cantilevered configura-
tion is equipped with nominal clearances, equal to approximately 1.5% of the S7
span. The methodology used to change the degree of reaction and the camber line

is presented in the section 4.5.3.1 and section 4.5.4.1, respectively.

4.6.2 Overall performance

In Figure 4.51, the overall performance of the four configurations presented in Table 4.8

are shown. The overall performance considers only stage 8 and stage 9, thus exclu-
ding R10.

When comparing the CNR and SRR configurations, we observe that the shrouded
configuration has a higher efficiency across the entire operational range. In terms
of total pressure ratio, the two configurations show a very similar trend, even if

the shrouded configuration has a slightly higher slope resulting in a higher pressure
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Figure 4.51: HSC, improved configurations, overall performance

ratio for lower mass flows. These results are in agreement with those of the entire
model depicted in Figure 4.10 for CNE and SRE. For the reduced model, we do not
observe the pressure ratio shift observed for the entire model as it was mainly caused

by stage 7, which is not included in the reduced model.

The improved shrouded configuration OPT1 performs similarly to SRR for high
mass flows and better, both in terms of efficiency and total pressure ratio, starting
with the DP operating condition and moving towards stall. The stall margin of the

OPT1 is visibly improved with respect to the other configurations considered.

Considering the improved shrouded configuration OPT2 at the design point, OPT2
and SRR have the same efficiency, whereas close to stall, OPT2 has higher efficiency,
which correspond to the one of OPT1. In terms of the total pressure ratio characte-
ristic, OPT2 rolls over earlier when compared with SRR and OPT1, and follows a
similar trend as CNR.

The results show, that a combination of clearances, degree of reaction, and stator
near-endwall profile style leads to non-trivial results. OPT1 shows both an improve-
ment of the stall margin and of the efficiency across most of the operational range.

Instead, in the stator near-endwall geometry study, presented in section 4.5.4, the
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4 Investigation of a high-speed multi-stage axial compressor

configuration CAM1, corresponding to OPT1 with nominal clearance, only results
in a larger stall margin but, except for the near-stall region, there were no visible
improvements in terms of efficiency when compared with the original configuration
SNR. OPT2, which combines the best degree of reaction with the best camber line
distribution, results in stall margin and efficiency similar to those of the SRR con-
figuration. Only close to the stall point, we observe a higher efficiency. The results
indicate, that the change of degree of reaction reduces the improvement introduced
by the change of the camber line distribution. However, the study of the best camber
line distribution was limited to the baseline degree of reaction. Therefore, in order
to identify the best stator near-endwall profile camber line distribution for a new

degree of reaction, a dedicated parametric study should be performed.

In the next sections, the stage performance, and details of the radial distributions
and the flow field at the design point and the near-stall conditions are considered. In
particular, the aim of the analysis is to understand, why, when compared with the
reference shrouded configuration SRR, OPT1 is slightly more efficient and OPT2

has the same stall margin.

4.6.3 Stage performance

Figure 4.52 depicts the stage performance for the four configurations considered. For
stage 8, the cantilevered configuration is very inefficient compared with the three
shrouded configurations. This trend is not observed for stage 9, where for high mass
flows the cantilevered performs even better than the shrouded configurations. The
trend of the total pressure ratio is very similar across the four configurations for
both stages. These results are in agreement with the stage performance of the entire

model shown in Figure 4.11.

Considering the shrouded configurations, the efficiency of the three configurations is
very similar for stage 8, whereas some differences can be observed for stage 9. There
OPT1 is the configuration with higher efficiency across most of the operational range,
whereas the efficiency of OPT2 varies across the operational range, being lower than
SRR for high mass flows and similar to OPT1 close to stall.

110



4.6 Improved configurations

efficiency [-]

5

<>

corrected mass flow [kg/s]

10.01

efficiency [-]

corrected mass flow [kg/s]

a) Stage 8

b) Stage 9

total pressure ratio [-]

f —e— CNR N,
I —e— SRR
—e— OPT1

OPT2 5

>

total pressure ratio [-]

corrected mass flow [kg/s]

corrected mass flow [kg/s]

Figure 4.52: HSC, improved configurations, stage performance

4.6.4 Design point analysis

The radial distributions of the entropy change loss coefficient are presented in
Figure 4.53 for the configurations CNR, SRR, OPT1 and OPT2.

The comparison of the cantilevered configuration with nominal clearance and the

shrouded configuration with reduced clearance is presented, for the entire model, in

the section 4.4.3. Although we observe some differences between the entire and the

the reduced model, the same observation made for the entire model apply also to

the reduced one.
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Figure 4.53: HSC, improved configurations, radial distributions of the entropy
change loss coefficient at the DP operating conditions for the CNR, SRR, OPT1
and OPT2 configurations

SRR and OPT1 show only small differences, mostly limited to the hub region, both
for the rotors and the stators. OPT2 instead presents higher losses at the tip for the
rotors and lower losses at the hub for the stators. This trend was expected because,
as observed in the section 4.5.3, the higher degree of reaction of OPT2 reduces the
amount of leakage that re-circulates through the stator shroud cavity, thus reduces
the associated losses across the stators, however it has the disadvantage of increasing

the rotors tip leakage flow.

Despite SRR and OPT1 have a very similar losses trend, some differences can be
observed. In particular, the lower losses of OPT1 for S9, between 5% and 12% of
the span height, results in slightly higher efficiency of stage 9 for OPT1, which was
observed in Figure 4.52. For both stage 8 and stage 9, OPT2 performs as efficiently
as SRR because the positive impact of the higher degree of reaction on the stator

hub losses is compensated by the negative impact of the higher rotor losses.

Considering the profile isentropic Mach number distributions of the stators in Figure
4.54, we observe consistent differences between the four configurations at 5% of the
span, whereas the differences are very limited at 50% and 90% of the span, with
the exception of the configuration OPT2. Indeed, OPT2 having a different degree of
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Figure 4.54: HSC, improved configurations, profile isentropic Mach number distri-
butions for S8 and S9 at 5%, 50% and 90% of the span

reaction in comparison with the other three configurations, the flow field is affected
along the entire span. At 5% of the span, SRR is the configuration with higher
effective incidence for both S8 and S9. The Mach number distributions differ between
the two reference configurations, CNR and SRR, because of the different stator
hub configuration, thickness distribution along the chord and RS inlet boundary
conditions. The two improved configurations have the same trend for S8 and S9,
with OPT2 translated towards lower values of isentropic Mach number. Only at
the LE of S8 a different slope between the two configurations is to be observed.
As expected, the higher degree of reaction of OPT2 results in a shift of the Mach
number distribution of the stator towards lower values for all the spanwise locations
considered. Instead, the change of the near-endwall profile style impacts only the
lower 30% of the stator vanes. This is in agreement with the observation made in
the section 4.5.4. Moreover, the rotors’ profile isentropic Mach number are presented

in appendix C.1 for reasons of completeness.
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Configuration R8 R9 R10
CNR

SRR

OPT1

OPT2

Figure 4.55: HSC, improved configurations, regions of negative axial velocity at the
mid-clearance height of the rotors for CNR, SRR, OPT1 and OPT2 at the DP
operating conditions
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The regions of reverse flow at the mid-clearance height of the rotors for the CNR,

SRR, OPT1 and OPT?2 configurations at the design point are presented in Figure 4.55.
Hardly any difference can be observed between CNR, SRR and OPT1, being the

changes mostly limited to the lower 30% of the vane height. More consistent dif-

ferences emerges instead between OPT2 in comparison with the other three confi-

gurations. For all the three rotors, the regions of reverse flow are larger for OPT2,

as consequence of the higher degree of reaction. This is in agreement the regions

of reverse flow at the mid-clearance height of the rotors for the SNR and DOR2

configurations at the DP operating conditions depicted in Figure 4.36.

Efficiency vs. Clearance at the Design Point

At the design point, the four configurations presented in Table 4.8 are investigated
for the different level of clearances presented in Table 4.4. The configurations C, S,
O1 and O2 correspond respectively to the CNR, SRR, OPT1 and OPT2 when the
clearances are varied. Thus, the OPT1 configuration is the O1 configuration with
reduced clearances. As shown in Figure 4.56, when the clearances are increased,

O1 and S show the same trend, with O1 having a slightly higher efficiency. This

efficiency [-]

0.5 1 1.5
T / Tref [-]

Figure 4.56: HSC, improved configurations, isentropic efficiency vs. clearance levels
for the cantilevered, the shrouded and the two improved configurations O1 and O2
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4 Investigation of a high-speed multi-stage axial compressor

indicated, that O1 does not introduce a seal clearance height desensitization in the

compressor block.

02 has instead, for the larger clearances level considered, the same efficiency as C.
It is markedly higher in comparison with the original shrouded design. This result is
very important as it indicates that the sensitivity of the shrouded configuration to
clearance changes can be improved by altering the degree of reaction and the stator
near-endwall profile camber line style and, it can become similar to the one of the

cantilevered.

4.6.5 Near-stall analysis

The near-stall analysis is conducted for the two improved configurations, OPT1 and
OPT2, with the aim to gain more insight into the stall mechanism related to the two
configurations. For CNR and SRR the near-stall analysis is reported in the section

4.5.2.3 and the section 4.5.2.4, respectively.

Figure 4.57 shows for OPT1 the radial distributions of the entropy change loss co-
efficient for the DP, TS and NS, highlighted in Figure 4.51. Additionally, the SRR
configuration at the NS is shown in red. When the mass flow is reduced, the losses
increase both on the rotors and the stators. In particular, we observe larger losses
occurring on the individual rows tip, which extend across in the upper 60% of the
span for R10. At the NS operating conditions, OPT1 and SRR show a similar trend.
They differ at the hub for both S8 and S9, with OPT1 having lower losses. Moreover,
for R10, OPT1 presents higher losses in the lower 25% of the span as well as toward

the casing, and lower losses between 25% and 55% of the span.

A similar trend can be observed in Figure 4.48, where the OPT1 and SRR configu-
rations are compared for the nominal clearances. Indeed OPT'1 has the same aerofoil
geometry as CAM1 but a different level of clearance. There, R10 presents similar
loss distributions for CAM1 and SNR in the lower 30% of the span. The same con-
clusions drawn for the CAM1 analysis applies for OPT1, namely the circular-arc

camber line distribution imposed in the hub section and blended into the section

116



4.6 Improved configurations

-
™1

relative span [-]

0.05

-
T

relative span [-]

h,
1

-
T

relative span [-]

-
1

relative span [-]

relative span [-]

0.05

entropy change
loss coefficient [-]

OPT1DP
OPT1TS

S — OPT1NS
SRRNS

entropy change
loss coefficient [-]

entropy change

loss coefficient [-]

entropy change
loss coefficient [-]

entropy change
loss coefficient [-]

Figure 4.57: HSC, improved configurations, radial distributions of the entropy
change loss coefficient at the operating conditions DP, TS and NS for the OPT1
configuration and at the NS operating condition for the SRR configuration
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Figure 4.58: HSC, improved configurations, radial distributions of the entropy
change loss coefficient at the operating conditions DP, TS and NS for the OPT2
configuration and at the NS operating condition for the SRR configuration

at 30% of the aerofoil height of the original stator geometry, reduces the amount

of losses for both stators in the hub region, and results in an improved inlet flow

conditions for R10, which delays the onset of stall of the machine.
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4 Investigation of a high-speed multi-stage axial compressor

Similarly to Figure 4.57 showing OPT1, Figure 4.58 shows the radial distribution
of the entropy change loss coefficient at the operating points DP, TS and NS for
OPT2, and at NS for SRR. OPT2 combines the best degree of reaction, DOR2, with
the best camber line distribution CAM1 resulting from the parametric study. As
observed for Figure 4.57, decreasing the mass flow results in higher losses especially
at the tip of the rotor blades. For OPT2 the loss increase on R10 at the NS is
significant and it extends from 50% of the span up to the casing. This increase of
losses on R10 is causing the configuration OPT2 to stall earlier than OPT1, showing,
that the increased degree of reaction has a negative impact on the stall margin of the
machine. This indicates, that the study of the best camber line distribution should
be customized for the specific degree of reaction considered. Indeed, it is important
to understand, that the original configuration for the stator near-endwall profile
study is the SNR configuration, designed with the baseline degree of reaction and
the baseline camber line distribution at the hub. Therefore, the stator near-endwall
geometry study was performed for the baseline degree of reaction and not for the
best one, DOR2.

In comparison with SRR, OPT2 has, at the NS operating condition, higher losses in
the tip regions of all the rows and lower losses at the hub for the stators. This is a

direct consequence of the higher degree of reaction of OPT2.

The regions of reverse flow on S8, depicted in Figure 4.59, do not show relevant diffe-
rences between the three shrouded configurations. Indeed, even at the NS operating
conditions, there are no large regions of reverse flow. For S9, instead, Figure 4.60
reports a consistent difference at the NS operating points. There, the endwall re-
gion of reverse flow observed for SRR is completely removed for the two improved
configurations. The CNR configuration, being equipped with a cantilevered stator
hub design, follows a different trend in comparison with the shrouded configurations
and the regions of reverse flow result from the hub leakage vortices originated in the

radial clearances present between stator tip and the inner gaspath contour.

The regions of reverse flow at the mid-clearance height of the rotors at the NS
operating conditions, depicted in Figure 4.61, are only considered for the OPT1 and

OPT?2 configurations. Similarly as observed for Figure 4.41 for the degree of reaction
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Figure 4.59: HSC, improved configurations, near-stall for the CNE, SRR, OPT1 and
OPT?2 configurations. The regions of negative axial velocity on S8 are depicted in
red and the entropy contours downstream of the stator TE are depicted in green
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Figure 4.60: HSC, improved configurations, near-stall for the CNE, SRR, OPT1 and
OPT?2 configurations. The regions of negative axial velocity on S9 are depicted in
red and the entropy contours downstream of the stator TE are depicted in green
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study, OPT2, due to the larger degree of reaction, results in larger regions of reverse
flow for all rotors, which are more expanded both in the axial and the circumferential

direction. R9 and R10 are affected to a larger extend in comparison with RS.

Configuration RS R9 R10
OPT1

OPT2

Figure 4.61: HSC, improved configurations, the regions of negative axial velocity at
the mid-clearance height of the rotors for the OPT1 and OPT2 configurations at
the NS operating conditions are depicted in red

4.6.6 Key Outcomes

The results of the parametric study were used to derive two improved configurations
featuring shrouded stators, which combine the best results of the degree of reaction
and the camber line distribution parametric study. The two improved configurations,
OPT1 and OPT2, feature stators with circular-arc camber distribution profiles in
the near-endwall hub region and differ because of the degree of reaction. OPT1 is
the improved configuration with the baseline degree of reaction, and OPT2 has a

moderate increase of degree of reaction.
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In this part of the work, it was investigated not only how the two improved designs
enhance the flow field compared to the reference shrouded configuration, but the
work also considered the original cantilevered design, as one of the main goals of the
project was investigating the aerodynamic performance of the shrouded configura-
tion beside that of the cantilevered one. For the three shrouded configurations the
reduced clearances were used, whereas for the cantilevered configuration the nomi-
nal clearances were employed. Indeed, cantilevered configurations generally require
larger clearances than the shrouded ones, thus a fair comparison requires different

level of clearances.

For the entire operational range, the cantilevered design with nominal clearances
has lower efficiency compared to the three shrouded designs with reduced clearan-
ces. This results mainly from the lower efficiency at stage 8 of the cantilevered
configuration. The same trend was observed for the 5.5-stage model in section 4.4.
The radial distributions of the entropy change loss coefficient showed, that the major
losses of the cantilevered design happen mostly at S8, in the region between 5% and
25% of the span.

OPT1 showed both an improvement of the stall margin and the efficiency across
most of the operational range when compared with the two reference configurati-
ons and OPT2. OPT1, having the baseline degree of reaction and the near-endwall
circular-arc camber line distribution, corresponds to the configuration CAM1 stu-
died in section 4.5.4, in which the reduced clearances are employed instead of the
nominal ones. The configuration CAM1, when compared against SNR, resulted in a
larger stall margin but the efficiency was only improved at the near-stall operating
conditions and remained almost unchanged at the design point. Indeed, in compa-
rison with the reference shrouded configuration SRR, OPT1 showed slightly higher
efficiency at the design point. The two configurations mostly differ close to the stall
boundary, where OPT1 performs better because of the improved flow conditions in
the hub region for both S8 and S9, which delay the stall of R10.

OPT2, which combines the best degree of reaction and the best stator near-endwall
camber line distribution, resulted in stall margin and efficiency similar to the refe-

rence shrouded configuration. Only close to the stall point a higher efficiency was
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observed, which is similar to the efficiency of OPT1. This indicates, that the change
of the degree of reaction reduces the improvement introduced by the change of the
camber line distribution and highlights, that a detailed study of the best camber
line distribution should be performed for every degree of reaction considered, gi-
ving scope for follow-on research work. At the design point, differences between the
reference shrouded configuration and OPT2 along the entire span height occurred.
Indeed, OPT2 has a higher degree of reaction compared to the reference shrouded
configuration, which resulted in lower losses at the hub for the stators and larger
losses at the tip of the rotors. These increased rotor losses, in particular for R10,
represented the main stall-trigger and therefore was the stability-limiting row in the

CFD simulations carried out.

The study of the efficiency sensitivity to the clearance level revealed that OPT2
provides reduced sensitivity to the clearance size, having, for the largest clearances
considered, the same efficiency at the design point as for the cantilevered design.
Instead, OPT1 does not introduce any seal clearance height desensitisation in the
compressor block. It follows, that the sensitivity towards clearance size can be stron-
gly affected by the degree of reaction, and that the shrouded and cantilevered designs

can have similar sensitivity even for large clearances.

The results showed that a combination of clearances, degree of reaction, and hub
camber line distribution leads to non-trivial results. Therefore, for each degree of re-
action considered, a dedicated parametric study should be performed to identify the
best camber line distribution at the hub and, for each newly designed configuration,

the impact of the clearances should be investigated.

4.7 Conclusion and design recommendations

The last 5.5 stages of a high-speed subsonic axial compressor were numerically in-
vestigated for two different stator hub configurations: cantilevered and shrouded.
The machine was originally designed to be equipped exclusively with cantilevered
stators, and the shrouded configuration was derived from this cantilevered base-

line by changing the stator hub configuration of the first four stators. A typical
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labyrinth geometry was selected to seal the cavity, and the stator aerofoil design
was left unchanged except for the spanwise thickness distribution, which was adap-
ted considering the structural requirements of shrouded stator vanes. Two shrouded
configurations were considered: one with the same clearances as the cantilevered
configuration and one with reduced clearances. This choice is linked to the fact, that
shrouded vanes generally require smaller clearances in respect to the cantilevered
ones; therefore, different levels of clearance need to be used to fairly compare the

two stator configurations.

Firstly, the baseline cantilevered configuration and the two shrouded configurations
with different clearance levels were considered to identify how the stator hub confi-
gurations impact the flow field and to find the regions of higher losses. The shrouded
configuration with reduced clearances shows greater efficiency along the entire ope-
rational range compared to the other two configurations. However, the shrouded
stator design with the same clearance level as the cantilevered stator configurati-
on results in lower efficiency than the cantilevered one, whereas the configuration
with a larger stall margin is the cantilevered. The design point analysis, based on
the entropy loss coefficient, has shown, that distinct changes in the loss distribution
can be observed starting from S7 in the lower 30% of the span. The two shrouded
configurations have a similar loss distribution, with the configuration having larger
clearances resulting in larger losses. When moving downstream, the differences in
loss distribution between the three configurations become larger and more expanded
across the span, for both rotors and stators. Although S11 is only indirectly affected
by the changes of the upstream stators and its design is also kept as cantilevered in
the shrouded configurations, visible differences are observed in the loss distribution.
The near-stall analysis has highlighted that, when the hub configuration of the first
four stators is changed, the row taking the compressor to stall also remains unchan-
ged, even though, for the altered stators, the flow field differs at the hub. Indeed,
both configurations are predicted to stall because of S11. We have also observed,
that the cantilevered configuration has a large region of reverse flow on R8 which

does not appear for the shrouded design with reduced clearances.

Successively, a parametric study was performed on a reduced 2.5-stage model, de-
rived from the entire 5.5-stage model, to quantify the impact of some significant

parameters and to improve the machine towards an optimum design. The reduced
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model consists of stage 8, stage 9, and R10. A configuration with shrouded vanes
and one with cantilevered vanes was considered. The reduced model inlet coincides
with the mixing plane between S7 and RS in the entire model, and the boundary
conditions used for the cantilevered and shrouded reduced models were taken from
the numerical simulation of the entire model using their relative stator hub design.
Using the reduced 2.5-stage model has allowed to perform the sensitivity study more

quickly and to speed up the design process.

The parameters considered in the sensitivity study were: the clearance level, the
degree of reaction, and the stator aerofoil near-endwall geometry. Only for the clea-
rance study both the cantilevered and the shrouded configurations were investiga-
ted, whereas for the degree of reaction and the stator near-endwall geometry study,
the shrouded configuration was considered. When changing the degree of reaction
and near-endwall profile style, the same pressure ratio and incidence as the original
shrouded configuration were maintained, which was the shrouded configuration with
nominal clearances. Altering the clearances has an impact on the performance at the
design point and on the stall margin, which decreases when the clearances are incre-
ased. In terms of degree of reaction, it was observed, that an increased reaction can
result in a larger stall margin but has very little effect at the design point. However,
if the degree of reaction increase is too large or if it decreases, the machine perfor-
mance deteriorates. Moreover, an excessive increase of degree of reaction results in
a reduced small margin. The results of the near-endwall profile geometry study have
shown, that all the new camber line styles considered have a greater stall margin
compared to the reference one and similar performance at the design point. Among

them, the circular-arc style is the camber line distribution with a larger stall margin.

The sensitivity study revealed, that both the best degree of reaction and the best
camber line distribution improve the performance towards the stall, while leaving it
almost unchanged at the design point. For all the configurations considered in the
sensitivity study, the near-stall analysis indicates R10 as the row taking the machine
to stall. However, S9 can also have a strong impact on the stall margin. Thus, when
the clearances are not changed, reducing the losses on S9 leads to a larger stall

margin but does not affect the performance at the design point.
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4 Investigation of a high-speed multi-stage axial compressor

Lastly, two improved configurations featuring shrouded vanes were generated by
combining the best versions of the sensitivity study. Both, a configuration with the
baseline degree of reaction, and one with a limited increase of degree of reaction were
investigated. The circular-arc camber line style was selected for the improved stator
near-endwall configurations. The first improved configuration, OPT1, designed with
the baseline degree of reaction and circular-arc camber line distribution in the hub
section, resulted in slightly greater efficiency along most of the operational range
and a larger stall margin when compared with the reference shrouded configuration
and the cantilevered one. Different clearances were used for the shrouded and the
cantilevered configuration: the three shrouded configurations, namely the reference
one, OPT1 and OPT2, were equipped with reduced clearances, whereas nominal
clearances were used for the cantilevered configuration. This choice was made to
fairly compare the two stator hub configurations, as cantilevered stators normally
require larger clearances than shrouded stators. The second improved configuration,
OPT2, with an increased degree of reaction and circular-arc camber line distribu-
tion in the hub section, performs similarly to the reference shrouded configuration
in terms of stall margin, whereas the efficiency varies along the operational range,
being similar to the reference shrouded configuration for high mass flows and similar
to OPT1 close to stall. This indicates, that the degree of reaction change reduces
the improvement introduced by the change of the stator near-endwall profile style,
and highlights that a sensitivity study of the best camber line distribution should
be performed for every degree of reaction investigated. Considering the sensitivity
towards the clearances, OPT1 performs similarly to the reference shrouded confi-
guration, but OPT2 is less highly sensitive towards a clearance increase compared
with the configurations having the original degree of reaction. OPT2’s sensitivity is

similar to that of the cantilevered configuration.

This study has demonstrated, that for a multi-stage axial compressor featuring
shrouded stators, it is possible to improve the stall margin and the efficiency sen-
sitivity to increased clearances by conveniently selecting the degree of reaction and
the near-endwall profile geometry of the shrouded stators. However, only slight im-

provements at the design point were achieved.

Based on the extensive work carried out here, using high-resolution CFD simulations,

the following recommendations for compressors designers are made:
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4.7 Conclusion and design recommendations

To improve the performance of a multi-stage machine, a dedicated parametric

study should be carried out, even if only limited design parameters are changed

Non-trivial results have to be expected when combining selections of clearan-

ces, degree of reaction, and camber line distribution at the hub

When the degree of reaction is changed, a dedicated parametric study should
be performed to identify a suitable and best near-endwall profile camber line

distribution for the new degree of reaction selected

Due to the large time required to design each aerofoil of the compressor, the
parametric study should be automated and an optimizer added to the process.
This would not only greatly speed up the design process and save engineering
time, but also will allow to derive design choices to an absolute optimum in

the design space.
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5 Summary and overview

This study thoughtfully analyses the impact of the stator hub configurations for both
a low-speed and a high-speed multi-stage subsonic axial compressor, equipped with
both cantilevered and shrouded vanes. Choosing stator hub architecture is nowadays
still very complicated despite the development of high performance computers in
the recent years has allowed engineers to simulate, in detail, the flow field of a
turbomachine configured with shrouded stators in which the cavities are entirely
resolved and their effect on aerodynamic performance is fully considered. The choice
between shrouded and cantilevered stator hub configuration needs to be made in the
preliminary design of an axial compressor, as the stator architecture strongly impacts
aerodynamic performance as well as the mechanical arrangement within the overall
component design process. Generally, for a specific section of the compressor design,
this choice is based on mechanical considerations; however, many aspects, such as
weight and life, also play a fundamental role. In a multi-stage axial compressor
arrangement, it is well known, that the hub configuration of a specific vane affects

not only the vane itself, but also the rows located downstream.

In this work, two multi-stage axial compressors were numerically investigated with
two main objectives. The first objective was to give further insight into aerodyna-
mic loss generation and propagation in a multi-stage arrangement equipped with
cantilevered or shrouded stators. For both styles of the machine, the work started
from the baseline configuration, in which all the stators were configured as cantile-
vered. For the Dresden LSRC, only the third stator was altered from cantilevered
to shrouded, maintaining the aerofoil geometry unchanged, whereas the other rows
were not altered. For the high-speed compressor, the hub configuration of the first
four stators was changed to shrouded and the thickness distribution adapted to the
new design, leaving the other aerofoil parameters unchanged. For both machines two
shrouded configurations were considered, which differed in their clearance level. In-
deed, as shrouded vanes normally require smaller clearances than cantilevered ones,
different clearances should be used to fairly compare the two designs. However, also
a shrouded configuration with the same clearance level as the cantilevered was inves-
tigated. For the two shrouded configurations, the stator shroud cavities were fully

meshed and resolved. The second objective of the work was to determine the speci-

129



5 Summary and overview

fic machine’s best parameters for a multi-stage axial compressor featuring shrouded
stators. A sensitivity analysis was conducted on a reduced model of the high-speed
compressor to investigate the impact of some selected parameters. These were: the
clearance level, the degree of reaction, and the stator near-endwall profile geometry.
The results of the sensitivity study were then used to configure two improved confi-
gurations with shrouded stator vanes, and to derive indications, that designers can
use to identify an optimum design of a multi-stage axial compressor with shrouded

stators.

For the Dresden LSRC, experimental data was available from the measurement taken
by Lange [29]. These experimental results were compared to the numerical results of
the compressor gained here in order to validate and prove the numerical results in
those planes for which traverse data was available, thus verifying, that the CFD is
able to correctly predict the dominant phenomena of the flow for both cantilevered
and shrouded configurations. Then, the numerical data was used to further inves-
tigate the stator hub configuration’s effects in those regions of interest for which
experimental data could not be gathered or was simply not available. Considering
the polytropic efficiency and the absolute total pressure ratio at the design flow
for each compressor stage, we observed, that the first two stages were only slightly
influenced by changing the third stator hub configuration. For the third stage, the
shrouded configuration with greater clearances is less efficient compared to the other
two configurations, whereas the absolute total pressure ratio is similar for the three
configurations. The differences between the three configurations on stage three are
a consequence of the altered hub design on the third stator. The fourth stage is
the first stage downstream of the altered stator. There, large differences were obser-
ved between the three configurations, both in terms of efficiency and absolute total
pressure ratio. The shrouded configurations with reduced clearances have greater
efficiency and a higher total pressure ratio compared with the other two configurati-
ons. The cantilevered, however, has lower efficiency and a total pressure ratio similar
to the shrouded configuration with larger clearance. The radial distributions of the
deviation and the diffusion factor as well as radial distributions and the 2D contour
plots of the total pressure loss coefficient explain the observed trend of the polytropic
efficiency and the absolute total pressure ratio, and give further detailed insight to
the secondary flow phenomena. They show, that the impact of the third stator hub

configuration alteration on the aerodynamic performance is markedly high on the
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fourth rotor and unexpectedly low on the downstream stator, while being limited to

the lower 50% of annulus height for both rows of the downstream stage.

Similarly to what was considered on the Dresden LSRC, the investigation of the
5.5-stage high-speed compressor was firstly focused on the regions of higher losses,
their generation and their transmission in the multi-stage arrangements on both, the
cantilevered and the two shrouded stator hub configurations. Because the 5.5-stage
high-speed compressor included three bleeds, at S8, S9, and S11, and the bleed on S8
was moved from the gaspath hub surface to the bottom of the stator shroud cavity
when the stator hub configuration was changed from cantilevered to shrouded, the
efficiency based on the output power was used to physically correctly account for
the bleeds in the compressor study. Comparing the overall performance of the three
configurations, it was found, that the shrouded design with reduced clearances has
higher efficiency across the entire operational range. However, when the clearances
are increased to match those of the cantilevered configuration, efficiency decreases
and is, at the same mass flow, lower than that achieved with the cantilevered design.
The cantilevered design results in the configuration with a larger stall margin. The
analysis at the design point has shown, that the loss distributions given on the three
configurations differ for all rows except R7, with changes limited to 30% of the
span. In general, the loss distributions of the two shrouded configurations follow a
similar trend, with the shrouded configuration with larger clearances having larger
near-endwall losses. Loss differences between the three configurations become larger
and more expanded across the span when moving downstream. In particular, the
loss distributions on S11 strongly react to the configurational change, although S11
remained cantilevered for all the configurations considered. The stall analysis has
highlighted, that both the cantilevered and the shrouded configuration with reduced
seal clearances stall because of a large suction side corner separation in the S11 hub
region. Thus, although the flow field differs in the hub region when the stator hub
design is modified, the present CFD analysis predicted, that the row triggering stall

of the compressor remains unchanged.

Thereafter, the impact of some selected design parameters were investigated on a
reduced model of the 5.5-stage original model. The parameters investigated were
the radial gap/sealing clearance, the degree of reaction, and the stator near-endwall

profile geometry. The reduced model, which consists of stage 8, stage 9, and rotor 10,
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5 Summary and overview

has allowed to consistently speed up the design process. This applies in particular
for the study of the degree of reaction and the stator near-endwall profile geometry,
for which the flow coefficient and the work coefficient across the different designs
considered were kept unchanged. For these two studies all the stators were confi-
gured as shrouded. On the reduced model, the clearance level was varied for both,
the cantilevered and shrouded stator vane hub configurations. The cantilevered and
the shrouded reduced models have been given individual inlet boundary conditions,
derived from the respective 5.5-stage entire model configured with the shrouded or
cantilevered stator hub architecture. The results of the sensitivity study were then
used to identify two improved configurations, and to derive general recommendati-
ons for choosing improved parameters of a multi-stage axial compressor featuring

shrouded stator vanes.

The clearance study was conducted by considering four different gap/sealing stator
clearances ranging from 0.7 to 2.0 of the nominal clearances. For each configuration,
the clearances of all the stators were equal, whereas the clearances of the rotors were
left unchanged. An increase of clearances resulted in an efficiency and stall margin
decrease for both the shrouded and the cantilevered configurations. At the design
point operating conditions, the cantilevered configuration always performs better
than the shrouded one if the same clearance level is used. Furthermore, the shrouded
configuration is more sensitive to an increase of sealing clearance size compared to
the cantilevered one. In the degree of reaction study, four different sets of blading
were considered: the original one, which is the shrouded configuration with nominal
clearances, two configurations with an increased degree of reaction, and one with a
reduced degree of reaction. The study revealed, that the stall margin was slightly
improved by increasing the degree of reaction, but the design point efficiency is only
affected in a very limited manner. However, if the degree of reaction increase is
too large, the stall margin is negatively affected. Additionally, a too large degree of
reaction results in lower efficiency across most of the operational range, the efficiency
being similar to that achieved with a decreased degree of reaction. The configuration
with decreased degree of reaction shows lower efficiency across the entire operational
range. The stator near-endwall profile geometry study was performed by identifying,
using the 2D blade-to-blade tool MISES, three camber line distributions worth to
be investigated in high-fidelity RANS simulations. The selected camber lines were

introduced to the hub section of the stator vanes and blended into the existing section
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at 30% of the span, thus leaving the upper 70% of the stator geometry unchanged.
All the new stator designs considered in the stator near-endwall geometry study
resulted in an improved stall margin and efficiency in the near-stall region when
compared to the original configuration, and left the performance characteristics at
the design point almost unchanged. The camber line distribution giving the largest

stall margin and efficiency is the circular-arc distribution.

The sensitivity study revealed that, when the clearance level is maintained unchan-
ged, conveniently selecting the degree of reaction and the stator near-endwall profile
geometry can have a major positive impact on the stall margin, but the performance
at the design point mostly remain unaffected. For both cantilevered and shrouded
configurations, an increase of the clearances reduces the design point efficiency and
the stall margin. All the configurations considered in the sensitivity study run into
stall driven by R10; however, the improved inlet flow condition on S9 has a very be-
neficial effect on the stall margin and the efficiency at throttled operating conditions

in the upper part of the characteristic.

Two improved configurations, OPT1 and OPT2, were created by combining para-
meters found to be best in the individual sensitivity studies. The performance of
the two improved configurations was compared with that of the reference shrouded
configuration with reduced clearances, and that of the reference baseline cantilever-
ed configuration with nominal clearances. This was done to address one the main
goals of the project, which is to assess and compare the aerodynamic performance of
the shrouded and cantilevered configurations. For both improved configurations, the
circular-arc distribution was imposed at the hub of the shrouded stators and blended
in at 30% of the stator using reduced clearances. The two improved configurations
differ because of the degree of reaction: OPT1 has the same degree of reaction as the
baseline configuration, whereas OPT2 has an increased degree of reaction, proven
to improve the stall margin according to the degree of reaction study. A larger stall
margin and greater efficiency along most of the operational range was achieved when
the configuration OPT1 was compared to the reference shrouded configuration and
the cantilevered one. In terms of efficiency sensitivity to an increase of clearance
level, OPT1 follows a trend similar to that of the reference shrouded configuration,
with greater sensitivity compared to the cantilevered configuration. OPT2, instead,

has a stall margin comparable to the reference shrouded configuration, but is consi-
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derably less sensitive to an increase of clearances, similar to that of the cantilevered
configuration. Therefore, it has been demonstrated, that conveniently selecting the
degree of reaction and the stator near-endwall profile geometry for a multi-stage
axial compressor featuring shrouded stators can lead to an improved configuration

with a larger stall margin or reduced sensitivity to clearances.

The results indicate, that it is non-trivial to predict the performance of a multi-
stage axial compressor when clearances, degree of reaction, and stator near-endwall
profile geometry are modified. Therefore, for each degree of reaction considered, an
individually optimised camber line distribution is to be identified using a dedica-
ted sensitivity study. The impact of the clearances should be investigated for each
new configuration designed. Beyond the scope of this thesis, further work should
address a full automation of the design process developed here and should integra-
te an optimiser to exploit all the improvement potential indicated by the present
investigations. It would not only save engineering time, but also allow designers to
investigate the aerodynamic performance impact of even a larger amount of design

parameters.
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6 Appendix

A Near-wall mesh resolution

The mesh introduced in section 4.2 requires the use of wall functions to model the
near-wall regions. The idea of the wall functions approach is, that instead of solving
the turbulence model equations close to the wall, boundary conditions are applied at
some distance away from the wall [74]. The law of the wall is used as the constructive
relation between velocity and surface shear stress, and the first grid cell needs to be
in the log-law region to ensure accurate results. Using the log-law to define boundary
layer flow allows to significantly reduce the computational effort. The wall functions
approach is largely used to limit the complications and the expense of performing
detailed calculations of turbulent flows in the near-wall regions. Indeed, when a
numerical study is conduced, a substantial fraction of the computational effort is
devoted to the near-wall region. Using the log-law to define boundary layer flow

allow to significantly reduce the computational effort.

A different approach for the wall treatment is the low-Reynolds wall condition. In
this case, a finer mesh resolution close to the walls is required, since the viscous
sub-layer has to be properly resolved. The averaged value of the distance from the
wall normalized by the viscous length scale y*, introduced in section 4.2, should be
approximately 1. The low-Reynolds approach resolves the flow field in every detail
without using any empirical function. It allows for a more accurate solution, but
the computational time is considerably higher in comparison with the wall functions

approach.

In this appendix, we validate the wall functions mesh selected in section 4.2, by com-
paring the numerical results against those achieved with a mesh with low-Reynolds

wall treatment.

The details of the two meshes are given in Table A.1. The number of cells needed
for the low-Reynolds mesh is sensibly higher in respect to those needed for the wall

functions approach. The low-Reynolds mesh requires indeed 12 M cells, circa 3 M
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more that the wall functions mesh, and the solid wall cell width equal to 1e — 6 m.

A larger number of cells results in a longer computational time for each simulation.

Table A.1: HSC, near-wall mesh resolution, details of the low-Reynolds and wall
functions meshes

wall functions approach | low-Reynolds approach
Number of cells 9.5 M 12 M
Solid wall cell width be —Hm le—6m

Figure A.1 compares the overall performance along the entire operational range
achieved with the low-Reynolds and the wall functions mesh. Both for the isentropic
efficiency and the absolute pressure ratio, the two approaches follow a very similar
trend. However, at the same mass flow, the performance calculated with the low-
Reynolds mesh is always greater than the one calculated with the wall functions
approach. This indicates that the wall functions approach, by using empirical func-
tions to resolve the near-wall turbulence structures, calculates larger losses in the
machine. The offset between the two approaches is larger for the isentropic efficiency
in the design point region. In terms of operational range, the two approaches show

a similar trend.
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Figure A.1: HSC, near-wall mesh resolution, overall performance

Figures A.2 and A.3 depict the radial distribution of both normalized absolute total
pressure ratio and axial velocity downstream of R7, S7, R8, S8, R9, S9, R10, S10,

R11 and S11 at the design point. The corresponding mass-averaged value normalizes

each quantity.
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Figure A.2: HSC, near-wall mesh resolution, radial distributions of the normalized
absolute total pressure at the DP operating conditions

Considering the normalized absolute total pressure, despite the trend being very
similar, we observe small differences for each row. By moving downstream the diffe-
rences become more evident and more expansive across the span. For both the rotors
and the stators, at midspan the wall functions approach results in lower absolute
pressure ratio. This is in agreement with the offset observed in Figure A.1 for the
absolute total pressure ratio. However, for all the rows, the low-Reynolds approach
has lower absolute total pressure ratio in the region between 60% and 80% of the
span and greater absolute total pressure ratio in the region between 80% and 90%
of the span. Close to the hub the wall functions mesh results, for each row, in larger
absolute total pressure ratio. These differences result from the fact that the low-
Reynolds resolves the flow field up to the wall, and by having a higher resolution

takes into consideration more flow phenomena.

137



6 Appendix

=
=
=
=
-

R8 ' RS
| | = ol =
c | cl c = I cl
® @®© ®© | @ @®©
al ot al al ol
" w [&2] n [
[ (Ol (0] o[ [0l
>f >f 2L 2 [ =L
S| S| © St S|
o[ or 9] er o[
G-\\\\lwwwwl c-\\\\lwwwwl C- i BT | P SRR | O-\\\\lwwwwl
0.85 1 115 0.85 K 115 0.85 K 1.15 (985 K 115 0.85 K 1.15
normalized axial normalized axial normalized axial normalized axial normalized axial
velocity [-] velocity [-] velocity [-] velocity [-] velocity [-]
1r 1 1 1 1
S7 S8 S9 S10 Si11
=1l =1 =1l =1l el
4] © ] 4] @®
Q Q Q Q a
w w w w w |+
[ON] [ [ o[ o[
= = = = =
kol kol kol kol kol
or or or or or
-\\\\lwwwwl G-\\\\lwwwwl C-\\\\lwwwwl C-\\\\lwwwwl C-\\\\lwwwwl
0985 K 115 0.85 K 115 0.85 K 1.15 0.85 K 1.15 0.85 " 1.15
normalized axial normalized axial normalized axial normalized axial normalized axial
velocity [-] velocity [-] velocity [-] velocity [-] velocity [-]

wall functions approach
low-Reynolds approach

Figure A.3: HSC, near-wall mesh resolution, radial distributions of the normalized
axial velocity at the DP operating conditions

In terms of normalized axial velocity, the differences are very limited for all rows
and slightly larger for S11. There, in the region between 24% and 64% of the span,
the axial velocity calculated with the wall function approach is lower, whereas it is

higher in the region between 5% and 25% of the span.

Despite some small discrepancies, there is a very good agreement between the two
approaches both for the normalized absolute total pressure ratio and the normalized
axial velocity. This proves that the wall functions approach is able to capture flow
phenomena sufficiently correctly, and permit to take the advantage of substantially

reduced computational time.
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B Near-stall analysis: shrouded configuration with nominal clearances

B Near-stall analysis: shrouded configuration with

nominal clearances

Figure B.1 depicts the radial distributions of the entropy change loss coefficient for
each row of SNE at the three different corrected mass flow operating conditions DP,
TS and NS highlighted in Figure 4.10.

In agreement with the loss distributions of CNE and SRE, depicted in Figure 4.13
and Figure 4.16 respectively, a back pressure increase from DP to NS operating

conditions leads to a loss increase mostly limited to the tip region and to the hub
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Figure B.1: HSC, entire model, radial distributions of the entropy change loss coef-
ficient at the operating conditions DP, TS and NS for SNE
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region of R7 and S7. Starting with R8, there are changes both at the hub and at the
tip.

On RS, between 8% and 40% of the span, a region of higher losses is observed for
NS operating condition when compared with the operating conditions DP and TS.
It is more extended than the one observed for SRE and results in larger losses on S8
between 18% and 36% of the span. Close to the hub, a very similar loss distributions
to SRE occurs, even if the losses are visibly larger and more extended across the
span. This, as seen for the design point analysis in Figure 4.12, is a consequence of
the larger clearances used for SNE. The tip losses changes instead only slightly both
for rotors and stators across the three configurations CNE, SRE and SNE.
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Figure B.2: HSC, entire model, near-stall analysis for SNE. The regions of negative
axial velocity on R8 are depicted in red and the entropy contours downstream of the
stator trailing edge are depicted in green at the operating conditions DP, TS and
NS
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Figure B.3: HSC, entire model, near-stall analysis for SNE. The regions of negative
axial velocity on S11 are depicted in red and the entropy contours downstream of
the stator trailing edge are depicted in green at the operating conditions DP, TS
and NS
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Similarly as for CNE and SRE, also for SNE the loss distributions of S11 increase
drastically at TS and NS operating conditions. The losses extend up to 50% of the
span at TS operating condition and 60% of the span at NS operating condition. The
maximum value of losses is very close for both T'S and NS operating conditions, and

corresponds to the value of maximum loss for CNE and SRE.

The regions of reverse flow indicating separation, and the entropy contour distri-
butions at the DP, TS and NS operating conditions are presented in Figure B.2
and in Figure B.3. For RS, depicted in Figure B.2, the reverse flow region at the
NS operating condition is larger than the one observed for the SRE in Figure 4.17
but is still smaller that the one observed for CNE in Figure 4.14. At the near-stall
operating condition, the region of reverse flow affects more than half of the chord
length, however its extension towards the span is limited. In Figure B.3, S11 shows
similar regions of reverse flow as those observed for CNE in Figure 4.15 and SRE
in Figure 4.18. Therefore, the change in stator hub configuration of the first 4 sta-
tors has not changed the stall behaviour of the machine. S11 is the row taking the
machine to numerical stall not only for the CNE and SRE configurations, but also
SNE.
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C Isentropic Mach number distributions of the rotors

C.1 Endwall profile study
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Figure C.1: HSC, endwall profile study, profile isentropic Mach number distributions
for R8, R9 and R10 at 5%, 20% and 50% of the span at the DP operating conditions
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C Isentropic Mach number distributions of the rotors

C.2 Improved configurations
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Figure C.2: HSC, improved configurations, profile isentropic Mach number distribu-
tions for R8, R9 and R10 at 5%, 50% and 90% of the span at the DP operating
conditions
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